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Abstract



Abstract In today’s society of ever increasing demand for energy, and increased focus on the availability, longevity, economic and environmental impacts of currently used energy sources, the question of what will be done in the future to answer these issues is a prevalent one. This report discusses Ocean Thermal Energy Conversion (OTEC), a renewable energy source that utilizes the difference of temperature between upper and lower layers in the ocean to produce electricity. When located in the warm surface waters of Earth’s equatorial zone, an OTEC power plant could help to meet, to a certain extent, the demand for cleaner energy sources. This report investigates how the use of space technology can help to improve, through classical and more unconventional means, the overall efficiency of such a plant. The report begins by providing an overview of the current worldwide energy situation, highlighting the need for renewable energy sources and listing some possible alternatives. A short introduction to OTEC follows, including its history and its possible economic impacts as related to the products that an OTEC plant would generate: electricity, desalinised water, seafood, and possibly hydrogen and minerals. A brief description is also given about ocean modelling and the space-aided OTEC (SAOTEC) concept that is developed in the report. A reference situation, an off-shore OTEC plant, is explained throughout the report in an interdisciplinary fashion, including technical aspects, economic feasibility, as well as a broad assessment of environmental, ethical and legal considerations. Particular attention is given to how space technology can help the OTEC plant, notably through the use of global positioning and satellite telecommunication systems. Remote sensing information that is gathered by orbiting satellites, and whose data can be used to identify suitable sites for OTEC and to monitor its environmental impacts, is also discussed. Since the amount of electrical energy produced by an OTEC plant depends directly on the temperature difference in the ocean, the efficiency of such a power plant can be increased by raising the temperature of the surface layer of the ocean. The SAFE3 team developed a space reflector system that would beam sunlight to the area around the plant in order to meet this requirement. A detailed design of a possible space reflector is proposed, as well as its economic and possible environmental impacts. The ethical and legal issues that SAOTEC plant would entail are also identified. However, the examined design reveals itself as unfavourable for the intended purpose, since the light beamed to the OTEC plant would not have a sufficient intensity to heat the water up to the required temperature. The comparison between conventional and space-augmented OTEC systems is addressed at the end of the report, followed by a possible roadmap for a SAOTEC plant development and some legal aspects pertaining to the project’s implementation and operation. Although the system proposed for the space reflector is not optimal when used for the sole purpose of increasing the efficiency of OTEC, future developments in space technologies and other possible uses of such a reflector system could lead to further investigation of the concept. Hence, the report concludes by offering recommendations that may help future OTEC development to be a part of the solution to the energy crisis.
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Faculty Preface Roughly 25% of each student’s time in the Masters course at the International Space University (ISU) is devoted to working on an interdisciplinary team project and each year students can choose freely between two projects. Usually one of the projects relates to current application areas of space while the other one tends to be more futuristic. This year’s choice of broad themes lay between ‘Space Aids for Energy, Environment and Economics’, the subject of this report, and ‘Terraforming and Precursor Activities’. Though the first theme sounds much closer to present-day, practical issues than does the second, it has also turned out to have a futuristic edge as will be explained in this report. In the first part of their project’s work in late 2004, the team carried out a broad review of the ‘energy problem’ in terms of the current status and future projections for supply and demand. They looked at a wide range of non-renewable and renewable sources in order to establish a framework within which to define appropriate ways in which space techniques could help to resolve today’s problems. From the review, various suggestions were made for a more focused topic to be undertaken in spring 2005. Major criteria to be satisfied are that the focused ‘TP Part 2’ topic should be relevant, interdisciplinary and international in its context and application. It should also offer opportunities for innovation and creativity and be sufficiently motivating to attract and inspire each of the team members. The project described here certainly meets those criteria and the 19 members, a relatively small number for an ISU team project, are to be congratulated for tackling many problems ‘head-on’ and for their hard work during the last two months. The idea of using space reflectors to direct sunlight onto a patch of the ocean’s surface to enhance the working efficiency of an Ocean Thermal Energy Conversion (OTEC) plant was first proposed back in the mid-1970s at a time when ambitious space-based solutions were considered to hold great promise for solving energy problems in the decades ahead. The current record-high level of oil prices, and the environmental consequences of our continuing dependence on fossil fuels, have again led to a wide recognition of the need for alternative and cleaner energy solutions. How viable does the space-aided OTEC (SAOTEC) concept appear today in terms of technology, environment, economics and law? Answering this broad and multifaceted question is the task the team set itself. Their initial feasibility study already showed that adding space reflectors to the OTEC concept only makes sense for facilities with generating capacities much larger than any pilot plants built to date, and that the space segment would clearly be enormously challenging to implement. They pressed on and, in examining all aspects of the concept in a thorough and system-like manner, discovered even more and bigger problems than they had first anticipated. Undaunted and maintaining an excellent team spirit, they saw the project through to its conclusion, drawing together all the inter-related elements in a fairly short timescale. If the concept turns out to be less promising than they had hoped, for the mid-term future at least, that somewhat negative result should certainly not be regarded as a failure in any sense. After all, if anyone else has come up with another solution that meets all of our future energy problems, I’ve yet to hear of it. And on the very positive side, the project has met other important goals of ISU’s Team Projects, most notably by encouraging the critical analysis of issues from all key perspectives and by developing individuals’ skills in teamwork, leadership and decision-making. On behalf of ISU Resident Faculty we can state that it’s been a pleasure working with the students of TP 1 and we wish them all every success for the future. John Farrow
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Student Preface “The International Space University is an institution dedicated to the development of the human species, the preservation of its home planet, the increase of knowledge, the rational utilization of the vast resources of the Cosmos, and the sanctity of Life in all terrestrial and extraterrestrial manifestations.” (The ISU Credo) The International Space University’s Credo was composed ten years ago by the its founders, Peter H. Diamandis, Todd B. Hawley and Robert D. Richards. We, the students of the 2004/2005 ISU Masters programs, have come from all around the world to the ISU because we share this desire to use space for peaceful purposes for the benefit of all humanity. During this unforgettable year, not only have we increased our knowledge in many academic areas, but we have also learned more ‘unconventional’ lessons that could only be learned here in the Interdisciplinary, International and Intercultural environment of the ISU. This team project was one of our more intensive experiences regarding the 3 I's of ISU. For two entire months, our team of 19 students (comprising of 14 nationalities) have worked together towards a common goal that reflects the ISU Credo. The topic of our team’s project was Space Aid for Energy, Environment and Economics – hence the name of our team, SAFE3. This name also reflects our willingness to contribute to and promote the efforts taken to preserve the first, and so far only, planet of humankind. As part of the ISU community, we believe that space can contribute positively to the preservation of our home planet. We believe that going to space is no longer an escape but the realization of how beautiful our planet really is – and how small and fragile it still is. We believe that humankind did not waste its resources by sending objects and people in the vicinity of Earth or beyond. We believe that today and tomorrow space will offer its vast resources for the benefit of Earth and its inhabitants. In view of the fact that the worldwide energy situation is becoming an increasingly important and urgent issue to address, we have chosen to focus our project on space aid for energy - on which environmental and economics issues strongly depend - through the study of Ocean Thermal Energy Conversion (OTEC). The method that we have investigated generates electricity due to the temperature difference that exists between the upper and lower layers of the ocean. How astonishing it is that one part of the solution to the energy crisis comes from this unique particularity of Earth in the Solar System: the presence of liquid water - which also enables life! This report explores how space can contribute to an increase in the efficiency of an OTEC power plant, through the addition of orbital space reflectors. We have conducted this study in the same manner as we have conducted our project in general; in an interdisciplinary manner enlivened by the international and the intercultural zest of our team. We, the students of the SAFE3 team, are proud to offer this report to present and future generations.
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1 Introduction Since the beginning of life on Earth, the Sun has been the main source of energy, continuously illuminating the planet. From the early times and all the way to the present, the Sun has allowed for Earth to become a blue marble in space, filled with life. With the emergence of humans, the process of also using this energy indirectly has evolved, from wood fires warming a family through a cold night or winter to current use of fossil fuels for fast transportation across ground, sea and air. The last two centuries have seen an explosion in energy consumption and the industrial and technological revolutions behind this increase have changed the Earth’s surface and even enabled humans to leave the planet’s surface and visit Earth’s moon. The growing world population and the desire to improve living standards around the world are the primary driving forces behind the increase in energy consumption. Energy generation is a significant part of the world economy and its production and distribution greatly affect the standards of living in different countries. Today fossil fuels account for more than 80% of the total supply of primary energy, with oil being the largest among them. The distribution of oil reservoirs found throughout the world plays a large factor in international politics and economics. With two thirds of the world population living in Africa and Asia while two thirds of the energy consumption is in America and Europe, socio-economic stresses caused by the demand for fossil fuels are likely to increase during the 21st century. The increasing use of fossil fuels has had significant environmental impacts. The 1997 Kyoto protocol, having entered into force in February 2005, is today a clear acceptance by nations that climate changes due to global warming are driven by human activities. The use of fossil fuels is the main contributor to the global warming observed and efforts to find electricity and fuel production methods that are less detrimental to the environment are being made. As fossil fuels only exist in limited quantities, various renewable energy sources are seen to be candidates for a sustainable and environmentally benign energy market. One of the less explored sources is Ocean Thermal Energy Conversion (OTEC). OTEC plants use the temperature difference between sea water at different depths to produce steam which turns a turbine and produces electricity. Although not yet economical on a large scale, gradual technical advancements and production and utilization experience will make it more cost-competitive in the future. In addition to the possibilities on Earth, outer space also contains energy sources whose utilization are becoming more technically and economically viable as space technology advances. From futuristic mining of the Moon and asteroids, through giant solar panels in orbit beaming the collected energy back to Earth, to current satellites for remote sensing, navigation and positioning, space is an arena which should not be forgotten when trying to solve the future energy problems on Earth. Thus, this report was prepared by an international group of students at the International Space University with the mission:



“…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.” The report will start by giving an overview of the energy situation today and a short description of OTEC technology and its evolution. It will then focus on two reference plants, to show possible next steps for OTEC development and utilization. A short discussion is made on how space-based remote sensing, telecommunication and navigation technology can be of value to an OTEC plant. The report will then look into the challenges of creating space-based reflectors and look at how such a system can be used together with the OTEC concept. Throughout the report, an interdisciplinary approach is taken, with the main focus on technical, economic, environmental, and legal issues concerning the different OTEC concepts and the space reflectors. The discussion chapter is divided into technical, economical, environmental and legal sections. Each section discusses the particular benefits and problems associated with traditional OTEC plants and their augmentation by a space reflector from the point of view of the specific discipline. The sections also list the restrictions and options associated with the plants. The sections provide a comparison between OTEC and space-aided OTEC (SAOTEC) plants. The different disciplines give recommendations on which system to implement and the optimal way for implementation. The last section integrates the specific recommendations by the different disciplines and provides a general recommendation on what type of system to choose. International Space University, Masters Program 2004/2005



1



Space Aid for Ocean Thermal Energy Conversion



Overview



2 Overview 2.1 2.1.1



Energy Situation Energy Demand



World energy demand can be analyzed by energy source and the markets demanding the source. Energy sources are either primary or final. Primary energy sources include fossil fuels (oil, coal, gas), nuclear and renewables. Final energy sources include primary energy sources as well as energy transformed from primary sources. They are defined as the energy source actually used by the end-application. Whereas most primary energy sources can be and are used as final energy sources, not all final energy sources are primary energy sources. The most notable final energy source that is not a primary energy source is electricity. Markets can be analyzed by sector and country-type. Sectoral use focuses on what sectors of the economy are using the primary and final energy sources. They include the transportation, industrial, residential and commercial sectors. Country-type use focuses on general national characteristics that make energy consumption levels and patterns distinct from other country-types. A nation’s level of industrialization and relative consumption levels and patterns seem to be broadly correlated. Although a nation’s “developed” status is not based solely on industrialization, labeling countries as developed and developing is a good way of grouping nations with similar energy patterns. 2.1.2



Primary Energy Use



At an annual growth rate of 1.7%, world energy demand is projected to increase by 60% between 2002 and 2030. The large growth is the result of growing world economies. Historically, energy demand and economic growth have been correlated. Over the 1971-2002 timeframe, each 1% increase in global GDP (Gross Domestic Product) has correlated with a 0.7% increase in energy demand. Fossil fuels, consisting of oil, natural gas, and coal, account for nearly 85% of the world energy demand increase. It is projected that oil will continue to make up the largest share of energy supply, but natural gas will be the largest growing fossil fuel source (Figure 2-11). Also important is that by roughly 2015, natural gas will surpass coal as the second largest source of energy. Renewable energy sources, although still making up low levels, will see a threefold increase in electricity production, from 2% to 6%. Over the 1971 to 2001 period, hydropower and combustible renewables and waste have been the largest renewable energy sources contributing to primary energy supply [IEA 2004d].



Figure 2-1: World energy demand [IEA 2004d]
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Mtoe stands for million tonnes of oil equivalent (1 Mtoe = 11.63 TWh) International Space University, Masters Program 2004/2005
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Primary Energy Used to Produce Electricity



Although not a primary energy source, electricity exerts a strong demand for primary energy, notably fossil fuels. This dependence is expected to rise from nearly two-thirds in 2002 to over 70% in 2030. As depicted in Figure 2-2, coal is the largest electricity producer, followed by gas and nuclear power. Over the 2002-2030 period, coal- and gas-fired generation are projected to provide over three-quarters of the world’s incremental demand for electricity. Apart from renewables, natural gas will show the largest increase in electricity production, tripling between 2002 and 2030. By 2030 it is projected that nearly half of natural gas consumption will be for power generation. Oil share in electricity production will decline further both in percentage and absolute terms and nuclear will increase slightly in absolute terms but decrease as percentage of total power-generation. The fastest growing producer of electricity over the 2002-2030 period is non-hydro renewables, generating nearly a six-fold increase in absolute terms between now and 2030, and rising from 2% in 2002 to 6% in 2030 as percentage of total production [IEA 2004d].



Figure 2-2: World electricity generation, 2002-2030 [IEA 2004d]



2.1.3



Final Energy Use



Figure 2-3 depicts the share of final energy consumption over the 1971-2030 period. When comparing final energy use to primary energy use, there are a variety of important similarities and differences. The most notable similarity is that oil is both the largest final and primary energy source. Natural gas also is highly used as a primary and final source. Differences include the role of electricity, which as a final energy source has since 2005 been the second largest. It is projected to grow at a rate of 2.5% per year through 2030, and become 20% of total final energy use in 2030, as opposed to 16% in 2002 [IEA 2004d]. Also important is that coal is a relatively small final energy source, much lower then its levels as a primary source. This is because the majority of coal is used to produce electricity. 6000 5000
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Figure 2-3: World total final energy consumption 1971-2030 (Mtoe) [IEA 2004d]



2.1.4



Sectoral Use



As mentioned previously, energy use can be divided into four sectors: transportation, industrial, commercial and residential. The industrial sector consists primarily of the manufacturing, mining, agriculture, and construction industries. Energy is used in this sector for a large number of activities, notably process and International Space University, Masters Program 2004/2005
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assembly, heating, and lighting [IEA 2004d]. Approximately 70% of all energy used in the industrial sector is to provide heat and power for manufacturing, notably the petroleum refining, chemical, pulp and paper industries. The residential sector consists of households and in industrialized nations, the primary end-uses of residential energy are in space and water heating. The commercial sector consists of all the service and institutional actors in the economy, notably business, private and public institutions and organizations. Finally, the transportation sector consists of land, air and sea vehicles used to move people or goods from one place to another. Primary Energy



Energy demand by primary energy source and sectoral use is naturally dependent on several factors such as economic activity, level of technology development, population and availability of natural resources. In general however, similar patterns can be seen in each sector when countries are divided by level of industrialization. With respect to developed countries, Figure 2-4 depicts the historical and projected evolution of primary energy consumption in the four sectors in the United States. Over the past several decades, industry has consumed the largest portion of energy and is projected to continue to do so in the future with a growth rate of 1.5% per annum. Transportation energy use, historically the second largest consumer of energy, will grow rapidly by 2.1% per annum and by 2025 will consume roughly the same level of energy as the industrial sector. The residential share, once nearly equal to the transportation share, will grow at approximately 1.5% a year. By 2025, both the residential and commercial share will be roughly equal and consume the least amount of energy [National Research Council 2004].



Figure 2-4: US primary energy consumption [Department of Energy 2003]



Final Energy



Electricity-generation (primarily for the residential, commercial and industrial sectors) and transportation are the two largest sectors that use final energy sources. With regard to electricity, industry will continue to remain the largest final consumer of electricity over the 2002-2030 period. However, the residential sector’s demand will grow the fastest (119%) followed by the commercial sector (97%) and industry (86%). Despite industry’s larger absolute demand for electricity over the 2002-2030 period, electricity’s percentage of total energy demand by each sector for OECD (Organization for Economic Cooperation and Development) countries will be the highest in commercial (growing from 48% to 57%), followed by residential (growing from 32% to 38%) and industry (growing from 25% to 27%) [IEA 2004d]. 2.1.5



Country-Type Use



Developing countries will account for roughly 2/3 of the primary energy increase over the next 25 years, being principally the result of dramatic economic growth in Asian economies [IEA 2004d]. With respect to final energy, developing countries, notably Indonesia, India and China will be principally responsible for the projected doubling of electricity demand over 2002-2030. Developing countries will choose to use coal as the main mechanism for producing electricity. About two-thirds of the new coal plants in the next 25 years will be built in developing countries, particular in Asia. By 2030, these countries will be responsible for nearly 60% of world coal-based electricity. Coal’s continued dominance is due primarily to the abundance of coal reserves and its low utilization costs [IEA 2004d].
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World Economy and Environment



The increasing demand for energy has both positive and negative implications for the world economy and environment. On the positive side, the demand increase is largely the result of expanding economies, particularly in developing countries which will account for 2/3 of the demand increase. The GDP growth that is partly enabled by the energy supply increases will subsequently raise the standards of living for billions of people. Secondly, the fastest growing source of primary energy, natural gas, is the most environmentally friendly of fossil fuels and will help reduce overall carbon dioxide (CO2) emissions [IEA 2004d]. On the negative side, there appears to be a number of detrimental implications of increased energy demand that the world must consider. Principal among these are energy resource depletion, environmental degradation, and growing negative energy trade balances. Current projections show that fossil fuels will be sufficient to meet demand through 2025 and that global production of conventional oil, the highest demanded fossil fuel, will not peak before 2030 if the necessary investments are made [IEA 2004d]. Reserves however will not last forever. The environment will also suffer as a consequence of increased energy demand. Energy-related CO2 emissions are responsible for the majority of greenhouse-gas emissions. Projections show that CO2 emissions will grow by 1.9% each year, being 60% higher in 2030 than they were in 2002. Over 2/3 of increased CO2 emissions will come from developing countries, although total emissions will remain highest in developed countries until around 2022. On a per capita basis, energy-related CO2 in developed countries will continue to be significantly above those of developing countries over the 2002-2030 period. Finally, many world economies will be negatively affected by their increased dependence on energy imports. Although major trading areas such as the US, Europe, and Asia have significant coal reserves, they lack abundant oil and natural gas reserves and must import them at significant expense [IEA 2004d]. 2.1.7



Solutions for the Future



Defining proper ways to economically and responsibly meet increased energy demand will become more and more critical as the 21st century unfolds. First it is relevant to determine what and who is responsible for the problems stemming from increased energy demand. Countries, primary and final energy sources, and sectors of the economy all play a part in finding the exact answer. Developing countries will be responsible for the largest increases in CO2 emissions and demand for fossil fuels but will have lower absolute emission levels in comparion to developed countries for roughly the next two decades. In the primary energy sector, oil and coal are the two largest emitters of greenhouse gases. In the final energy sector, oil and electricity are the largest polluters. With respect to resource depletion, coal resources are estimated to last hundreds of years, whereas oil and natural gas reserves may be heavily exhausted in half a century. Finally, national trade balances seem to be most negatively affected by oil. It appears that a number of different solutions could be offered to help mitigate the problems stemming from increased energy demand. Most obvious would be to find an economical and environmentally safe replacement for oil. It is responsible for the largest share of greenhouse gas emissions, the largest detractor from industrialized nation’s energy trade balances, and one of the more scarce fossil fuels. Another solution would be to generate electricity more safely and economically. It is projected that by 2030, the electricity generation sector may account for near 45% of all CO2 emissions. It is estimated that 60% of all energy supply investments over the next 25 years will be for power-stations. Cheaper generating ability could save nations billions of dollars in investment. As developing countries are projected to invest over half of the total financial amount to accommodate increased electricity demand and replace old infrastructure, they have perhaps the largest opportunity to gain from realizing cheap and environmentally safer forms of electricity production. Lowering world dependence on oil and reducing the cost and negative environmental effects of generating electricity are the major ways to help national economies and the world environment. How exactly these mitigating solutions can be realized is a question requiring serious attention. Currently hydrogen and other non-fossil fuels are being researched to replace oil in transportation, its main consuming sector. Coal sequestration technologies are being advanced to reduce CO2 emissions resulting from electricity production. Furthermore, new electricity producing methods are being devised and advanced that could potentially reduce the unit and fixed costs for electricity generation. Whatever the new processes or new technologies may be, reducing the cost and negative environmental effects of energy supply will be one of the most important issues of the 21st century.
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Other Reference Energy Sources



2.2.1



Introduction



To answer the need of generating cheap and clean electricity, alternative energy sources have been developed over the last century. The most important of these non-fossil sources is nuclear power, which represents around 20% of the worldwide generated electricity. However, this figure is projected to decrease to 15% by 2025 (see Figure 2-2). Although nuclear power has a large generating capacity, the major impediment to its widespread use is nuclear waste storage, for which a long-term solution is yet to be found [Mawson and Ding 1998]. On the contrary, the percentage of electricity generated using fossil fuels is projected to rise in the next 20 years from 70 to 77% (see Figure 2-2). The following section describes possible solutions for producing energy in a cheap, environmentally-friendly, and sustainable manner in the centuries ahead. 2.2.2 2.2.2.1



Alternative Energy Sources Solar Energy



The Sun has always provided the humans with light and warmth. Today, with the environment being threatened by the burning of fossil fuels, it seems natural for humans to return to the most primitive energy source – the energy coming from our nearest star. Solar thermal electricity and solar cell power generation are examples of mature technologies that are currently being used to convert solar energy into electricity in a rather environmentally friendly way. Solar thermal technology was commercialized by Luz Co. of Israel, which built a series of plants of more than 350 MW in California from 1984 to 19902[Psiewak 1996]. Conversion efficiency of commercially available solar photovoltaics is between 10% and 15% in the field [NCPV 2005], while the conversion efficiency of solar thermal energy conversion is between 20% and 29% [US Department of Energy 2005]. At present, solar cell power is used mostly by the residential sector. Japan, being ahead of International Energy Agency (IEA) countries, had a total capacity of 637 MW in 2002. However, more research and development are needed to solve the challenges that remain, which include reducing the cost of photovoltaic cells and developing suitable material for high temperature phase change for solar thermal electricity energy storage. Another way to harvest solar power is to collect it directly from space – where the intensity of solar energy can be five times higher than its average intensity on the Earth’s surface – and send the energy down to Earth. One way to do this is with Solar Power Satellites (SPS). The principle is to use very large solar arrays in Geostationary Earth Orbit (GEO) to produce electrical energy that is converted into a microwave or laser beam, which is then directed to Earth and convert back into electricity using a rectenna [Glaser 1968; Nansen 1995]. Such a SPS could have an end generating capacity up to several hundred megawatts. Similar to the SPS concept, solar farms on the Moon can be built and used to store solar energy, which can then be used in the production of hydrogen from certain lunar regolith, which can then be shipped to Earth. The technology for these space-based power plants still requires development. Furthermore, there are some environmental and safety uncertainties associated with beaming energy from space to Earth. 2.2.2.2



Bioenergy



Another type of renewable energy that can be used – mainly in the transportation sector, and partly in the residential and industrial sectors – is bioenergy. By definition, it includes all non-fossil biological materials and is considered renewable provided that the crops are continually replenished. Although this energy source is available practically everywhere and can reduce CO2 emissions, bio-resources are limited, as cultivation results in depletion of soil nutrients from croplands, loss of biodiversity, and reduced food supply [Kartha & Larson 2000]. In 2003, biomass energy was not in widespread use; however, by 2030, biomass-fuelled electricity production is projected to triple and provide 2% of the world total electricity [IEA 2004].



Luz was forced into bankruptcy in 1991 when previously available government subsidies were terminated and they were unable to get the necessary financing for the next plant – this is a typical example of the dependence of alternative energy development on government funding. 2
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Hydropower



Hydropower, which uses the force and flow of water to produce electric power, is a good source of renewable energy. The technology is very mature, the station maintenance costs are very low and its life time is long (around fifty years). However suitable and environmentally-acceptable hydropower sites are increasingly difficult to locate and develop. Thus, hydroelectric capacity has been more or less stagnant for the past decade. In 2003, hydropower generated 17.5% of the world’s electricity [IEA 2004], but the projection of the contribution of renewable energy source to the world energy supply shows that this percentage will remain roughly the same. The biggest dam can produce 6.5 gigawatt (GW) of electrical power annually, and has the lowest electricity cost. However, in the few cases where new sites can be developed, generating costs would be around US$ 0.03 to 0.04/kWh range, compared to US$ 0.01/kWh of a typical and fully amortized hydropower plant. 2.2.2.4



Marine Energy



About 71% of Earth’s surface is covered by water, mostly from the oceans. It is a huge energy sink and different methods do exist to harvest this energy. Energy from the ocean’s tidal waves is gaining popularity, but sites where energy production would be sufficient are limited in number and only 120 GW could be harnessed. Electricity de France has a plant near Saint-Malo with 240 MW of output power. Wave energy can also be harvested; at present, the installed capacity around the world is about 2 MW which come mainly from demonstration projects. The potential world-wide wave energy economic contribution in the electricity market is estimated to be in the order of 2,000 terawatt-hour (TWh) per year. Ocean Thermal Energy Conversion (OTEC), the subject of this report, is another method to harvest power from the ocean, taking advantage of the temperature difference rather than its kinetic energy. An experimental 1 MW OTEC plant was constructed off the Indian coast in 1998 and is the largest of its kind (see section 2.3). The last method to harvest the huge amount of energy in the oceans is to use marine current energy. All marine energies have problems such as low efficiencies, transmission difficulties from off-shore units, and increased maintenance due to corrosion of submerged components. Furthermore, there is a lack of research and development investment into marine energies. However, as the report will show for OTEC, there may be solutions to increase the economic viability of marine energies. 2.2.2.5



Wind Power



Power generated by wind has existed for more than 2000 years, with the first known application of the technology occurring in China and Persia. Wind turbines extract the energy from the wind by transferring the momentum of the air passing through the wind turbine rotor into the rotor blade. In 2003, the world wind generating capacity nearly reached 40 GW. Although this is a clean and simple technology, it is still not fully mature and has some disadvantages, such as a limited efficiency – averaged over a year, a wind turbine generates 30% to 35% of what it would generate if it ran continually at full power. This makes wind power only a limited energy supplier. 2.2.2.6



Geothermal Energy



Geothermal energy, similar to OTEC, takes advantage of the difference of temperature between the upper and lower level of the Earth’s mantle. Geothermal sources have potential in certain parts of the world such as New Zealand, where a 420 MWe plant produces over 7% of the electricity. The electric output of geothermal is expected to triple by 2030, but it will stay below 1% of the world energy supply [IEA 2004]. The technology is still not fully mature and its location dependence makes geothermal energy only a minor player as an energy generating resource. 2.2.3



Characteristics



Renewable energy sources can be characterized based on the different features that set their limits. First, the location of the source is an important defining variable. Hydropower for example is a very clean and efficient energy source, but the remaining hydropower generation potential is limited as mentioned previously. In this sense, hydropower is also a depletable energy source, since there is a limitation to the amount of electricity it can produce. Another characteristic is whether the power generating source is distributed (this is the case for solar cell or wind power, where every building and plant could have their own energy generation system) or centralized (this is the case for nuclear power – here, if the power generation system fails, it endangers the whole dependent energy sector). The grid connection the energy source requires is also a limiting factor. For International Space University, Masters Program 2004/2005
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wind power generation, all the wind turbines have to be connected to the grid, which can be very costly. Ultimately, the maturity of technology is essential to the development of new energy sources. Such sources as nuclear fusion, SPS and lunar solar farm would require huge governmental investments, but these energy sources may be the only sustainable ones over the very long-term. 2.3



Introduction to OTEC



Ocean thermal energy conversion relies on the temperature difference between the ocean surface water and the colder deep water. The temperature difference between the upper warm layer and the bottom cold layer ranges from 10°C to 25°C [Vega 1999]. They serve respectively as the heat source and heat sink required in a heat engine. In an OTEC plant, thermal energy is converted into electricity. The main techniques proposed for OTEC are closed cycle (CC-OTEC), open cycle (OC-OTEC) and hybrid cycle (HC-OTEC) schemes. In the CC-OTEC system, warm surface seawater and cold seawater are used to vaporize and condense a working fluid, such as ammonia, which drives a turbine-generator in a closed loop to generate electricity. In the OCOTEC system, warm seawater is flash-evaporated in a vacuum chamber. The resulting low-pressure stream is used to drive the turbine to produce electricity. Apart from generating electricity, OC-OTEC plants can also provide the following co-products (a few of these are illustrated in Figure 2-5):  Desalinated water  Cold water air conditioning  Aquaculture  Water for agriculture  Hydrogen  Mineral extraction



Figure 2-5: OTEC plant with multiple applications [Ocean Engineering & Energy Systems 2005]



The idea of OTEC dates back to 1881 when Jacques d'Arsonval, a French engineer, first envisaged the idea of an OTEC plant [Xenesys 2005]. He draws upon the two sciences, thermodynamics and oceanography, to come up with this idea of energy generation. Georges Claude, a student of d’Arsonval, was the first one to test the OTEC idea in 1928. However, Claude’s idea was different from that of d’Arsonval in principle: d’Arsonval proposed the idea of CC-OTEC for power generation utilizing ammonia as the working fluid, whereas Claude used warm ocean seawater as the vaporizing liquid, thus demonstrating the world’s first OCOTEC plant. This experimental plant with a capacity of 22 kW was built in Matanzas Bay, Cuba in 1930. The next major series of developments in OTEC history took place during the oil crisis of the 1970s. Scientists began extensive research on renewable energy sources to find alternatives to fossil fuels. Detailed studies of OTEC were conducted especially by researchers in Japan and USA. In 1974, the Japanese government set up an organization called the Sunshine Project, an organization mainly focused on OTEC research [Embassy of Japan 2005]. In the same year, the first international conference on OTEC was held in 8
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USA [Xenesys 2005]. The Natural Energy Laboratory of Hawaii (NELHA) in the USA and Saga University of Japan became the world’s centers of research for OTEC. NELHA constructed the first 50 kW closed cycle OTEC demonstration plant in 1979 [NEHLA 2004]. In 1993, an open cycle OTEC plant was built at Keahole Point, producing 50 kW of electricity during a net power-producing experiment. Japan was as equally active as the USA in the OTEC arena. Its first experimental plant with a capacity of 1 kW was built and tested by Saga University in 1977. As of 2005, Saga University has been involved in the development of 11 experimental OTEC plants. Tokyo Electric Co. and its subsidiary Toshiba undertook the successful experiment of a 120 kW OTEC in the Republic of Nauru in 1981. The following year, Kyushu Electric Co. succeeded in the development of a commercial OTEC plant with 50 kW capacity on Tokunoshima Island. On the political level, many steps were also undertaken in Japan for the promotion of OTEC. In 1988, leading Japanese companies from across the industries – power generation, engineering and consultation, ship building, and manufacturing of heavy machinery – came together to form an organization for OTEC research. The next step was the formation of the International OTEC Association (IOA) in 1990, where nations could cooperate in the field of OTEC research. The OTEC plant sizes increased as the plant’s technology developed. In 1993, the United States completed their 210 kW open cycle OTEC plant off the coast of Kona, Hawaii (see Figure 2-6). This was the largest OTEC plant yet operated in terms of net power output, and it operated for almost five years. One of the major milestones in the history of OTEC is the experimental 1 MW project by the National Institute of Ocean Technology (NIOT) in Chennai, India [NIOT 2004]. It is the biggest plant yet attempted and was expected to be operational in 2001, but the schedule has been delayed and it is yet to be tested. If a plant with such generation capacity can be demonstrated, it would become a stepping stone for the commercial use of OTEC in the very near future. The future of OTEC plants lies in up-scaling of the plant itself and increasing the energy generation capacity – in the order of hundreds of megawatts – so that it is comparable to other commercial energy production sources.



Figure 2-6: 210 kW OC-OTEC experimental plant in Hawaii (1993-1998) [Vega 1999]



2.4



Ocean Heat Model



The oceans cover 70% of Earth’s surface and they are an important part of our climate and weather cycle. Most of the incoming sunlight reaching the surface is absorbed by our oceans. They are a giant heat sink, redistributing warm water from the tropical regions and cold water from the Polar Regions through ocean currents. The atmosphere is also mostly heated by the oceans through direct contact, evaporation and International Space University, Masters Program 2004/2005
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precipitation. Through the atmosphere, heat is also distributed from the oceans to the inland. The effects of the oceans are best seen when comparing costal regions where there is a low temperature variance, and inland regions where the temperature variances between day and night and summer and winter can be large [Stewart 2004; Deas and Lowney 2000; MetLink 2005]. From an OTEC perspective, the vertical temperature difference in the ocean is the interesting factor. The largest temperature differences are in the tropical regions because they are exposed to the most sunlight, which heats the surface of the oceans. The cold water for OTEC plants is taken from a depth of 1000 meters at which point the temperature is about 4˚C regardless of location. Thus the temperature difference available for an OTEC plant depends mostly on the surface layer of the oceans, or the upper 20-100 meters. The heat flux, or change in heat Q, in the surface layer can be described by the equation [Stewart 2004; Deas and Lowney 2000]:



Q  Q SW  Q LW  Q S  Q L  QV



Equation 2-1



where  QSW is the insolation, the incoming flux of sunlight into the sea, which is mostly absorbed in the upper few meters of the oceans and then mixed through turbulence and conduction in the top 20– 100 meters  QLW is the net infrared radiation. All bodies emit radiation with wavelengths depending on the temperature of the body. QLW is thus the heat radiated from the atmosphere to the sea minus the radiation from the sea to the atmosphere. The difference in wavelength between the incoming solar radiation and the outgoing infrared radiation is what makes the greenhouse effect on Earth possible, raising the mean temperature on Earth by 33˚C compared to what it would be without an atmosphere  QS is the sensible heat flux and represents the heat exchange due to conduction  QL is the latent heat flux, representing the heat carried away by evaporated water  QV is the advection, the heat carried away by currents The total heat flux varies with the angle of the Sun, between night and day, the time of year and the latitude. In a global model, the heat flux would average zero in a stable climate. For OTEC, the areas between 40˚N and 40˚S are the ones of interest, as this is where there is an annual heat surplus [Metlink 2005]. The mean annual radiation and heat balance of the Earth is shown in Figure 2-7 [Stewart 2004].



Figure 2-7: The mean annual radiation and heat balance of the Earth [Stewart 2004]



2.5



Short Introduction to SAOTEC



The efficiency of an OTEC plant is dependant on the temperature difference between the ocean surface and the ocean depth. One way to increase this temperature difference is by increasing the temperature of the ocean surface. In the 1980s, Jason Klassi from Design Science Corporation proposed the use of a space reflector to increase the ocean surface temperature [Klassi 1981]. SAOTEC system uses a mirror in space to 10
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reflect solar energy onto the OTEC site (see Figure 2-8).



GEO reflector



heated water



Figure 2-8: SAOTEC plant with GEO reflector



Space reflectors can be deployed in Geostationary Earth Orbit (GEO) so as to beam the light to a fixed point on Earth or in Medium Earth Orbit (MEO). The concept of space reflectors (or mirrors) in space is quite old; Hermann Oberth first proposed the use of these as military weapons to incinerate troops and burn up cities [Retro Future 2002]. The use of space reflectors for space industrialization was first proposed by Krafft Ehricke in the 1970s. He coined the term “power-soletta” for space reflectors used for power generation and “bio-soletta” for space reflectors used for ocean life enhancement [Ehricke 1978]. The space reflector is not just a theoretical concept but has also been demonstrated in practice by Space Regetta Consortium (SRC), a group of Russian space organizations headed by RSC Energia. They undertook the project Znamya to demonstrate illumination from space using thin film deployable structure [Syromiatnikov 1998]. The first space mirror, which was 20 m in diameter, was successfully deployed in 1993. The experiment produced illumination across the northern hemisphere, which was observed by many as a flash of light. The OTEC plant works best when the temperature difference between the ocean surface and deep water is around 20°C or more. Sunlight reflected from a space reflector can raise the surface temperature, which in turn can increase the efficiency of energy conversion. Theoretically the efficiency of the closed cycle OTEC can be doubled by increasing the temperature of the warm water from 30°C to 50°C. As the solar radiation from the space reflector in GEO is beamed 24 hours a day, energy can be generated continuously. In this report, two concepts for SAOTEC plants are proposed: off-shore SAOTEC and coastal SAOTEC (see Figure 2-9). In the case of off-shore SAOTEC, the solar beam from the space reflector is focused on the OTEC plant placed in an atoll to increase the temperature of the ocean surface from 40°C to 60°C. In coastal SAOTEC, the OTEC plant is based on a coastal area adjacent to the bay. Another way to implement SAOTEC is to create an artificial enclosure in the open waters to heat the water to 60°C.
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Space reflector



Circular enclosure



OTEC plant



Figure 2-9: Off-shore (left) and coastal (right) SAOTEC plants



Space reflectors can also help in increasing the phytoplankton population. Enhanced productivity due to International Space University, Masters Program 2004/2005
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redistribution of nutrients and increase in phytoplankton population can improve fishing and can promote commercial and recreational fishing [Vega 1999]. 2.6 Economic Impacts of OTEC 2.6.1



Introduction



OTEC plants can sell a variety of goods, among them being electricity, desalinated water, hydrogen, minerals, and sea food. Whether these products can be competitive on the domestic or international market depends on their projected demand and supply, cost efficiency, potential economies of scale and certain unique advantages over competing producers. The following provides a market analysis for three of the OTEC plants major products, electricity, desalinated water and hydrogen, and a more general overview of the mineral and sea food markets. 2.6.2



Electricity



Industry and Market Overview



Electric utilities are a $250 billion industry, making up a substantial component of the world economy. The industry is divided into three groups: suppliers, distributors, and generators. Suppliers sell the electricity, distributors transmit and distribute the energy to customers, and generators produce on-site electricity for homes and businesses. Markets can be divided into three categories: wholesale, retail, and end-user. Wholesale involves purchasing and selling large quantities of power for resale by electric companies [Edison Electric Institute 2004]. Resale serves as the intermediary between the wholesale and end-use market. End-user markets are divided most broadly into three categories: residential, industrial and commercial. The residential sector comprises the largest customer base, although the industrial sector consumes a larger portion of total electricity [IEA 2004a]. Electricity can also be defined as being off-grid or on-grid. A building that is on-grid is connected to an electricity grid that supplies many facilities with energy whereas off-grid has no connections. Rural areas and many near-urban areas in developing countries are off-grid and must use independent generators such as batteries for power [European Renewable Energy Exchange 2005]. Demand



Demand for electricity has historically been around 1 megawatt per 1,000 to 2,000 people in developed countries and 1 megawatt per 10,000 to 30,000 people in developing countries [Vega 1992]. Demand for electricity over the 2005-2030 time-period is expected to approximately double with 4,800 GW of new capacity needed. This high demand will subsequently require both new infrastructure and replacement infrastructure. Over 60% of all new energy investments over the 2002-2030 time-period will be for electricity production (Figure 2-10). As depicted in Figure 2-11, more investments in electricity produced through renewable energy sources will be made than any other production method. Expected demand will increase most sharply in developing countries. Whereas OECD countries will need investments in the order of $3.8 trillion, developing countries will need roughly $5.2 trillion. The majority of these investments will be for power generation, followed by power distribution and then transmission. Current investments are inadequate to meet developing countries’ high demand, so energy investments are projected to increase [IEA 2004d].



Figure 2-10: Cumulative energy investment, 2003-2030 [IEA 2004d]
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Figure 2-11: World power generating capacity additions and investment, 2003-2030 [IEA 2004d]
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Supply



As discussed in the current chapter, the majority of electricity over the 2005-2030 period will be supplied from coal, natural gas and nuclear sources. Of the renewables, hydropower will supply the most, followed in 2030 by wood/biomass and wind. Although electricity produced from ocean thermal energy conversion will remain small, OTEC plants as a renewable energy source does have one unique advantage in that it can provide a continuous, reliable source of electricity. This is in contrast to wind and solar, which have different intensities across the day, and hydropower and bioenergy, which can be seasonal. In fact, intermittency and reliability problems are the most important issues facing renewables growth [IEA 2003]. Since power supply must generally balance power demand at any given time (electricity is difficult to store at a large scale), intermittency often limits the amount of electric capacity that can be placed in the energy mix. OTEC’s near elimination of this problem may make it a very competitive renewable energy source in the future. Price



Electric utility companies charge electricity rates to customers based on type of customer, level of consumption, and other charges (taxes, fuel adjustments). The specific rates are called tariffs and are designed to allow investors to earn a cash return and cover operation and maintenance costs [Electricity Forum 2005]. OTEC’s competitiveness in the electricity market will depend most heavily on the price per kilowatt-hour of energy it produces. Prices vary by wholesale, retail and on-grid and off-grid delivery. Although electricity from renewables is generally not competitive with wholesale electricity prices, renewables can be competitive in the retail market and certain on-grid and off-grid applications [IEA 2003]. Price generally will be set to correspond with costs. Cost structure is divided into four elements: generation, transmission, distribution and supply. Generation encompasses the cost of the plant and variable costs such as operations and maintenance. Transmission is generally a fixed cost whereas distribution has both fixed and variable cost components. Supply costs deal with consumer services and metering. Of all the costs, distribution is the type that is most variable, depending heavily on the number and location of customers. Prices of electricity tend to correlate with the price of the primary energy source used to produce the electricity. Rising natural gas prices, in addition to their inherent volatility, over the 2015-2030 period will make coal-fired generation more attractive (Figure 2-12) [IEA 2004d]. Future trends in retail electricity prices are uncertain. They will depend on capacity, weather, fuel prices, electricity use, and electricity generation, transmission, and distribution costs [EIA 2004]. Due to economies of scale and the large volume purchased by industry, industrial prices tend to be lower than residential and commercial electricity prices. Residential electricity prices tend to be the highest due to the large customer base in which each consumer purchases a small amount of electricity [Electricity Forum 2005]. In 2000, US industrial customers paid an average 4.4 US cents per kilowatt-hour (kWh), while residential ones paid 8.2 cents and commercial ones 7.2 cents per kWh [EIA 2004]. Over the 1970 to 2002 period, US retail electricity prices reached a high of around 9 cents in the early 1980s before reaching a low of around 6 cents in the late 1990s. US retail prices are projected to decline slightly over the next few years and grow very slightly across the 2010-2025 period (Figure 2-13).



Figure 2-12: US Fuel Prices to Electricity Generators, 19902025 (2002 dollars per million Btu) [Annual Energy Outlook 2005]
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Figure 2-13: Average US Retail Electricity Prices, 1970-2025 (2002 cents per kilowatt-hour) [Annual Energy Outlook 2005]
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Figure 2-14: Electricity prices for industry (US dollars per kilowatt-hour) [Energy Information Administration, Monthly Energy Review, July 2003; Bodda 2004] *Costa Rica, El Salvador, Honduras, Nicaragua, Panama, Guatemala **Argentina, Bolivia, Brazil (1998), Colombia, Ecuador, Paraguay, Peru, Uruguay, Venezuela (1999)



Electricity prices generally are higher in rural areas where the population is dispersed and the market smaller. Such conditions force the utility providers to spread the high distribution costs among a much smaller customer base. Similarly, rural areas often lack large commercial and industrial sectors, such that the residential sector must support most of the fixed costs of the electricity generation plants and distribution networks. In the Pacific area, the cost of conventional energy in outer island communities and in remote villages is three to four times higher than in capital cities, and much higher than in Australia and New Zealand. Electricity prices also tend to be higher in nations that lack indigenous energy resources and must rely on foreign imports, Japan being a primary example [IEA 2004a]. The trend of higher electricity price in rural nations and countries lacking natural energy resources can be seen in Figure 2-14. Prices also differ in areas due to non-technical issues such as meter-reading problems, energy theft resulting from illegal connection to grids, and fee collection problems. These often cause prices to be unnaturally high. In Bangladesh for example, 45% of electricity delivery expenses are due to these cost types as well as certain levels of technical losses. More effective monitoring and increased reliability of services (the lack of which cause people to avoid payment) are ways to mitigate these problems [IEA 2004a]. 2.6.3



Water



Industry and Market Overview



The water market is broadly divided into irrigation and non-irrigation sectors. Irrigated water is defined by that used for agricultural purposes, whereas non-irrigation water is used for domestic, industrial and livestock sectors. Irrigated agriculture is the dominant user of water with about 80% of global and 86% of developing country water consumption in 1995 [Rosegrant et al 2002]. Demand



Figure 2-15: Total water withdrawal by region, 1995-2025 [IMPACT-WATER Projections 2002] 14
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Domestic water demand has historically been around 400 liters per person per day in developed countries and 200 liters per person per day in developing countries [Vega 1992]. Total water demand over the next 30 years is projected to grow rapidly, particularly in developing countries. Figure 2-15 depicts the projected increase in total water withdrawal by region between 1995 and 2025. The demand depends on various factors relating to the economy, demography, technology, climate and policy. Rates of urbanization, population and GDP growth are correlated with water demand. Climate characteristics affecting water demand include precipitation, evapotransportation, runoff, soil and water quality, groundwater recharge and rainfall [Rosegrant et al. 2002]. Technology such as river basin efficiency can stimulate demand by making water provision in certain areas more economical. 60 50 40
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Figure 2-16: Per capita domestic water demand (m3/person/year) 1995 baseline data for total domestic water consumption are author estimates based on Shiklomanov [1999] and Gleick [1993] for individual countries and regions; HPDGJ [1989], Qian [1991], NIHWR [1998], and CMWR [1990-98] for river basins in China; USGS [1998] for river basins in the United States; ESCAP [1995] and IMWR [1998-2000] for river basins in India. Connected population are estimates based on WHO and UNICEF [2000] and FAO [2000]. 2010 and 2025 data are IMPACT-WATER projections [2002].



Figure 2-16 depicts projected increases in per capita domestic water demand over the 1995-2025 period. Consumption of irrigation water will grow 9% globally and 12% in developing countries. Consumption of non-irrigation water will, for the first time in history, grow more rapidly than irrigation water. In developing countries, non-irrigation water demand will increase by 100% between 1995 and 2025. This is due to the limited supply of water and that additional water for industrial and domestic uses will come primarily from the irrigation water supply. Non-irrigation demand could potentially grow even faster than projected due to uncertainties about increases in industrial and domestic demand [Rosegrant et al. 2002].



Figure 2-17: Domestic water demand as a function of water prices, 2025 [IMPACT-WATER Projections 2002]



Figure 2-17 depicts domestic water demand in developed and developing countries as a function of price. As can be seen, due to their crop-intensive economies, developing countries often demand more water than International Space University, Masters Program 2004/2005
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developed countries (as represented by the higher demand for any given price). Furthermore, over certain price ranges, developing countries have a much more elastic demand curve, consuming larger increments of water for a given reduction in price [Rosegrant et al. 2002]. This means that if OTEC plants can reduce water prices when they are already at low relative levels, they can substantially increase water demand in developing countries. Currently, although many countries face water shortages, extreme water supply problem locations include the Indus river basin in India, the Haihe and Yellow river basins in northern China, basins in northwestern China, Egypt, and important US food producing basins including the Colorado, Rio Grande, and Texas Gulf basins [Rosegrant et al. 2002]. Supply



A large part of the world is facing severe water scarcity. Water supply primarily comes from fresh water rivers and lakes, rainfalls and to a much lesser extent desalination. Irrigation water costs are increasing and supply is threatened by rapidly growing domestic and industrial demand and higher costs of developing new water resources. Supply can be increased via several means, notably finding new resources underground, desalinization and technological improvements such as river basin efficiency, reservoir storage and water withdrawal capacity. If these means are not adopted and demand continues its pace of increase, a crisis might occur with implications for world health, food production and the environment [Rosegrant et al. 2002]. Price



Prices for water have been increasing over the past several decades, in particular in the Asian region. These rises occur not only due to increased demand but also for diminished supply resulting from depletion or pollution of traditional water resources. Costs of Indian and Indonesian new irrigation water more than doubled from 1970 to 1990 [Rosegrant and Svendsen 1993]; and in Pakistan they more than doubled between 1980 and 1990 [Dinar and Subramanian 1997]. Over the past decades, costs in the Philippines have increased by more than 5%, 40% in Thailand, and tripled in Sri Lanka. Household and industrial water prices in particular have seen substantial increases as additional resources must be tapped from much greater distances. 2.6.4



Hydrogen



Demand



Current hydrogen demand is around 42 million tons, with around 70% of this total used in the production of chemicals, notably ammonia production and methanol [Energy Roadmap 2002]. Roughly 23% is used in petroleum refining for the removal of sulfur and other functions, and the remaining amount used in various applications such as an energy carrier in the space shuttle. Approximately 80% of all hydrogen produced is used at the location where manufactured, whereas the other 20% is considered “merchant” hydrogen and distributed to other locations via truck or pipeline. The demand for hydrogen is expected to increase dramatically in the future as more and more applications utilizing the element become commercially feasible. The increase will not come from traditional applications as described above, but rather from fuel cells for cars, portable appliances, stationary and distributed power generators. Supply



Hydrogen can be produced from different sources and by different methods. Sources include fossil fuels, nuclear power and renewables. Methods include electrolysis, natural gas steam reforming, and gasification of coal. The most common is natural gas steam reforming comprising 95% of total production [US Department of Energy 2002]. However, using fossil fuel to produce hydrogen neither lessons society’s continued reliance on fossil fuels, which for many countries is a large subtractor from their trade balance, nor substantially lessons CO2 emissions. Hydrogen produced via electrolysis would both reduce fossil fuel dependence and help the environment. Hence, OTEC’s use of electrolysis to produce hydrogen gives it various competitive advantages over traditional hydrogen producing sources. OTEC and Hydrogen



OTEC plants can help mitigate the projected high demand for hydrogen. It is projected that a 100 MW-net 16
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plant can be configured to yield (by electrolysis) 1,300 kg per hour of liquid hydrogen. The main obstacle facing OTEC’s production of hydrogen is making it cost competitive with other producing alternatives. Hydrogen from electrolysis is typically at least twice as expensive as from natural gas steam reforming. In OTEC’s case, unfortunately, the production cost of liquid hydrogen delivered to the harbor would be equivalent to a $250 barrel-of-crude-oil (approximately 5 times present cost). The extent to which OTEC can produce hydrogen more cost competitively than natural gas steam reforming will determine the feasibility of adding its production to OTEC’s capabilities [National Renewable Energy Laboratory 2005]. 2.6.5



Aquaculture



Aquacultural food production is another market OTEC plants can enter. Currently, aquaculture, or the cultivation of marine or freshwater fish, contributes more than 20% to global aquatic food production. OTEC contributes to aquaculture because the deep sea water it pumps to the surface is rich in nutrients, relatively free of pathogens and an optimal medium for growing phytoplankton. In addition, the large flow of pumped water reduces disease and contamination in aquaculture ponds such that food can be grown in high density. Finally, pumped deep cold water mixed with warm surface water allows for a unique environment where many species such as kelp, phytoplankton, zooplankton, abalone, clams, oysters, lobsters, shrimp, salmon, and steelhead trout can flourish. It is estimated that the annual revenue from fish culture from a 10 MW OTEC facility is $3.3 million per year; which can be increased up to $82.5 million per year with more efficient species. 2.6.6



Mineral Extraction



Mineral extraction from ocean water is also viable with an OTEC plant. Traditionally, it has been unprofitable to mine the elements of the ocean directly due to the large amounts of energy required to pump the water and then separate the minerals. However, since OTEC plants would already be pumping water for electricity production, the direct costs of mineral extraction in conjunction with electricity production would only be the cost of extraction [National Renewable Energy Laboratory 2005]. 2.6.7



Social Impacts and Externalities



Besides providing potentially cost competitive products, an OTEC plant and its products have a number of social impacts and generate both positive and negative externalities. OTEC Plant



The engineering skill requirements involved with OTEC plants operation and maintenance would allow for the domestic workforce to gain valuable technical experience. This experience may not only help when potentially trying to sell OTEC plants to other nations, but may also have spillover effects onto the overall strength of the domestic workforce. A commercially viable OTEC plant could stimulate infrastructure development in remote places. Such infrastructure, if not already built, would include harbors, communication systems, airports and roads and could be used for other purposes. Cold seawater brought up from pipes provides potential for refrigeration or cooling of applications close to the plant as well as air-conditioning for buildings. In addition, since the cold water is rich in nutrients, its pumping to the surface will aid in ocean revival. Electricity



The electricity OTEC provides can increase incomes and reduce poverty by supplying energy. Perhaps its greatest effect could occur in the Pacific region, where 70% of the people have no access to electricity. Second, for small nations and islands, having a domestic source of electricity would both decrease the amount of energy needed to be imported and subsequently increase energy security. If OTEC electricity production surpasses domestic demand, electricity exports could strengthen the nation’s trade balance. The environmental impacts of electricity production would be dramatically reduced with OTEC. Due to the growing share of electricity in overall energy consumption, world energy CO2 emissions will increase from 40% in 2002 to 44% in 2030 [IEA 2004d]. As world governments continue to limit CO2 emissions, investments in nonpolluting electricity generation sources will be looked at more closely. OTEC’s freedom from fossil fuels for electricity production makes it an attractive future source. Water



OTEC’s ability to increase water supply reliability can have positive impacts on crop yields and food prices. International Space University, Masters Program 2004/2005
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Water reliability is most important in developing countries, in particular those with dry climates and little water infrastructure. Low food prices resulting from lower water prices are most significant to low-income consumers in developing countries where food represents a large proportion of their real income and whose high costs can lead to malnutrition. It is also noted that increased food prices in developing countries would have a negative effect on foreign exchange reserves, inflation and macroeconomic stability and investment [Rosegrant et al. 2002]. Water produced by OTEC can replace spent underground resources and be more sanitary than other sources. Finally, the water supplied by OTEC, if in large enough quantities, could obviate the need for dams. Dams not only negatively impact the environment by placing entire ecosystems underwater, but also have been responsible for the displacement of 40-80 million people worldwide [Bird & Wallace 2001]. Hydrogen



OTEC could have a strong positive environmental and economic impact if it can produce hydrogen cheaply and the projected rise in demand for hydrogen materializes. As mentioned previously, hydrogen is currently primarily produced using fossil fuels. Without producing the element via other methods such as electrolysis, increased hydrogen demand will correspond to increased fossil fuel demand, doing little to lower fossil fuel CO2 emissions and reduce many nations’ reliance on foreign energy. 2.6.8



Conclusion



The market for the principal product of OTEC, electricity, is extremely large and projected to grow substantively. The water, acquaculture food production and mineral markets are also large. Perhaps the fastest growing market over the next several decades that OTEC can serve is hydrogen. OTEC has the greatest potential to serve segments of these markets. For electricity, rural, isolated locations not connected to an electricity grid are optimal consumers. Even today, 1.4 billion people in developing regions have no access to electricity. Furthermore, equatorial regions where renewables are relied on heavily but whose ability to produce electricity are intermittent and unreliable are optimal for an OTEC plant. There are a number of characteristics that could make the adoption of OTEC a viable option to meet water supply. These include, but are not limited to, increased water demand, decreasing water supply due to groundwater depletion or global climate change and continuing degradation of water quality. OTEC plants would have to be able to desalinize and distribute the water economically so as to compete with other water source alternatives. OTEC plants could either deliver water directly to the consumer, to a large pool which then redistributes it, or in the form of bottled water. As mentioned previously, the most economical way to produce hydrogen is via natural gas steam reforming. However, this method does pollute and perpetuates many nations’ reliance on fossil fuels. Electrolysis, the method OTEC would use to produce hydrogen from water, is currently more expensive than steam reforming, so, unless costs can be decreased or environmental savings are enough to justify the higher price, hydrogen will not be produced by OTEC. Finally, mineral extraction and food production are feasible markets that OTEC can enter. The success or failure of OTEC will depend on its ability to become more cost efficient in producing its products than are other methods. A particular advantage of OTEC is that it can create a number of different products. If economies of scope, or the ability to produce many products more cheaply than producing those products by themselves, can be realized with OTEC plants, then OTEC may have a unique cost advantage that can help propel it into various markets.
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3 Reference Situation: Off-Shore OTEC Plants 3.1 3.1.1



Technical Aspects Introduction



Ocean thermal energy conversion (OTEC) relies on the temperature difference between the surface water and colder deep water. The variation of ocean temperature and salinity, measured as function of ocean depth is depicted in Figure 3-1.



Figure 3-1: Temperature T and salinity S as function of ocean depth [Stewart 2004]



The Carnot efficiency of any thermodynamic cycle is dependent on the difference between the warm and the cold body/surface temperature. The higher the difference between the cold and warm surface temperature, the higher will be the efficiency of the cycle. For warm water at 25°C and cold water at 4°C, the Carnot efficiency of the cycle is 7%. The ocean water temperature remains almost constant from the ocean’s surface to 20 m and from 1,000 m to higher depths (see Figure 3-1). Therefore, warm water for the OTEC plant is pumped from an ocean depth of 20 m whereas cold water is pumped from a depth of around 1000 m ocean depth, to get the maximum efficiency from the plant. Discharge water pipe goes up to 60 m ocean depth. Carnot efficiency is an ideal case and the real efficiency of a machine is always less than the Carnot efficiency. OTEC plants, whether closed, open or hybrid cycles, are based on the Rankine thermodynamic cycle. The efficiency of the Rankine cycle is dependent on the work done by the turbine and the heat required by the evaporator. 3.1.2



Functional Elements of an OTEC Plant



The OTEC plant utilizes a heat engine with a vapor power cycle to generate power from this temperature difference. The functional elements of two types of OTEC plants are shown in Figure 3-2. As the only cost model available for OTEC is from Vega [1999], therefore we considered two reference plants: a 6 MW plant based on Vega’s design and a 16 MW modified OC-OTEC plant. Both these plants have almost the same input warm water flow rate.
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Figure 3-2: Open cycle and hybrid cycle OTEC plants



The main elements of the OTEC plant needed to generate power are: 1. Hot water intake and pipes 2. Cold water intake and pipes 3. Intake pumps 4. Evaporator 5. Turbine 6. Condenser 7. Cold heat exchanger 8. Return water discharge pipes Some elements are specific to closed cycle (CC-OTEC) and hybrid cycle (HC-OTEC) OTEC plants. Elements specific to CC-OTEC plants are: 9. Working fluid circulation pump 10. Warm heat exchanger Elements specific to HC-OTEC plants are: 11. 2nd stage for fresh water production Supporting elements are 12. Platform and support structure 13. Electrical power subsystem 14. Fresh water distribution system The electrical power subsystem, including functions such as power generation, transmission and distribution, are the same for OTEC plants as for traditional plants. Other elements such as the fresh water distribution system and the platform and support structure can build on technological know-how and experience from the off-shore oil industry. The next section will provide a thermodynamic analysis of Open Cycle (OC-OTEC) and CC-OTEC plants. The thermodynamic analysis focuses on the vapor power cycle, indicated in Figure 3-2 by elements 1 to 10. Sizing of the 6 and 16 MW OTEC reference plant will be performed in section 3.1.4. 3.1.3



Principles of OTEC



All heat engines make use of the fact that heat energy flows from regions of higher temperature to region of lower temperature. Energy can be extracted by circulating a working fluid in the loop with this temperature gradient. The thermodynamic cycles that can be used are closed-loop, open-loop or hybrid-loop. These loops are explained in greater detail in the following sections. 3.1.3.1



Closed Cycle OTEC



A closed-loop Rankine cycle with a working fluid like ammonia is one of the best options for extracting energy from relatively small temperature differences, as in the case of OTEC plants. The essential 20
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components of this cycle are an evaporator, a turbine generator, a condenser and a pump for circulating the working fluid (see Figure 3-3). Other components required for the OTEC plant include pumps for supply of warm water to the evaporator and cold water to the condenser [Jones 1986]. 1 evaporator
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Figure 3-3: Closed loop Rankine cycle



The processes involved for the power generation are: 1 to 2: Isentropic expansion (steam turbine) 2 to 3: Isobaric heat rejection (condenser) 3 to 4: Isentropic compression (pump) 4 to 1: Isobaric heat supply (evaporator) The above processes can be summarized in following thermodynamic equations:



W1  m( h 1  h 2 )



W 2  m( h 4  h 3 )



Equation 3-1



where W1 represents the work output of the cycle (steam turbine) and W2 the work input into the cycle (pump). The mass flow rate of the cycle is represented as m and h1, h2, h3 and h4 are the enthalpies of the working fluid at various stages in the cycle. The heat supplied to the cycle (evaporator) Q1, and heat rejected from the cycle (condenser), Q2 are:



Q 1  m( h 1  h 4 )



Q 2  m( h 2  h 3 )



Equation 3-2



The net work output of the cycle is:



W cycle  Pcnet  W1  W 2  h 1  h 2  h 4  h 3



Equation 3-3



The overall thermal efficiency of a Rankine cycle (closed-loop) is:



  W cycle / Q 1



Equation 3-4



Efficiency of the CC-OTEC working between 30°C and 4°C is 6%. Increasing the warm water temperature from 30°C to 50°C almost doubles the theoretical efficiency of the cycle. One of the issues with closed cycle having ammonia as working fluid is that it can lead to corrosion of the OTEC equipment in the long run and because of its toxic nature, can be unfavorable environmentally. Although the efficiency of a CC-OTEC is better than that of OC-OTEC, no other co-products are produced in CC-OTEC. 3.1.3.2



Open Cycle OTEC



In an open-loop Rankine cycle, ocean water itself is used as the working fluid. It is circulated through the loop to extract energy. An open-loop cycle makes use of the process called flash evaporation. Using a flash evaporator, a portion of the warm seawater can be converted to saturated vapor by reducing the pressure below the saturation value corresponding to its temperature [Vega 2003].
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Turbine Condenser



3 P



Vacuum Pump



4



P



Discharge Pump



P Cold Seawater Fresh Water Tank Figure 3-4: Open-loop Rankine cycle



The processes involved for power generation are: 1: Flash evaporation of a fraction of the warm seawater (flash evaporator) 2: Expansion of the vapor (turbine) 3: Condensation of water by cold seawater (condenser) 4: Compression (of the non-condensable gases) Net power output of the plant can be calculated using the following basic thermodynamic equations: Heat absorbed from seawater Steam generation rate Turbine work



Heat rejected to sea water where:



Net power output mw/cw ms hi Cp Tw/cwi/o PT Pw/cwp Pdwp



: : : : : : : :



q w  m ww C p (Twwi  Twwo ) m s  q w / h fg w T  m s ( h 3 h 5 )  m s  T ( h 3  h 5 ) q c  m cw C p (Tcwo  Tcwi ) Pnet  PT  Pcwp  Pwwp  Pdwp



mass flow rate of warm/cold water mass flow rate of steam generation enthalpy at stage i heat capacity (at constant pressure) of water temperature of warm/cold water inlet/outlet power of turbine power of warm/cold water pump power of desalinated water pump



One of the major advantages of an open cycle OTEC plant is that apart from electricity generation, it also produces desalinated water. This can be one of the major factors in making OTEC plants economical feasible. 3.1.3.3



Integrated Hybrid OTEC



The Kalina cycle is a hybrid cycle which was proven to be theoretically superior to the Rankine cycle (both for the closed and open-loop), but it has some problems and defects. The Kalina cycle uses an ammonia-water mix, which affects the efficiency of the condenser. The Uehara cycle, another hybrid cycle, assures even higher heat efficiency than the Kalina cycle by lessening the load for condenser by means of extraction of vapor from the turbine. This makes it possible to construct OTEC plants smaller in size but with higher efficiency [Xenesys Systems 2005]. In the Uehara cycle, the working fluid (ammonia-water mixture) is transported to the evaporator by a pump, where it is heated by warm seawater, and evaporated to superheated vapor. The electric power is generated by spinning of the turbine and electricity generator driven by the vapor passing through. The vapor from the turbine is cooled down to a saturated liquid again by the cold deep seawater in the condenser. The warm seawater after the heat exchange in the evaporator is sprayed out from nozzle, and is diffused by a vacuum pump. In the flash evaporation, the warm seawater is evaporated by spray 22
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flash evaporation. The generated vapor is condensed to desalinated water [Uehara 2004]. The flow diagram of the Uehara cycle is depicted in Figure 3-5.



Figure 3-5: Hybrid-loop Uehara cycle [Uehara & Nakaoka 2005]



Net power output of the plant can be calculated using the following basic thermodynamic equations:



Pnet  0.65( Twwi  Tcwi ) 0.67



Pwwp  63.63( Twwi  Tcwi ) 1.01 Pcwp  4.38( Twwi  Tcwi ) 0.34 where:



Equation 3-5



Pv  179.9( Twwi  Tcwi )  2.11 Tw/cwi Pnet Pw/cwp Pv



: : : :



temperature of warm/cold water inlet net power output power of warm/cold water pump power of vacuum pump



The Uehara cycle has only been implemented in the laboratory but still has to be tested in a pre-commercial plant. The first test OTEC plant with the Uehara cycle is planned near the coastal city of Chennai, India [NIOT 2004]. 3.1.4



6 Megawatts and 16 Megawatts Reference Plants



Design Principle



From the point of view of economic feasibility and maturity of technology, OC-OTEC fares better than CCOTEC or HC-OTEC. Therefore, this report will consider only the OC-OTEC plants. Two OC-OTEC reference plants, a 6 MW plant based on Dr. Luis Vega’s design [Vega 1999] and a 16 MW modified plant will be dealt with in this report. The 16 MW plant is considered specifically for an atoll (off-shore) or a bay (coastal) where the ocean surface temperature is assumed to be 40°C. In chapter 4, the changes to the 16 MW plant augmented by space reflector will be analyzed, which raises the warm water temperature to 60°C. As discussed in section 3.1.1, it is assumed that the warm water pipe goes down to an ocean depth of 20 m and cold water pipe goes down to a depth of 1,000 m.
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Figure 3-6: 6 MW OC-OTEC (based on Vega’s design [1999])



The 6 MW OC-OTEC plant is optimized for a nominal temperature difference between warm and cold water of 20°C. It consists of two flash evaporators for generating steam, a turbine for generating electricity and first and second stage condensers for desalinated water production (see Figure 3-6). Warm water at a flow rate of 24 m3/s is pumped into Flash Evaporator 1 and flashed through the spouts at a pressure of 2.76 kPa [Vega 1999]. A small fraction (0.5%) of warm water is converted into steam and the rest is discharged into Flash Evaporator 2. Steam from the first stage evaporator enters the turbine at 2.74 kPa and leaves the turbine at 1.29 kPa. The turbine generator system gives a gross output of 8 MW. Steam from the turbine generator enters the first stage main condenser and condenses most of it into desalinated water. To increase the desalinated water output, a second stage condenser is also included. A desalinated water production rate of 27 L/day can be achieved with this plant. The 16 MW OC-OTEC plant takes in warm water at a temperature of 40°C and cold water at a temperature of 4°C. It is based on Vega’s design but with few modifications to increase the power output and desalinated water production. It consists of four flash evaporators, three turbines and four condensers apart from the cold water pipe, warm water pipe and the pumping system (see Figure 3-7). Warm water at 40°C and 100 kPa is flash evaporated in the Flash Evaporator 1 at a pressure of 4 kPa. About 1.9% of the supply water is converted into steam and enters Turbine 1. A gross power output of 20 MW is generated from this turbine. The rest of the water is flashed in Flash Evaporator 2 at a pressure of 3 kPa to generate steam to run Turbine 2. This produces a gross power output of 5 MW. The water from Flash Evaporator 2 is flashed in Flash Evaporator 3 at a pressure of 2.75 kPa. Turbine 3 connected to this evaporator generates 2 MW of gross power. Flash Evaporator 4 is used only for producing desalinated water. Net power output of 16 MW and desalinated water production of 36,000 m3 per day can be achieved by having a warm water mass flow rate of 10 m3/s.
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Figure 3-7: 16 MW OC-OTEC



Sizing of the Reference Plants



Basic sizing parameters of the 6 MW and 16 MW OTEC reference plants are listed in Table 3-1. Because of higher warm water flow rate in the 6 MW plant as compared to the 16 MW plant, the diameter of the warm water pipe in 6 MW plant is larger compared to the 16 MW plant. The cold water pipe diameter is larger for the 16 MW compared to the 6 MW plant as more cold water is required to condense the superheated water vapors produced from the 40°C inlet warm water. The requirement for electricity transmission and desalinated water transportation is dependent on whether the OTEC plant is at an off-shore or coastal location. New infrastructure development in terms of electricity transmission and desalinated water transportation is required for an off-shore OTEC plant but it may exist for a coastal plant. Table 3-1: Sizing parameters for the 6 and 16 MW reference plants



Parameters Gross power output Net power output



Desalinated water output



Cold water pipe diameter



6 MW OC-OTEC (Tw = 26°C, ∆T = 22°C) 8 MW 6 MW



27,000



Warm water pipe diameter



Desalinated water pipe diameter Discharge water pipe diameter



m3/day



2.4 m 3.4 m 0.3 m 4.9 m



16 MW OC-OTEC (Tw = 40°C, ∆T = 36°C) 27 MW 16 MW



36,000 m3/day 3.2 m 2.3 m 0.4 m 4.1 m



Transporting desalinated water to the mainland could be done via two methods: by supertankers and by piping. Several criteria determine the optimal mode of transportation but the overriding considerations are given to two factors: a. Distance of OTEC plant from the mainland water network bulkhead b. OTEC plant lifetime International Space University, Masters Program 2004/2005
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The distance of the OTEC plant to the water network bulkhead will influence the cost-effectiveness of delivering water by pipeline versus supertanker. While a short-term OTEC plant may not justify the incurring huge pipeline infrastructure cost, a supertanker transport system will be uneconomical for long duration deliveries and under-developed harbors. Traditionally, electric power is transmitted by overhead lines across long distances using High Voltage Alternating Current (HVAC) grids. However, current developments in the power sector are introducing a more robust technology to replace alternating present power transmission. High Voltage Direct Current (HVDC) technology is used to transmit electricity over long distances by overhead transmission lines or submarine cables with minimal losses. Electricity is transmitted at a high voltage to reduce the energy loss. The effect of transmitting at a higher voltage is the reduction in the size of the conductor needed and the amount of energy wasted. Long distance transmission is typically done at voltages of 100 kilovolt (kV) and higher. Transmission voltages up to 765 kV Alternating Current (AC) and up to 533 kV Direct Current (DC) are currently used in long-distance overhead transmission lines. For a long transmission line, the value of smaller losses and reduced construction cost of a DC line can offset the additional cost of converter stations at each end of the line. Also, at high AC voltages, significant amounts of energy are lost due to the capacitance between phases or, in the case of buried cables, between phases and the soil or water in which the cable is buried. HVDC is used to transmit very high quantities of energy over very long distances, for undersea cables over ten kilometers or so (as undersea cables have a very large capacitance), or between asynchronous grids. Since the energy flow across a HVDC link is directly controllable, HVDC links are sometimes used within a grid to stabilize the grid against control problems with the AC energy flow. HVDC is also used to interconnect separate power systems where traditional AC connections cannot be used. In a HVDC system, electric power is taken from one point in a three-phase AC network, converted to DC in a converter station, transmitted to the receiving point by an overhead line or cable, and then converted back to AC in another converter station and injected into the receiving AC network. Typically, an HVDC transmission has a rated power of more than 100 MW and many are in the 1,000 - 3,000 MW range. 3.1.5 3.1.5.1



Conventional Space Aids Positioning of the OTEC Plant



The site for an OTEC plant can be chosen using remote sensing data such as seawater temperature (see section 3.4.4.2). Other information such as seafloor map and seismic survey might be necessary to ensure that the plant will not be located in a place threatened by earthquakes or tsunamis, as well as to provide good data for the mooring of the off-shore platform and the location of power cables into the seabed. For both of these purposes, the current technique described here uses the Global Positioning System (GPS). GPS can also be used to track the positioning of the platform on a day-to-day basis. Marine Seismic Survey



Tailbuoy



GPS signal Hydrophones



Vessel



Energy source



Figure 3-8: GPS for marine seismic surveying



In marine seismic surveys, a low frequency acoustic energy is sent down to the subsurface rock layers. Reflections of the wave are detected by hydrophones and the data analysis allows scientists to determine the 26
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composition of the subsurface rocks (see Figure 3-8). To have meaningful results, the position of the energy source and the hydrophones must be known with good accuracy, which is achieved with GPS. It may be useful to conduct surveys over the long-run, if the lifetime of the OTEC plant is more than, for instance, 20 years. Using GPS, it is also possible to revisit the point precisely with the waypoint feature [El-Rabbany 2002]. Seafloor Mapping



The traditional way to obtain water depth is to use a single-beam echo sounder, which generates a sound wave that is transmitted to the seafloor and then reflected back to the echo sounder. The travel time and the velocity of the sound in the water allow the water depth to be computed (see Figure 3-9). Just as in seismic surveys, this method demands good accuracy of the track line that can be achieved using GPS. However, this method is time-consuming and does not provide complete coverage of the seafloor. A more recent technology that provides good coverage and high accuracy of the seafloor uses multibeam echo sounders, with a wide swath (150°) that requires accurate positioning and attitude of the vessel. This requirement is achieved with an integrated GPS/Inertial Navigation System. Another method used to obtain water depth is the airborne Laser Bathymetry System. It transmits a laser beam from an aircraft-mounted laser sensor which is then partially reflected from the sea surface and from the seafloor. The water depth can be computed by measuring the time difference between the return of the two reflected pulses and an accurate 3-D seafloor map can be derived from the depth information and from GPS position and orientation of the laser. Although this method is very efficient and can map narrow passages, it is limited to shallow water areas (less than 50 m) and is very sensitive to the water clarity [ElRabbany 2002].



GPS signal



GPS signal Vessel



Multibeam echo sounding



Vessel Single-beam echo sounding



Figure 3-9: GPS for seafloor mapping



Geographical Information System



Another space-based aid that can contribute to constructing an OTEC plant is the use of Geographical Information System (GIS) software such as the ones already used by some energy companies [Harder 1999]. This kind of software, combining topographical and land usage information, may help to identify sensitive milieus (environmental, archeological as well as sociological), physical features, ownership and political boundaries when building pipes or a new power grid, as might be the case for a new OTEC plant. Moreover, this kind of software allows storage of database records, spatial and schematic views, as well as sociodemographic information, making the maintenance of gridlines and pipes easier and more efficient. It can also be used by a crew for servicing an asset in order to find the best route and to obtain and record information about the asset. 3.1.5.2



Communication



Emergency



The off-shore platform can possibly participate in the Global Maritime Distress and Safety System (GMDSS). The GMDSS is an international system that ensures rapid alerting of shore-based rescue and communications authorities in the event of an emergency. Compliance with the GMDSS will decrease the risks faced by an OTEC plant in case of an emergency by allowing a rapid and efficient response by on-shore specialists. In addition, the system alerts vessels in the immediate vicinity and provides improved means of locating survivors. Using GMDSS equipment in the off-shore platform will enhance sea safety in the vicinity of the International Space University, Masters Program 2004/2005
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platform. The reference off-shore OTEC plant, located within the range of shore-based Very High Frequency/Digital Selective Calling coast stations (less than 40 nautical miles), will have direct communications with shore facilities. However, in case of link failures, it may use the Inmarsat satellite network, which provides coverage between 70°N and 70°S. In case of total failure (for example, if the off-shore platform sinks), it may be useful to use the Emergency Position Indicating Radiobeacon. Indeed, GMDSS can use Inmarsat E/E+ to provide global detection of these small, portable and buoyant devices that provide an effective means of issuing a distress alert anywhere in the world. Telecommunication



The off-shore reference OTEC plant can use Inmarsat-B or Inmarsat-C for a range of telecommunication solutions [Inmarsat webpage 2005]. Inmarsat services include telephone and fax, as well as modern telecommunication means such as the Internet, e-mail, instant messaging, and file transfer. A good telecommunication system is important on an off-shore platform since the morale of the crew is a key factor onboard. Inmarsat service also provides remote access to a doctor on land who can analyze vital data to provide a diagnosis in case of a medical emergency3. Furthermore, good telecommunication contributes toward an effective management since the platform is able to communicate directly with the head office or equipment manufacturers. Although Inmarsat may appear to be the best solution for communication between the OTEC platform and land, other telecommunication satellites to be launched within a few years may also be considered. These future communication satellites include4 APSATAR VI, ESATSAT, Express AM3, MEASAT and QuasiZenith Satellite System [ISU SSP 2004]. 3.2



Economic Feasibility



In order to show the economic feasibility of the various OTEC plants with a power output of 6, 16, and 50 MW, chosen according to technical considerations, the following financial indicators are used: IRR (Internal Rate of Return), NPV (Net Present Value) and cost per kWh of electricity produced. The first two indicators are based on the 2005 average worldwide prices of electricity and desalinated water and a medium-range 2005 interest rate. The production cost per kWh, considering the production of desalinated water as a by-product, was calculated by the use of the following formula, published by Takahashi and Trenka [1996].



$ / kWh  where



( FC )(CC )  (OM )( G )(CR ) ( NP )(CF )(8760 )



FC CC OM G CR NP CF 8760



: annual interest charge : plant capital cost : operations and maintenance : present worth factor (20 years) : capital recovery factor (0.09) : net power production (kW) : production capacity factor : number of hours in a year



The economic analysis was made for off-shore OTEC plants. The off-shore situation assumes a land-based OTEC on an atoll located at about 50 km from the main land. Compared to an on-shore situation, the offshore plant has higher capital costs due to a desalinated water transportation pipe and electricity cables to the main land. Furthermore, the operations and maintenance cost are higher for off-shore plants. The water Telemedicine experiments conducted onboard of space stations like Mir may also be useful for such an event, since it establishes the minimum set of vital parameters to monitor and the best way to carry out remote medical aid. 4 These are examples of future satellites that will have a footprint in the Asian/Pacific area, which would be an ideal location for an OTEC plant. 3
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distribution infrastructure on the main land was considered as given. The calculations of the main parameters are shown in Table 3-2. 3.2.1 3.2.1.1



Economic Feasibility of a 6 Megawatts Plant Potential Countries



The selection of an OTEC site depends on several factors, the most important ones including [Congress of the United States – Office of Technology Assessment 1978]:  High thermal differences between the warm surface and the cold deep water  Low- velocity currents  Absence of storms (minimal wind and waves)  Nearness to the markets for the OTEC products According to Dr. G. C. Nihous [Vega 1992], the cold seawater temperature can generally be regarded as nearly constant, with a value of 4°C at 1,000 meters (m), except in some specific areas. Since the cold water pipe is the most costly plant component the accessibility of deep cold seawater is the most important physical criterion for the OTEC site selection. Comprehensive data of bathymetry and topography is required. The warm surface seawater temperature selection needs a comprehensive knowledge of local climate features due to seasonal effects. The minimum temperature difference is 20°C. Many other issues must be considered in the OTEC site selection, from environmental, logistical to socioeconomic and political factors. Adequate manpower is needed to construct and operate the plant. The OTEC power plant size should be compatible with the local population and its output should match the consumption of local people. Island locations represent the most favorable land-based OTEC sites. Potential countries for an OTEC and SAOTEC plant were chosen according to the criteria of a suitable OTEC plant site within 50 km of the shore – i.e., satisfying the need for a minimum temperature difference – and a consumer demand for desalinated water [Office of Technology Assessment 1978]. Latin America and the Caribbean countries would be suitable locations for an OTEC plant. They include Barbados, Cuba, Dominican Republic, Grenada, Haiti, Jamaica, Saint Lucia, Saint Vincent, Trinidad, and Tobago. Countries at the Indian and Pacific Oceans include Comoros, Cook Islands, Fiji, Kiribati, Maldives, Mauritius, Samoa, Seychelles, Solomon Islands, and Vanuatu. Other suitable countries for the OTEC reference plant are Mozambique, Tanzania, Kenya, Somali Republic, Southern Yemen, Muscat and Oman, Iran, Pakistan, New Guinea, Java, SierraLeone, Liberia, Cote d’lvoire, Ghana, and Dahomey. 3.2.1.2



General Assumptions and Notes



For the financial calculations of the off-shore 6 and 16 MW OTEC as well as the 50 MW space-aided OTEC (SAOTEC) plants, a number of assumptions were made. First, the assumptions for all three kinds of OTEC concepts are stated, followed by the changing assumptions on the specific plant. According to the spreadsheet’s structure, the list of assumptions is divided into three parts: assumptions about the general input (i.e., main general assumptions), assumptions about expenditures (i.e., out-flow related assumptions) and assumptions about revenues (i.e., in-flow related assumptions). Assumptions about the General Input  



The project timeframe is divided into two parts: Development & Construction (5 years) and Operations phase (20 years) The real power and desalinated water output will increase during the first four years as follows: 50%; 70%; 85%; 100% of nominal power. Due to technological and marketing reasons the nominal power and water output will be reached during the first four years of exploitation. Since operations will be interrupted for plant maintenance, an output decrease of 20% every three years was assumed. The resulting average production factor amounts to 0.9



Assumptions about Expenditures 



The non-recurring capital costs of the OTEC plant were calculated on the basis of the parametric
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cost model developed by the Pacific International Center for High Technology Research (PICHTR), being expressed in 1990 $/kWh and assuming modest engineering development. Additional plant capital costs for the production of desalinated water are included. 30% of the plants capital cost are accounted for by the development and 70% by the construction phase The operations and maintenance (O&M) costs, which are recurring, of the off-shore OTEC plant, including the desalinated water transportation pipe and storage facility, were considered as 1.5% The costs of marketing and sales were estimated at $0.3 million per annum for the development and construction phase, as well as for the first four years of operations. From the fifth year of operations onwards, they were estimated at $0.1 million The costs of project control and plant management were assumed at $0.5 million per annum for OTEC plants and $0.7 million for SAOTEC plants The insurance for plant hardware and equipment was estimated at 1% per annum of the capital costs of the plant, according to 2005 insurance market prices Other potential costs, such as consulting services (e.g. for applications to the International Telecommunication Union (ITU)), performance bonuses for employees, liability reserves, etc. are included in the Other Costs item, which were assumed at $1 million for the first five years and $0.5 million for the remaining period



Assumptions about Revenues    Notes     3.2.1.3



  



3.2.2



The electricity price was assumed as the average world market price ($0.08 per kWh) taking into account the analysis of section 2.6.2 The desalinated water price was assumed as the average world market price ($0.8 per m3) According to market trends the electricity and desalinated water prices were assumed to increase by 3% per annum



Any follow-on capital investments were not included in the financial calculations due to technical considerations and comparison with existing hydro-power plants Tax related items, including depreciation were not considered in the financial analysis due to different worldwide financial standards The development and construction of an infrastructure for the distribution of electricity and desalinated water was not considered in the economic analysis – their existence was assumed as given Inflation was not considered in the model Specific Assumptions for the 6 Megawatts OTEC Plant



The nominal power output was assumed at 6 MW due to technical considerations The nominal desalinated water output was assumed at 27,000 m3 per day and derived from technical parameters of the 6 MW plant (see section 3.1.4) The OTEC capital costs per kWh, amounting to $17,250 for off-shore plants (an additional cost of 15% was added for the cost of electricity cables to the shore as well as the desalinated water storage facility and transportation pipe compared to an on-shore situation) were derived from the parametric cost model developed by the Pacific International Center for High Technology Research (PICHTR) Economic Feasibility of the Modified OTEC Plant



The financial analysis of the modified OTEC plant follows the approach of the OTEC reference plant. The assumptions valid for the three kinds of OTEC concepts analyzed are stated in chapter 3.2.1. The assumptions that changed for the modified plant are listed below. The calculations of the main parameters are shown in Table 3-3. Specific Assumptions for the 16 Megawatts OTEC Plant  
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The nominal power output was assumed at 16 MW due to technical considerations The nominal desalinated water output was assumed at 36,000 m3 per day and derived from technical parameters of the 16 MW plant (see section 3.1.4) International Space University, Masters Program 2004/2005
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The OTEC capital costs per kWh, amounting to $13,915 for off-shore plants (an additional cost of 15% was added for the cost of electricity cables as well as for the desalinated water storage facility and transportation pipe compared to an on-shore situation) were derived from the parametric cost model developed by the Pacific International Center for High Technology Research (PICHTR) Funding of OTEC



3.3.1 3.3.1.1



Conventional Funding of OTEC Public Funding Sources



Reduction of poverty and hardship are the main targets of public funding for sustainable energy sources in developing countries. Cleaner energy initiatives and the promotion of higher energy efficiency in light of the Kyoto Protocol to address regional and global environmental impacts drive public energy funding by bodies based in the Organization for Economic Cooperation and Development (OECD) countries. Depending on the position of the OTEC plants in the tropical zone along the Earth’s equator, various Multilateral Development Banks and International Intergovernmental Organizations may be addressed for financial support. Examples of such financial organizations are given below. Asian Development Bank (ADB) The Asian Development Bank, which is engaged in promoting the economic and social development of countries in the Asian and Pacific regions, could be a preferred public source for funding of OTEC/SAOTEC, since the majority of its activities are based on a 1995 Energy Policy Framework including renewable energy for Pacific island states as mentioned by Bodda [2004]. ADB’s focus for recent energy projects has been the restructuring of the power sector, expansion of energy supply towards renewable sources and the enhancement of operational energy efficiency. According to the IEA (International Energy Agency)/OECD Greentie website [2005] ADB fosters productive and operational efficiency and aims to attract participation in energy developments by the removal of unjustified and uneconomic subsidies. ADB’s main financial instrument, its Asian Development Fund, will see a replenishment of $7 billion for development projects in the period between 2005 and 2007. 6% of the funds allocated in year 2003 were devoted to projects on the development of energy resources as stated on ADB’s website [2005]. Inter-American Development Bank (IDB) The Inter-American Development Bank is the principal source of multilateral financing for economic, social, institutional and energy-related development projects in Latin America and the Caribbean. The Development Bank provides loans and technical assistance for the preparation, financing, and implementation of development plans and projects using capital provided by its member countries, as well as resources obtained in world capital markets, e.g. by issuing bonds. In terms of relevance for possible funding of OTEC, the Bank has been supporting projects developing physical infrastructure for energy production and distribution according to IDB’s website [2005]. African Development Bank Group (ADBG) The African Development Bank Group is supported by 77 member countries, naturally from Africa, but also from Europe, the Americas and Asia. The Group comprises three institutions: The African Development Bank, the African Development Fund and the Nigeria Trust Fund. Although mainly focused on agriculture and rural development programs on the national level, ADBG is currently financing a 250 MW solar thermal power plant in Morocco as a majority stakeholder with estimated total costs of approximately €200 million as can be found on ADBG’s website [2005]. World Bank Group (WBG) The World Bank Group is the leading multilateral development bank, financing large projects in developing countries with loans usually higher than $50 million, according to its website [2005]. One of its members, the International Finance Corporation (IFC) - established in 1956, is the most prominent part of WBG in funding projects on renewable energy. IFC is considered to be the largest provider of loans and equity financing for private sector projects and could therefore be addressed for assistance in funding OTEC. The capital base for fund raising is provided by the 177 member countries of IFC: triple-A ratings allow IFC to raise funds for its lending activities on favorable terms in the international capital markets. A recent example for financing of renewable energy by IFC is a 10 MW wind power plant project in the Dominican Republic where the institute is expected to provide a loan of $12 million, about 25% of the total project costs [2005]. International Space University, Masters Program 2004/2005
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0.30



0.30



36.23



36.23



0%



0.30



10.35



10.35



0%



4.30



10.35



10.35



0%



1



31.05



10.35 10.35



103.50



0%



103.50



1.0%



8%



1.5%



1.15



17,250.00



9,855.00



27.00



0.90



6,000.00



Development & Construction 1 2 3 4 5 70%



2



6.37



10.26



6.69



848.72



3.57



0.08



3.89



3.89



0.50



1.04



0.50



0.30



1.55



7,884.0



4,800.0



9.32



13.21



8.62



874.18



4.59



0.09



3.89



3.89



0.50



1.04



0.50



0.30



1.55



9,855.0



6,000.0



100%



9.92



13.61



8.87



900.41



4.73



0.09



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



7.52



11.21



7.31



927.42



3.90



0.09



3.69



3.69



0.50



1.04



0.50



0.10



1.55



7,884.0



4,800.0



80%



Operations, years 4 5 6



80%



3



10.75



14.43



9.41



955.24



5.02



0.10



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



7



11.18



14.87



9.70



983.90



5.17



0.10



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



8
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4.83



8.72



5.68



824.00



3.03



0.08



3.89



3.89



0.50



1.04



0.50



0.30



1.55



6,898.5



4,200.0



Table 3-2: Financial analysis of the reference 6 MW OTEC plant



Reference



REVENUES Electricity price, $/kWh Electricity price dynamics, %/year Electricity sold, mln $ Desalinated water price ($/dm3) dynamic, %/year Desalinated water sold, mln $ TOTAL REVENUES



Non-recurring costs OTEC plant construction, mln $ TOTAL non-recurring costs Recurring costs OTEC plant (O&M), mln $ Marketing and Sales, mln $ Control and Management, mln $ Insurance, mln $ Other expenditures, mln $ TOTAL recurring costs TOTAL EXPENDITURES



EXPENDITURES



Nominal power output, kW Power output (out of nominal), % Average production factor Real power output, kW Nominal desalinated water output, Dm3 per day Real desalinated water output, Dm3 per year Capital cost, $/kW Coeffic. for electricity & water transport O&M, per year (in % of capital costs) Discount rate, % Plant insurance rate per year, %



6 MW OTEC



Space Aid for Ocean Thermal Energy Conversion



International Space University, Masters Program 2004/2005



MAIN RESULTS



12.25



4.26



5.49



0.10



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



10



5.65



0.11



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



11



4.66



0.11



3.69



3.69



0.50



1.04



0.50



0.10



1.55



7,884.0



4,800.0



80%



12



6.00



0.11



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



6.17



0.12



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



5.09



0.12



3.69



3.69



0.50



1.04



0.50



0.10



1.55



7,884.0



4,800.0



80%



6.55



0.12



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



Operations, years 14 15 16



100%



13



6.75



0.13



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



17



5.56



0.13



3.69



3.69



0.50



1.04



0.50



0.10



1.55



7,884.0



4,800.0



80%



18



7.16



0.14



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



19



7.37



0.14



3.69



3.69



0.50



1.04



0.50



0.10



1.55



9,855.0



6,000.0



100%



20



IRR = 5.26%



8.56



12.09



15.77



10.29



12.56



16.25



10.60



13.55



17.24



11.24



14.07



17.75



11.58



NPV = $7.27 mln



9.70



13.39



8.73



10.94



14.63



9.54



15.71



19.40



12.65



12.30



15.98



10.42



16.89



20.58



13.42



17.51



21.20



13.82



Electricity cost per kWh = $0.23



15.15



18.83



12.28



33
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3% 1,013.42 1,043.82 1,075.13 1,107.39 1,140.61 1,174.83 1,210.07 1,246.37 1,283.77 1,322.28 1,361.95 1,402.80



102.82



106.86



3.69



188.76



295.62



3.69



85.26



NET INFLOWS



0.50



15.00



7.99



1.04



22.41



192.80



0.50



12.50



0.10



0.10



3%



1.55



4.30



7,884.0



4,800.0



80%



9



31.05



103.50



103.50



1.0%



8%



1.5%



1.15



17,250.00



9,855.00



27.00



0.90



6,000.00



Reference



REVENUES Electricity price, $/kWh Electricity price dynamics, %/year Electricity sold, mln $ Desalinated water price ($/dm3) dynamic, %/year Desalinated water sold, mln $ TOTAL REVENUES



Non-recurring costs OTEC plant construction, mln $ TOTAL non-recurring costs Recurring costs OTEC plant (O&M), mln $ Marketing and Sales, mln $ Control and Management, mln $ Insurance, mln $ Other expenditures, mln $ TOTAL recurring costs TOTAL EXPENDITURES



EXPENDITURES



Nominal power output, kW Power output (out of nominal), % Average production factor Real power output, kW Nominal desalinated water output, Dm3 per day Real desalinated water output, Dm3 per year Capital cost, $/kW Coeffic. for electricity & water transport O&M, per year (in % of capital costs) Discount rate, % Plant insurance rate per year, %



6 MW OTEC (cont.)



Table 3-2: Financial analysis of the reference 6 MW OTEC plant (continued)



Space Aid for Ocean Thermal Energy Conversion



34



NET INFLOWS



REVENUES Electricity price, $/kWh Electricity price dynamics, %/year Electricity sold, mln $ Desalinated water price ($/dm3) dynamic, %/year Desalinated water sold, mln $ TOTAL REVENUES



Non-recurring costs OTEC plant construction, mln $ TOTAL non-recurring costs Recurring costs OTEC plant (O&M), mln $ Marketing and Sales, mln $ Control and Management, mln $ Insurance, mln $ Other expenditures, mln $ TOTAL recurring costs TOTAL EXPENDITURES



EXPENDITURES



Nominal power output, kW Power output (out of nominal), % Average production factor Real power output, kW 3 Nominal desalinated water output, Dm per day 3 Real desalinated water output, Dm per year Capital cost, $/kW Coeffic. for electricity & water transport O&M, per year (in % of capital costs) Discount rate, % Insurance rate, %



16 MW OTEC



Space Aid for Ocean Thermal Energy Conversion



24.06



3.25 81.17



81.95



4.03



1.00



2.23



0.50



161.83 -24.06 -24.06 -24.06 -81.17 -81.95



531.26



257.06



3%



274.20



3%



24.06



1.80



369.43



1.80



1.80 24.06



146.79



1.00



1.00



1.00



1.00



0.50



15.00



0.50 1.45



0.50



100%



100%



80%



Operation, years 4 5 6



80%



3



100%



7



100%



8



15.66



3.34



18.44



8.92



848.72



9.52



0.08



6.87



6.87



0.50



2.23



0.50



0.30



3.34



23.74



11.49



874.18



12.25



0.09



6.87



6.87



0.50



2.23



0.50



0.30



3.34



24.45



11.83



900.41



12.62



0.09



6.67



6.67



0.50



2.23



0.50



0.10



3.34



20.15



9.75



927.42



10.40



0.09



6.67



6.67



0.50



2.23



0.50



0.10



3.34



25.94



12.55



955.24



13.39



0.10



6.67



6.67



0.50



2.23



0.50



0.10



3.34



26.72



12.93



983.90



13.79



0.10



6.67



6.67



0.50



2.23



0.50



0.10
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8.80 11.57 16.87 17.79 13.48 19.27 20.05



10.86



4.00



7.58



824.00



8.08



0.08



6.87



6.87



0.50



2.23



0.50



0.30



3.34



9,198.0 10,512.0 13,140.0 13,140.0 10,512.0 13,140.0 13,140.0



5.26



800.00



5.61



0.08



6.87



6.87



0.50



2.23



0.50



0.50



48.20



0.30



6,570.0



12.50



0.30



70%



2



8,000.0 11,200.0 12,800.0 16,000.0 16,000.0 12,800.0 16,000.0 16,000.0



50%



3.34 0.30



77.92



77.92



0%



0.30



0.30



77.92



77.92



0%



0.30



22.26



22.26



0%



4.30



22.26



22.26



0%



1



66.79



22.26 22.26



222.64



0%



Development & Construction 1 2 3 4 5



222.64



1.0%



8%



1.5%



1.15



13,915.00



13,140.00



36.00



0.90



16,000.00



Reference



Table 3-3: Financial analysis of the modified 16 MW OTEC plant



Reference Situation: Off-Shore OTEC Plants



International Space University, Masters Program 2004/2005



MAIN RESULTS



NET INFLOWS



REVENUES Electricity price, $/kWh Electricity price dynamics, %/year Electricity sold, mln $ Desalinated water price ($/dm3) dynamic, %/year Desalinated water sold, mln $ TOTAL REVENUES



Non-recurring costs OTEC plant construction, mln $ TOTAL non-recurring costs Recurring costs OTEC plant (O&M), mln $ Marketing and Sales, mln $ Control and Management, mln $ Insurance, mln $ Other expenditures, mln $ TOTAL recurring costs TOTAL EXPENDITURES



EXPENDITURES



Nominal power output, kW Power output (out of nominal), % Average production factor Real power output, kW 3 Nominal desalinated water output, Dm per day 3 Real desalinated water output, Dm per year Capital cost, $/kW Coeffic. for electricity & water transport O&M, per year (in % of capital costs) Discount rate, % Insurance rate, %



16 MW OTEC 100%



10 100%



11 80%



12 100%



80%



100%



Operation, years 14 15 16



100%



13 100%



17 80%



18 100%



19



100%



20



12,800.0 16,000.0 16,000.0 12,800.0 16,000.0 16,000.0 12,800.0 16,000.0 16,000.0 12,800.0 16,000.0 16,000.0



80%



9



0.50 2.23 0.50 6.67 6.67



12.50 48.20 15.00 146.79 369.43



274.20



11.36



14.63



0.10



6.67



6.67



0.50



2.23



0.50



0.10



3.34



15.07



0.11



6.67



6.67



0.50



2.23



0.50



0.10



3.34



12.42



0.11



6.67



6.67



0.50



2.23



0.50



0.10



3.34



15.99



0.11



6.67



6.67



0.50



2.23



0.50



0.10



3.34



16.47



0.12



6.67



6.67



0.50



2.23



0.50



0.10



3.34



13.57



0.12



6.67



6.67



0.50



2.23



0.50



0.10



3.34



17.47



0.12



6.67



6.67



0.50



2.23



0.50



0.10



3.34



17.99



0.13



6.67



6.67



0.50



2.23



0.50



0.10



3.34



14.83



0.13



6.67



6.67



0.50



2.23



0.50



0.10



3.34



19.09



0.14



6.67



6.67



0.50



2.23



0.50



0.10



3.34



19.66



0.14



6.67



6.67



0.50



2.23



0.50



0.10



3.34



13.72 28.35



14.13 29.20



11.64 24.06



14.99 30.97



15.44 31.90



12.72 26.29



16.38 33.85



16.87 34.86



13.90 28.73



17.90 36.99



18.43 38.09



161.83 15.35 21.68 22.53 17.39 24.31 25.24 19.62 27.18 28.20 22.06 30.32 31.43 Electricity cost per kWh = $0.19 IRR = 4.11% NPV = -$9.09 mln



10.65 22.02



531.26



1,013.42 1,043.82 1,075.13 1,107.39 1,140.61 1,174.83 1,210.07 1,246.37 1,283.77 1,322.28 1,361.95 1,402.80



257.06



3%



0.10



0.10



4.30



3%



3.34



66.79



222.64



222.64



1.0%



8%



1.5%



1.15



13,915.00
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13,140.00 10,512.0 13,140.0 13,140.0 10,512.0 13,140.0 13,140.0 10,512.0 13,140.0 13,140.0 10,512.0 13,140.0 13,140.0



36.00



0.90



16,000.00



Reference



Table 3-3: Financial analysis of the modified 16 MW OTEC plant (continued)



Space Aid for Ocean Thermal Energy Conversion



Space Aid for Ocean Thermal Energy Conversion 3.3.1.2



Reference Situation: Off-Shore OTEC Plants



Private Funding Sources



Foundations for Renewable Energy and Other Institutional Funds



There are various private foundations in the OECD countries with a focus on financing renewable energy. One of the major organizations in this sector is the United States-based Energy Foundation, an umbrella body of a number of private US institutes with the same goal. The Energy Foundation [2005] awards grants for renewable energy projects covering outreach programs, research and development (R&D) and infrastructure projects. Individual grants are usually below $1 million and the geographic focus is on the US and China, where the Foundation is co-administering the China Sustainable Energy Program. Concerning SAOTEC, a plant position in Hawaii or at other Pacific Territories, or in the Caribbean would give eligibility to apply for grants. Venture Capital Funds (VCF) In the US, currently only 1-2% of all VCF, i.e. between $200 million and $400 million, are invested in clean, renewable energy as the Clean Energy States Alliance [2005] mentions. One of the main reasons for this rather low level of involvement of VC investors can be found in the still small returns on renewable energy investments when compared to fossil fuel energy or other industrial sectors. Few venture capital (VC) investors are willing to strive for environmental goals in exchange for financial return – not even to mention the risky undertaking of SAOTEC. Furthermore, investors are hesitant to put their money in technologies that are dependent on government regulation to be financially sound. However, a viable way, according to Beliov et al. [2004], to attract VC investors for a renewable energy project, like OTEC, could be the commingling or “pooling” of several public energy funds and private funds in a VC type investment fund. The individually pooled VCF might be geographically restricted to be able to induce the public funds available for the proposed locations of OTEC plants. Private VC investors would be seeking to invest with public energy funds by a guaranteed safe return comparable to other opportunities. Public, state owned funds would be restricted to its investment returns or less since OTEC would offer social development. In addition, such public/private VCF would have the flexibility as to where to put money in the investment chain: it could be at an early stage, i.e. seed VC to support OTEC plant development after the technology definition stage or a so-called mezzanine fund to encourage early commercialization. The main benefits of the mentioned proposal would be to access otherwise hesitating private VC investors and to make public money work for OTEC beyond the traditional public R&D efforts towards achieving fast commercialization. 3.3.2



Environmental Public and Private Funding Instruments for OTEC



The implementation of the 1992 United Nations (UN) Convention on Climate Change and the 1997 Kyoto Protocol in OECD countries deliver some interesting unconventional funding instruments for OTEC which possess the characteristics to be sold as an environmental friendly, renewable energy source reducing greenhouse gases. According to an evaluation done by Tahara et al. [1995], a 100 MW OTEC system reduces the amount of carbon dioxide (CO2) emission by approximately 150,000 tons per year, when compared to an equivalent coal fired power plant and adding the CO2 absorption effect of the compulsory circulation of ocean water by the OTEC system. The World Bank estimates that funds offering mitigation investments are already worth about $1.5 billion, according to Graab [2005]. Investors are funding projects that reduce greenhouse gas emissions, like hydroelectric dams and renewable energy plants, and earning investor credits to offset emissions from factories and power plants. The largest buyers of greenhouse gas emission credits offered in regions such as Asia and Latin America are Japanese companies and the Dutch government. The trade has gained momentum since the Kyoto Protocol entered into effect in February 2005. 3.3.2.1



Funding Based on the Climate Change Convention



The UN Climate Change Convention states on its website [2005] that developed countries should provide funds to help developing countries meet their treaty commitments to mitigate climate change. Several governmental funds have been established in recent years in order to support mitigation efforts, e.g. the Canadian Cooperation Fund on Climate Change or the Danish Cooperation Fund for Renewable Energy. In the following, the two most prominent funds are described.
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Global Environmental Facility (GEF) Fund The GEF Fund is a financial mechanism created in 1991 that provides R&D grants and funds to recipient countries for projects and activities that aim to protect the global environment. According to the Climate Change Information Sheet 28 [1996] the GEF Fund finances so-called "agreed full incremental costs of projects to protect the global environment. GEF funds complement regular development assistance, offering developing countries the opportunity to incorporate environmentally friendly features that address global environmental concerns. For example, if a country invests in a new power plant to promote economic development, the GEF may provide the additional, or incremental, funds needed to buy equipment for reducing the emissions of greenhouse gases. In this way, GEF funds normally cover only a portion of a project's entire costs”. Prototype Carbon Fund (PCF) The PCF considers itself a “public-private partnership to combat global climate change”, as can be found on its webpage [2005]. It has been established by the World Bank Group in 1999 with the strategic aims of highquality emission reductions and the use of public-private partnerships to mobilize new funding resources for its member countries. The fund reached in 2004 a size of $50 million with a significant contribution from private sector participants like BP Amoco, Deutsche Bank or Tokyo Electric Power Company. 3.3.2.2



Kyoto Protocol Based Funding



So-called flexible mechanisms are the core issues of the Kyoto Protocol (KP) for the achievement of reduction commitments as explained in United Nations Framework Convention on Climate Change [2005]. The flexible mechanisms can be distinguished in:  Project-related instruments: Joint Implementation and the Clean Development Mechanism  International Emissions Trading between the parties of the KP OTEC may obtain public and/or private funding by using these instruments in the following ways:  Under Joint Implementation a developed country (including those undergoing the process of transition to market economy) or an authorized institution or enterprise from this country participates in the greenhouse gas reducing project of SAOTEC in another developed country. For its participation, the country will receive a certain bankable amount of the resulting Emission Reduction Units.  The Clean Development Mechanism (CDM) allows developed countries to purchase emission reduction certificates through projects in developing countries which are not part of the KP. The peculiarity of the CDM is that, in contrast to the Joint Implementation mechanisms, participation of the developing countries is provided for, meaning of the countries having no qualified emissions limitation or reduction commitments. For the developing countries, CDM therefore represents an important instrument for technology transfer and ought to contribute to sustainable development. Participation in CDM projects takes place by mutual agreement between the investor and home countries. By branding OTEC as a CDM project, developed countries, or institutions and enterprises in developed countries, can finance OTEC as a CO2-emissions-reducing project in a developing country, in exchange for Certified Emission Reductions. These emission certificates will be tradable according to the International Emissions Trading guidelines which specify that developed countries be allowed to trade assigned amount units of greenhouse gas with each other. Through emissions trading, an environmental target, in our case CO2 emission, with a defined absolute upper load limit is to be achieved at minimum cost. Each emitter can decide whether it is cheaper to reduce emissions through reduction measures or to purchase certificates for the generated emissions. 3.4 3.4.1



Environmental Considerations: Off-Shore OTEC Plant The Ocean



The oceans are the largest repository of organisms on this planet. They include all manner of species from fish and invertebrates to algae and bacteria. The distribution of marine organisms is dependant upon the chemical and physical properties of the surrounding seawater. Such properties include temperature, salinity, ocean currents, distribution of oxygen and nutrients, and the penetration of light. Seawater consists of pure water in which many different compounds are dissolved, including solids from land and gases from the atmosphere. Bio-production is particularly high in the upper layers of the ocean, called the photic zone, due to International Space University, Masters Program 2004/2005
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photosynthesis. The surface water that is heated by sunlight does not displace the deeper colder water, which has a higher density. Thus, the vertical mixing among different ocean layers is minimal and the flow of nutrients is predominantly uni-directional, from the upper layers towards the sedimentary ocean floor. This process is connected to the food chain. Phytoplankton and algae are eaten by small fish. The smaller fish are consumed by larger fish and animals - whose remains, carbonate skeletons and shells sink to the ocean floor. The organisms in the zone below the photic zone are completely reliant upon the organic material that comes from the waters above [Brewer 2000]. The depth of the photic zone is dependant upon the clarity/transparency of the water. In the Tropics, where it is particularly clear, it is about 200 m deep. The term ‘Tropics’ refers to the geographic region of the Earth near the equator. The water here is warm and very clear, the ideal conditions for producing a rich biodiversity, including coral habitats. This region is exposed to the highest intensity of sunlight on Earth all year long. This high energy input increases the surface temperature of the tropical oceans. Seasonal climatic variations in the Tropics are not extensive and it is hot and humid here all year around. The precipitation in this area results in a large amount of fresh water in the ocean, which implies low salinity. The combination of low salinity and heat makes the surface waters less dense, which increases the flow of clear deep water towards the surface. Conditions of the ocean currents and lack of tides also contribute to the clear water at the equator [Brewer 2000]. 3.4.2



Environmental Factors to Take Into Consideration Due to an OTEC Plant



The factors causing environmental impacts - which may affect land, air, and water - from operating an OTEC plant can be summarized in follows [Sands & Wild 1999; Wilde 1981]: 1. Redistribution of oceanic properties:  Nutrient redistribution  Thermal redistribution  Carbon dioxide release 2. Chemical pollution:  Biocide release (chemical agent that prevents organic growth)  Working fluid leak (ammonia)  Metallic ion release from corrosion 3. Structural effects:  Cable implantation  Platform attraction of fish and other species  Impingement of organisms (when organisms are drawn against the intake screen)  Entrainment (trapping) of organisms Redistribution of Oceanic Properties



During OTEC operations, a large volume of cold deep water and warm shallow water are pumped from different depths. Oceanic parameters like temperature, salinity, density, oxygen content, nutrient conditions, concentration of carbonates, and bacteria will be mixed and changed, which might impact the marine environment and even cause changes in the marine food chain. A constant flow of cold, nutrient-rich, bacteria-free deep ocean water to the photic zone could cause sea surface temperature anomalies and cause an increase in microbial activity and/or biodegradation [Sands & Wild 1999; Wilde 1981]. The chemistry of the ocean is quite fragile and can be affected by OTEC activities. The deep ocean is rich in dissolved inorganic carbon, whereas the surface water has a predominance of carbon in organic form. The ocean is both a major source and sink of carbon for the atmosphere. Cooled seawater retains carbon dioxide. However, as surface water warms, it releases some of this CO2 into the atmosphere. Due to effective mixing, the level of CO2 dissolved in surface water is in equilibrium with the CO2 concentration in the atmosphere. The ocean regulates carbon by physical, chemical and biological processes. Differences in temperature and salinity, the rotation of Earth and strong winds lead to the transportation of carbon among vertical ocean layers and different ocean basins [CalSpace 2002]. Surface discharge of cold deep water at an OTEC plant is likely to trigger the release of CO2 into the atmosphere due to the extra carbon that this water contains. However, as this water is rich in nutrients, it becomes an excellent medium for the growth of phytoplankton and micro-algae. Tahara et al. [1995] estimated that if this deep ocean water remains long enough at the surface for photosynthesis to be 38
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completed, the extra CO2 will be removed almost immediately and oxygen will be produced. They also state that CO2 is absorbed into the ocean by the OTEC system because of the compulsory circulation of the ocean. The inorganic carbon pumped to the surface of the ocean is not in equilibrium with the present partial pressure of atmospheric CO2, but with the lower pre-industrial partial pressure of CO2 concentration. This results in some absorption of CO2 into the ocean. The amount of CO2 absorbed into the ocean reflects the difference between present and pre-industrial concentrations of this gas in the atmosphere. Chemical Pollution



No harmful by-products are generated at an OTEC plant. However, displacement of seawater may result in marine species suffering from toxic effects from trace elements of metals and organic decay from deeper waters. The most harmful substance is the working fluid, normally ammonia if it is a CC-OTEC. An ammonia leak could have severe consequences. However, in the marine environment, it becomes relatively non-toxic. In moderate amounts, it works as a nutrient and stimulates marine growth, e.g. phytoplankton and symbionts like corals (see section 4.2.3 about coral reefs). Biocides are substances used to keep the system clean from organic growth, which is referred to as biofouling. Biofouling is only an issue if the heat exchangers are exposed to surface seawater, as for CC-OTEC evaporators [Vega 2002]. Chlorine is normally suggested as a chemical biocide and should be combined with mechanical means. Chlorine is most likely to affect invertebrates, eggs and the larval stage of fish. Since chlorine can be generated in situ, no storage of this in large quantities is necessary. An accidental combination of chlorine and the working fluid, ammonia, can create chemical compounds more toxic than either of these substances separately. The overall effects of this are not yet completely understood. In contact with water, metals are eaten away through a chemical process (i.e. corrosion) and metallic ions are created. For example, corrosion occurs when water passes through the heat exchange system or when the paint reacts with water. These have direct toxic effects on organisms and could potentially result in marine bioaccumulation, i.e. the long-term processive increase of chemicals ingested by organisms [Sands & Wild 1999; Wilde 1981]. Structural Effects



Other concerns are related to the construction of the plant, which can be compared to the construction of any other oceanic platform. Fish are attracted to platforms and structures in the ocean, both natural and artificial. Based upon experiences with artificial reefs, it is evident that an OTEC plant will become a habitat for a wide range of organisms [Sands & Wild 1999; Wilde 1981]. Species incapable of propelling themselves risk being harmed by impingement (i.e. drawn against the intake screen) and entrainment (i.e. trapped) in the pumping system when coming in contact with screens protecting the intakes and the pipe-heat exchange system. Impingement and entrainment are fatal. Organisms entrained in the coldwater pipe will be threatened from the high pressure, temperature change and contact with biocides and working fluids. Before implementation of large-scale OTEC, these effects will have to be studied in more detail [Sands & Wild 1999; Wilde 1981]. The presence of an OTEC plant might increase fishing in the area if risks like impingement, entrainment, or exposure to biocides do not have overwhelming negative effects. A constant upwelling of deep, nutrient-rich and bacteria-free waters reduces diseases and creates a good medium for growing plankton and micro-algae. This growth in turn supports the growth of fish and shellfish, which can contribute to a commercial market other than those of electricity and desalinated water [Vega 2002] (see section 2.6). 3.4.3



Possible Effects on the Ocean Thermohaline Cycle



Links between ocean currents and weather patterns are becoming increasingly apparent as new investigations are done and models are created. Researchers now believe that underwater rivers in the oceans hold the destiny of the climate of our planet - such as the Gulf Stream (which transports warm water from the Pacific Ocean in one season and delivers it to the Atlantic Ocean in another season). Tepid underwater river flows (westward from the Pacific Ocean towards the Atlantic Ocean) along the surface of ocean because it is warmer and less salty (i.e. less dense) than the deeper water. This process is sometimes referred to as thermohaline circulation from the Greek words thermos (heat) and salos (salt). There is a gradual increase in the salinity of the water in the ‘river’ due to the evaporation of surface water as it travels from the Pacific Ocean to the Atlantic Ocean. Heat is transferred from the ‘river’ to the cooler Atlantic Ocean. This now cooler (and saltier) stream sinks to the depths of the Atlantic Ocean and moves back eastwards to the Pacific basin where it warms and rises (upwells) again. In the Atlantic Ocean, heat is also transferred to the atmosphere. Strong winds carry this International Space University, Masters Program 2004/2005
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warm air across much of Western Europe. “Averaged over a year, [thermohaline circulation] … provides Western Europe with a third as much warmth as the Sun does” [Gribbin 2005]. Bearing this in mind, it will be important to consider any changes in the salinity and, more importantly, in the temperature of the out-flowing water of an OTEC plant. The OTEC reference plant described earlier takes cold water from a depth of 1,000 m and warm water from a depth of 20 m. These two water sources differ in both temperature and salinity. The surface water will have a higher concentration of salt than the deeper water. After the OTEC process is complete, the OTEC plant will discharge warm water (~20C) near the surface of the ocean, at a depth of 60 m. At a temperature of 20C, this discharged water will be at a similar temperature to the surrounding ocean water at this depth. In terms of the salinity of the discharged water, it is necessary to consider the closed and open cycle OTEC plants separately. For the CC-OTEC plant, there is almost no difference in the salinity levels of the discharged water and the surrounding oceanic water at a depth of 60 m. However for the OC-OTEC plant there is a slight difference in the salinity of the discharged water and the surrounding oceanic water at this depth. This difference is approximately ±1 PSU (Practical Salinity Unit5). In the open ocean, surface salinity levels range between 32 and 37 PSU in general [NASA 2005]. Considering the volume of water pumped out of the OTEC plant daily against the volume of water in the ocean, this difference of ±1 PSU does not appear substantial. However, more in-depth investigations should be performed on the possible positive and negative long-term implications of this, as even small meta-stable changes to the local salinity levels in the oceans could potentially have future global environmental consequences. After careful consideration of the temperature and salinity of the out-flowing water of the OTEC reference plant, it seems highly unlikely that this plant will have any major (if any) effects on the thermohaline circulation in the oceans. Considering the impact in recent years of melting polar ice-caps to this ocean conveyor belt that is caused by global warming and greenhouse emissions of some other types of power plants, OTEC plants are benign in comparison to the thermohaline cycle in the oceans. 3.4.4



Environmental Monitoring



Overall, OTEC is environmentally friendly. However, the term ‘environmentally friendly’ should not be taken to mean ‘without environmental consequences’. The precise nature and extent of some of these consequences are not known irrefutably at present. Computational models, based on input from environmental monitoring systems, enable the forecasting of climate and weather conditions. In order to verify and improve the accuracy of these models, the environment needs to be continuously monitored over long periods of time. The overall environmental impact of an OTEC plant on local ecosystems, and its influences on global ocean currents, should be modeled and monitored. Environmental monitoring of an OTEC plant should be done in situ and via space-based remote sensing (RS) satellites. 3.4.4.1



In Situ Monitoring



As discussed in section 3.4.3, OTEC could potentially have some effects on the ocean currents related to the changes in temperature and salinity of the discharged water and the resultant ecological affects of bringing deep ocean water to the surface. Ocean Temperature and Salinity Monitoring: The Argo Program



In order to investigate and understand the environmental consequences of altering the salinity and temperature of the oceans in the way that OTEC (and SAOTEC) could do, it is necessary to improve upon present models of the global ocean currents. It will also be necessary to continually monitor these currents in the future for changes that may be caused by the OTEC/SAOTEC processes. Continual monitoring and profiling of the velocity of ocean currents, ocean salinity and temperature has recently begun in the Argo program.



Used to describe the concentration of dissolved salts in water, the UNESCO Practical Salinity Scale of 1978 (PSS78) defines salinity in terms of a conductivity ratio, so it is dimensionless. Salinity was formerly expressed in terms of parts per thousand (ppt) or by weight (parts per thousand or ‰). That is, a salinity of 35 ppt meant 35 pounds of salt per 1,000 pounds of seawater. Open ocean salinities are generally in the range between 32 and 37 [NASA GSFC 2005]. 5
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One of the main objectives of the Argo program is to provide a quantitative representation of the changing condition of the uppermost layers of the oceans and the patterns of ocean climate variability (from months to decades) - such as the storage and transport of heat, salt and freshwater. Argo is a combination of a global fleet of 3,000 robotic probes and a network of satellite receivers. The robotic probes designed to regularly measure the temperature and salinity profiles of the upper 2,000 m of the oceans [Argo 2005]. The first of Argo’s probes were deployed in the year 2000 and presently over 2,500 probes have been deployed and 1,794 are active (see Figure 3-10) [Argo 2005]. The full array of 3,000 probes should be deployed and operating by 2006. The final array of robotic probes will provide 100,000 temperature, salinity and velocity profiles annually. These profiles will be distributed over the world’s oceans at an average spacing of three degrees [Argo 2005].



Figure 3-10: Picture of Argo array



In order to obtain their data, Argo’s diving robotic probes submerge to a maximum depth of 2000 m. For ten days, the robotic probe will float at this depth before resurfacing. On its journey to the surface, each Argo probe will take approximately 50 readings of the temperature, salinity and pressure of the surrounding water [ISU SSP 2003]. Upon reaching the surface and establishing a connection to the Argos satellite network, the probe will transmit its position and the data it has collected. Following a successful transmission, the probe will submerge again to the ocean depths for another ten days. The space-based segment of the Argo Program includes NOAA’s (National Oceanic and Atmospheric Administration) Polar Orbiting Environmental Satellites (POES), NASDA and EUMETSAT satellites. Data transmissions from the probes are either forwarded to a ground station in real-time or stored for a later dump over specified ground stations. Algae, Phytoplankton and Other Monitoring



OPTISENS sensors can be used to monitor the growth of algae and phytoplankton. OPTISENS are “multiple color optical sensors for algae and underwater particle detection”’ [OCEANOR 2005] that are designed, manufactured and distributed by OCEANOR, a firm that specializes in developing integrated real-time environmental monitoring systems. These optical sensors are based on the principle that different organic materials transmit light differently at different wavelengths. They measure this transmittance in water for three different wavelengths. OPTISENS can detect and identify microorganisms, bacteria, the development of algae blooms and the spread of particle pollutants that could be potentially hazardous to public or commercial enterprises, such as OTEC plants, that utilize the marine environment. This sensor has a standard RS232 cable interface and can be directly linked via cable to a monitoring computer within the OTEC plant [OCEANOR 2005]. Other sensors for detecting chemical leaks (e.g. ammonia and chorine) and other pollutants will also be required for the protection of local marine ecosystems. 3.4.4.2



Space-Based Monitoring



Space-based environmental monitoring can be conducted via RS. This is the science of acquiring information about the Earth’s surface without being in physical contact with it. The RS monitoring systems used in environmental monitoring and management makes it possible to visualize some of the consequences of seasonal/decadal climate changes, natural disasters and global and local environmental effects of human activities over long periods of time. International Space University, Masters Program 2004/2005
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The purpose of using RS for monitoring the environmental impacts of OTEC plants is that it can provide information on some of the changes in oceanic conditions attributed to the operation and use of OTEC. Redistribution of oceanic properties, thermal changes and chemical pollution are some of the environmental concerns identified with OTEC plants. These concerns can be investigated and managed using appropriate RS methods to provide regular information for effective mitigation. RS can also support site selection, environmental management during construction, and monitoring of environmental impacts and ocean parameters, e.g. the sea surface temperature. For these purposes GIS provides an excellent tool (see section 3.1.5). RS is done by sensing and recording reflected or emitted energy from a body and processing, analyzing, and applying that information. The process involves an interaction between incident radiation and the target(s) of interest. RS can be passive or active. Passive RS, such as visible or infrared (IR) imaging, detects reflected or emitted electromagnetic (EM) radiation from natural sources. Active RS, such as radar, detects reflected EM radiation (in the microwave region of the spectrum) from objects irradiated by an artificially generated energy source which is usually emitted by the RS satellite itself. The advantage of active microwave sensors is their ability to obtain measurements at anytime regardless of the illumination and/or the weathers conditions (i.e. measurements can be taken at any hour and during any season). From a RS aspect, the main measurable parameters to monitor for an OTEC project include: sea surface temperature, heat flux, sea currents, salinity, turbidity, chlorophyll/ocean color, wind, and waves. Sea Surface Temperature and Sea Fluxes



The Sea Surface Temperature (SST) plays a fundamental role in OTEC since it utilizes temperature differences between the warm surface water and the colder deeper water. Microwave instruments onboard RS satellites are able to measure the SST in non-precipitating cloud-covered situations. Thermal IR instruments on the other hand offer higher spatial resolution (which implies higher measurement accuracy). Satellites such as ADEOS II can measure turbulent heat fluxes during cloudy weather while others such as the Tropical Rainfall Measuring Mission (TRMM) provide the opportunity to monitor the ocean surface simultaneously with both IR and microwave sensors. Other satellites applicable for measuring ocean parameters are listed in Table 3-4. Ocean Color



The monitoring of the ocean’s color plays an important role in identifying and tracking pollutants and biological activity. Any shift from normal chemical environmental conditions can be revealed in this manner. Back-tracking certain pollutants to their source enables environmental investigators to establish the possible cause of this pollution. Monitoring of upwelling flux from the ocean surface makes it possible to determine pigment concentrations due to phytoplankton. Phytoplankton contains chlorophyll, the green pigment that is present in all green plants. When phytoplankton proliferates, they cause the water color to shift from blue to green, which can be observed by satellite sensors [Arthur 1990]. It is necessary to monitor possible affects from the OTEC plant’s discharges in order to gain information about eventual blooms and levels of phytoplankton. Satellites like SeaWiFS from NASA, and ADEOS II from JAXA, carry color scanners that are capable of monitoring the ocean color. Table 3-4 presents some of the satellites applicable for ocean monitoring for OTEC operation. Wave, Ocean Current and Wind



Ground-based measurements of the height and periods of waves are obtained using wave gauges. Space-based RS provides wave parameter information over broader areas than most in situ monitoring systems. Global wave height and global wave distribution can be monitored by Synthetic Aperture Radar (SAR) (with a wide viewing angle) and microwave altimeters. Satellites like NOAA, SeaWiFS, and Meteosat are capable of measuring ocean surface currents and can be used for determining ocean wind vectors. This data can be used to monitor changing weather conditions. This is an important tool for OTEC plant operators to alert them of an impending storm, thus enabling them to place the OTEC plant into a “safe mode” for the duration of the storm.
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Angle [°] N/A 98.7



Revisiting 2-4 days 26 days 24 days 16 days N/A 24 days 3 days



Resolution 1,000 m 20 m 23 m 30 m 1.1-4.5 km 25 m 25 m .45-.9 km 44.7 km 250 m 30 m 250 m 41.6 km 1 km



Swath [km] 3,000 x 6, 000 60 x 60 140 x 140 185 2800 100x100 100x100 1,300 N/A 215 100 N/A N/A N/A



98 58.3 98.6 98.52 63 66 35 N/A 98.63 66 0.41 14 days 91.54 min 35 days 4 days 14 days 1,436 min



Status operational operational operational operational operational operational operational operational operational operational operational lost of com. operational operational



Applications Meteorology/oceanography Environmental monitoring Water resources Marine observation Ocean color Oceanography Environmental SST and Snow Oceanography Hydrometeorology SST Physical oceanography Sea surface height Meteorological
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Table 3-4: Different types of satellite applicable for ocean monitoring for OTEC operation [CEOS 2005]



Altitude [km] 843 832 817 700 705 793-821 782-785 36,000 1,336 402.5 780-820 802.9 1,336 35,000
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Satellites NOAA AVHRR SPOT IRS LandSat ETM SeaWiFS Radarsat 1 ERS 2 Meteosat Topex/Poseidon TRMM Envisat ADEOS II Jason-1 GOES
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Mitigation Strategy Plan for OTEC



Mitigation strategies should be implemented for OTEC to avoid damage to the environment. The following are suggestions for environmental mitigations: i.



ii.



iii. iv. v.



3.5



An Environmental Impact Assessment (EIA) should be carried out and the resultant Environmental Impact Statement (EIS) should be discussed publicly with the participation of local groups, non governmental organizations, and stakeholders to facilitate project cooperation and understanding among groups. An Education and Outreach program should be established. The trust of the public has to be secured by meeting with the environmental groups and local stakeholders to ensure that their concerns are adequately addressed. Information from already existing projects similar to OTEC, that have attracted public opposition should be thoroughly analyzed to develop information packages and strategies to establish effective communications with communities. This should be done in order to help them to understand the benefits of the project as well as any potential unfavorable consequences that may arise. Water should be released from the OTEC plant at a similar temperature and salinity concentration as the surrounding water in order to reduce the risks of possible unfavorable interferences with thermohaline circulation of ocean currents and to limit possible stresses to marine life. There should be constant maintenance and monitoring of the OTEC facility to avoid corrosion of metals and the release of chemicals that are harmful to marine ecosystems. Machinery should be designed in such a way as to prevent intake of, and harm to, fish and other marine organisms. For human safety, under water nets should be put in place to keep sharks at a safe distance from OTEC plant. Ethical Considerations of OTEC Plants



The OTEC plant is acceptable from an ethical point of view. Although there are potential risks such as plant leaks and corrosion, these can be substantially reduced by taking proper countermeasures. OTEC plants have a combined 20 years of operation without serious ethical problems arising. The following is an examination of the OTEC plant from an ethical point of view. The normative principle in applied ethics is a relatively clear category to focus on the ethical perspective to consider the ethical aspects of OTEC plants [Fieser 2003]:         



Personal benefit: acknowledges the extent to which an action produces beneficial consequences for the individual in question. Social benefit: acknowledges the extent to which an action produces beneficial consequences for society. Principle of benevolence: helps those in need. Principle of harm: does not harm others. Principle of honesty: does not deceive others. Principle of lawfulness: does not violate the law. Principle of autonomy: acknowledges a person’s freedom over his/her actions or physical body. Principle of justice: acknowledges a person’s right to due process, fair compensation from harm done, and fair distribution of benefits. Rights: acknowledges a person’s rights to life, information, privacy, free expression and safety.



All of the above categories should be taken into account from the technical, economical, environmental and legal perspectives when analyzing the ethics of an OTEC plant. The world trend, concluded at the World Summit on Sustainable Development (WSSD) in Johannesburg in 2002, is that the world co-exists with technology and precautionary principle which should be taken to the sustainable development. Greenpeace, which is known as a global organization that focuses on the most crucial worldwide threats to our planet’s biodiversity and environment, is among other things working to protect the oceans, eliminate toxic chemicals and encourage sustainable trade. Since OTEC plants are not widespread and largely still in the research and development phase, Greenpeace has not focused on possible OTEC plant operation consequences and currently does not have a position against the OTEC concept. Greenpeace does however have a strong position for the development of clean energy sources that balance with nature [Greenpeace 2005], so OTEC 44
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plants will likely be supported by this organization. Along further development of OTEC plants, the concept and the design of OTEC should be clearly explained. The concept and the design of OTEC should also be spread and showed to the public as to how it is balanced with environment and technology. Sea ethics should be taken into account when developing an OTEC plant. Theses ethics stress that the oceans connect the world because they touch all shores. They promote respect for the sea and encourage ethical responsibility for humans to protect the ocean. Today’s changing oceans pull together universal themes about resources, autonomy, economies, ideologies, and human nature that weave the context of our life and times [Safina 1999]. Religious considerations must be taken into account during OTEC construction. For off-shore plants, the nearest populated island becomes a camp for the OTEC construction team. The team interacts with the local populace, whose beliefs on energy issues may be significantly different. For example, many Hawaiians consider the volcano as a god and have negative feelings toward geothermal energy. OTEC is of course different from geothermal energy but there might be a similar local custom that needs to be taken into account. On the other hand, the OTEC plant would provide new jobs to the local people. Besides electricity, other products produced by the OTEC plants such as desalinated water can help people. The 3rd World Water Forum addressed the challenge of increased human requirements for adequate water supplies and improved health and sanitation with food production, transportation, energy, and environmental needs. Most countries will require more effective water governance, improved capacity and adequate financing. At the community level, public participation is fundamental to achieving these goals. The world’s common requirement for water is an opportunity for cooperation and peace [World Water Forum 2004]. From an outreach point of view, it is important to have community meetings that allow the public to learn more about the plant and to comment in advance on relevant environment documents, such as the EIS/EIA [Sands 1979]. The purpose of EIS is to report on the anticipated effects of development on the local environment, maybe required for federal funding. EIA ensures that the environmental effects of the proposed project are fully considered before it is implemented. Community support is a key issue when constructing and operating the plant. A conflict with the community could result in additional costs and delayed schedules. Involving more people in the development of OTEC plants is important. Such ways of involvement include listening to any reactions of communities, attending conferences concerning this matter and presenting new ideas that will contribute in these activities. Possible future conferences that promote such involvement are shown in Table 3-5. Table 3-5: Conference schedule [IEA 2005; IEOS 2004]



Conference Power for Europe – Can We Shape the Future? Electrics 2005 Convention & Conference (International Energy Agency) Fifth Annual Workshop of Green House Gas Emission Trading Global Cooperation on 1 watt: A Meeting on Stand by Power 4th World Water Forum 3.6 3.6.1



Date 13 June 2005 (Vienna, Austria) 27 September 2005 (Paris, France) 2 November 2005 (Seoul, South Korea) March 2006 (Mexico)



Law and Policy Introduction



The establishment of OTEC plants around the world requires international cooperation among participating countries. Even if OTEC facilities will be privately operated by only one State or a single non-governmental entity later during the operational phase, the planning of such a project requires considering national law, complying with international law and fulfilling agreements. The United States of America’s (USA) Code
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Chapter 996 regulates the development and operation of OTEC plants and is a relevant precedent for other countries in regulating their OTEC activities. This section gives an overview of several national laws and regulations which have to be made to comply with international laws. Many legal and policy issues have to be taken into account in order to build and operate the OTEC plant and export its products. For many of these OTEC plant activities, regulations have to be identified. These include trade, environmental and territorial laws. 3.6.2



International Commercial Issues



The OTEC is a project primarily designed to produce electricity with a second objective of producing desalinated water, hydrogen and possibly other byproducts. The size of the plant designed by the OTEC team would have enough power to fulfill the needs of the State operating the plant and could permit the export of electricity to neighboring countries. In any case, the possibility of exporting electricity, as well as desalinated water, to other countries is currently common practice (e.g. Canada exports electricity to the US) [Canadian Electricity Association 2003; World Water.sa 2005]. The fact that this project will involve commercial interactions between different States implies the involvement of the World Trade Organization (WTO). The WTO has 5 basic principles [World Trade Organization 1998]: 1. 2. 3. 4. 5.



Trade without discrimination Transparency Predictable and growing access to markets Trade in goods Trade in services



More specifically, trade in goods and services should be considered for the present project. Therefore, the General Agreement on Tariffs and Trade (GATT) and the Annex 1B on the General Agreement on Trade in Services (GATS) will be investigated. In these agreements trading rules are outlined and one can find the rights and obligations of the producing and trading States. The following text will be divided in two sections, the first being a general view of the GATT and the second, a more precise investigation of the GATS. The latter is of a greater importance because electricity is the main OTEC plant’s product and it is considered as a service by the WTO. 3.6.2.1



The General Agreement on Tariffs and Trade



The General Agreement on Tariffs and Trade is a detailed treaty regulating trading between States. This is applicable in the case that the OTEC plant produces and then exports desalinated water and/or hydrogen and any other products considered as goods. Some of the articles in the Agreement are worth being mentioned and would help the economic viability of the project by guaranteeing equal access to the international market, under WTO agreements. The fair commerce between States is guaranteed by Article II Schedules of Concessions of the GATT. For local or foreign competitors, fair treatments are guaranteed by Article XVII State Trading Enterprises stating that the activities should be consistent with the general principles of non-discriminatory treatment prescribed in the GATT. Furthermore, this agreement increases surveillance of the practices in order to ensure the application of the provisions. Article XII “Restrictions to Safeguard the Balance of Payments” and Article XVIII “Governmental Assistance to Economic Development” contain provisions protecting the local markets. In Article XII it is stated that: “… any contracting party, in order to safeguard its external financial position and its balance of payments, may restrict the quantity or value of merchandise permitted to be imported, …” The United State Code contains a consolidation and codification of all general and permanent laws in the United States of America. The US Code, organized by topics into a series of titles, numbered from 1 (General Provisions) through 50 (War and National Defense), contains nearly all statutes of general effect at the time of its compilation. 6
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In Article XVIII, protective measures are foreseen: “… The contracting parties recognize further that it may be necessary for those contracting parties, in order to implement programs and policies of economic development designed to raise the general standard of living of their people, to take protective or other measures affecting imports, …” These articles should be taken into account when developing the market strategy for the OTEC project. These provisions give a legal right to the member State7 in order to limit the levels of imports, and promote local industries providing the same products. But one must take into account that unfair practices of these provisions are prohibited by the WTO and the exporting State can take legal actions through the WTO. Other issues concerning the territorial application, frontier traffic, customs unions and free trade areas are handled by Article XXIV. Concerning the negotiation procedure and with the purpose of increasing the developing countries ability of negotiation, Article XXVIII is developed and should be considered if the OTEC plant is located on a developing country’s territory. 3.6.2.2



The General Agreement on Trade in Services



The main product of the OTEC Plant is electricity. According to the WTO electricity is considered as a service8, leading to the application of the Annex 1B of the GATT, known as the GATS. The access of foreign countries to domestic markets is limited in different ways9, but various provisions10 in the GATT set rules concerning national protectionism. In any case the exporter can negotiate special terms to fit his own needs11. Such needs could be, for example, licensing or grid access. These negotiated specific commitments should be outlined in a specific schedule12 that will include the following specific points: (a) terms, limitations and conditions on market access; (b) conditions and qualifications on national treatment; (c) undertakings relating to additional commitments; (d) where appropriate the time-frame for implementation of such commitments; and (e) the date of entry into force of such commitments. Concerning any disputes between the exporting country and the member States, it should always be settled by negotiation. In the case that the parties are unable to negotiate, diplomatic approaches must be privileged as a second alternative. If all these approaches fail in solving the issue, the Council for Trade in Services or the Dispute Settlement Body (DSB) can be informed of the situation and can consult with any members concerning an issue brought by any other member13. Following consultation with the WTO, if a member State fails to carry out its obligations, the Dispute Settlement Understanding (DSU) shall apply and the matter can be transferred to the DSB for further actions that should force the member State to respect its obligations14. Finally, to facilitate the application of the GATS agreement and at the same time the service trade between the member States, the Council for trade in services can be established with representatives from all State members15. 3.6.3



Environmental Regulations



The amount of total world power that could be provided by OTEC must be balanced with the possible impact to the marine environment that might be caused by the relatively massive amounts of seawater required to operate OTEC plants. Furthermore, the construction of OTEC plants and installation of pipes in A member State is a country that is part of the World Trade Organization GATT-GATS, Annex 1B, Article I, Scope and Definition 9 GATT-GATS, Annex 1B, Article XVI, Market access 10 GATT-GATS, Annex 1B, Article XVII, National Treatment 11 GATT-GATS, Annex 1B, Article XVIII, Additional Commitment 12 GATT-GATS, Annex 1B, Article XX, Schedules of Specific Commitments 13 GATT-GATS, Annex 1B, Article XXII, Consultation 14 GATT-GATS, Annex 1B, Article XXIII, Dispute Settlement and Enforcement 15 GATT-GATS, Annex 1B, Article XXIV, Council for Trade in Services 7 8
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coastal waters may cause localized damage to reefs and near-shore marine ecosystems. Due to the fact that OTEC plants will at least affect the local environment, the OTEC project will be subject to international environmental law. International environmental law is a special body of official rules, decisions, and actions concerning environmental quality, natural resources, and ecological sustainability. It is furthermore a body of law which addresses the system of complex and interlocking rules which seeks to protect: (1) certain species or their development from destruction and (2) favored natural areas thought to be endangered by human encroachment. There are two major documents which cover environmental protection and give guidelines to preserve and enhance the human environment:  



The Declaration of the United Nations Conference on the Human Environment (DUNCHE): the Stockholm Declaration (1972) The Rio Declaration on Environment and Development: the Rio Declaration (1992)



According to the Stockholm Declaration principle 21 and the corresponding principle 19 of the Rio Declaration, States have the responsibility to avoid environmental damage to other States. Although both declarations are recommendations adopted by the United Nation’s General Assembly, they become binding since they represent general principles of international law. They are applicable and are imposed on the international level. States, public or private companies participating in an OTEC project shall therefore provide prior and timely notification and relevant information to potentially affected States. Even if both declarations are too broad for concrete obligations, we find applicable legal issues in several principles. The Rio Declaration 1992 covers the environment’s protection. These principles encourage the people to develop in the present world’s economic situation while at the same time safeguarding the Earth’s environment for future generations. According to principle 4, a sustainable development and environmental protection shall constitute an integral part of the OTEC development process. Furthermore, the declaration includes many progressive approaches. Principle 15 proclaims that: “In order to protect the environment, the precautionary approach shall be widely applied by States according to their capabilities. Where there are threats of serious or irreversible damage, lack of full scientific certainty shall not be used as a reason for postponing cost-effective measures to prevent environmental degradation.” In the same spirit, principle 17 states that: “Environmental impact assessment, as a national instrument, shall be undertaken for proposed activities that are likely to have a significant adverse impact on the environment and are subject to a decision of a competent national authority.” Even though the OTEC plant appears to be an environmentally friendly option, studies concerning the environmental impacts of an OTEC plant should be conducted prior to the implementation of the project. The precautionary principles 15 and 17 carry out environmental assessments to identify adverse impacts and eliminate any potential harm from a project before it occurs. Consequently, for the OTEC project, it will be necessary to cooperate in a spirit of a global partnership to protect the health and integrity of the Earth’s ecosystem. OTEC also involves activities on the sea and it also might affect the surrounding land areas. The Stockholm Declaration states in addition many principles that are relevant to the activities investigated. These proposed OTEC-related activities fit in the DUNCHE’s spirit. Principle 3 states that: “The capacity of the Earth to produce vital renewable resources must be maintained and, wherever practicable, restored or improved.” The OTEC plant has an impact on the ecosystem surrounding its location (refer to section 3.4). In that sense, it is intervening with the Principle 2 of the DUNCHE, by favoring the conditions of one species over another. Principle 3 concerns the careful planning and management of the activity as appropriate. Furthermore, Principle 7 recalls the responsibility of the State practicing the activity to prevent sea pollution and the harm of living resources. Harming the living resources can have many interpretations, one of them being altering the ecosystem by favoring certain species leading to the extinction of other species. This is why 48
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the OTEC consortia should consider these principles and make sure that the international opinion and the legal community understand the project as a whole and have a positive response to it. The United States is the first and only country that has already set up a legal framework concerning OTEC plants. The United State Code, Title 42 – The Public Health and Welfare, Chapter 99 – Ocean Thermal Energy Conversion, authorizes and regulates the construction, location and operation of OTEC facilities connected to the US by pipeline or cable, or located in whole or in part between the high-water mark16 and the seaward boundary17 of the territorial sea of the United States. Although these laws are US-specific, they are consistent with the Convention on the High Seas and the general principles of international law18. Therefore they can and may provide an outline for establishing laws dealing with the protection of the environment from OTEC power plant facilities with a non-US specific location. In Subchapter 1 (Regulation of OTEC Facilities and Power plants, Section 9117 and Section 9118) issues concerning the protection of environment and maritime environment are listed. Furthermore, laws are listed that deals with short-term and long-term environmental effects that may occur as a result of OTEC operations. 3.6.4



Territory and Location



Important issues to consider are the territorial limits that will determine the appropriate laws which apply to the OTEC plant. Establishing the jurisdiction, international or national, is a central issue for licensing and regulating OTEC plant activities. In the proposed concepts, the plant will be located inside a 200 nautical miles (nm) limit. Two concepts emerged from the present study: the first one is a plant that will be located close to the coast and the second one will be at a distance of around 50 km (around 27 nm) off the shore. In the first case, the plant being located on the coast implies that the plant’s operations will be inside the 12 nautical miles19 of the national territorial sea20. The fact that the plant will be located on the sovereign territory of the State leads to the application of the national law of the State where the plant will be located. In the second case, the plant will be located at a distance of around 27 nm off the coast. This is considered as being in the limit of the 200 nm from the coastal area defined by the international law21. The international law has provisions regulating that zone called the Exclusive Economic Zone (EEZ)22 giving sovereign rights inside this limit of 200 nm: “… (a) sovereign rights for the purpose of exploring and exploiting, conserving and managing the natural resources, whether living or non-living, of the waters superjacent to the seabed and of the seabed and its subsoil, and with regard to other activities for the economic exploitation and exploration of the zone, such as the production of energy from the water, currents and winds; (b) jurisdiction as provided for in the relevant provisions of this Convention with regard to: (i) the establishment and use of artificial islands, installations and structures; The high water mark is the line of the highest tide and is often used legally to define the seaward limit of ownership of land in jurisdictions derived from English common law, although this is not always the case. 17 The limit of the state's jurisdictions under the Submerged Lands Act (SLA). Although many exceptions exist, the land and resources between the ordinary high water mark and the state seaward boundary (SSB) are generally held in trust by the coastal state for the benefit of the public. 18 Chapter 99-OTEC; Section 9101. Congressional declaration of policy. 19 United Nations Convention on the Law of the Sea, Part II: Territorial Sea and Contiguous Zone, Section 2: Limits of the Territorial Sea, Article 3, Breadth of the territorial sea 20 United Nations Convention on the Law of the Sea, Part II: Territorial Sea and Contiguous Zone, Section 2: Limits of the Territorial Sea, Article 2, Legal status of the territorial sea, of the air space over the territorial sea and of its bed and subsoil 21 United Nations Convention on the Law of the Sea, Part V: Exclusive Economic Zone, Article 55, Specific legal regime of the exclusive economic zone, & Article 57, Breadth of the exclusive economic zone 22 United Nations Convention on the Law of the Sea, Part V: Exclusive Economic Zone, Article 56, Rights, jurisdiction and duties of the coastal State in the exclusive economic zone 16
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(ii) marine scientific research; (iii) the protection and preservation of the marine environment;



The right of production of energy from water is specifically stated in the international law, giving the State full freedom and legal power over the installation and exploitation of the OTEC plant into the EEZ. Furthermore, the article above gives the right to exploit living and non-living resources, implying that subproducts such as desalinated water could be produced from that plant or other installations inside the EEZ. On the other hand, the State has the responsibility to protect and preserve the zone’s marine environment. More specifically, the construction and exploitation of the installations of the OTEC plant will be authorized and regulated by the coastal State23. Everything regarding customs, finance, health, safety and regulations are under the coastal State’s laws. During the operation of the OTEC plant, a safety zone can be established and all the passing ships and planes must respect that zone. One must note that this zone must be under a 500 m (0.27 nm) radius starting from the end of the installation. If the zone exceeds that distance, it must be authorized by the competent international organizations. Even though international law extends national jurisdiction of the coastal State to the limits of the EEZ, it reserves certain rights24 to the other States: “In the exclusive economic zone, all States, whether coastal or land-locked, enjoy, subject to the relevant provisions of this Convention, the freedoms referred to in article 87 of navigation and overflight and of the laying of submarine cables and pipelines, and other internationally lawful uses of the sea related to these freedoms, such as those associated with the operation of ships, aircraft and submarine cables and pipelines, and compatible with the other provisions of this Convention. […]” Due to these rights, two main issues should be considered. First, during the operational life of the plant, precautions must be taken regarding the “Catadromous species”25; these include the responsibility of the protection and the management of the migrating species crossing the EEZ of the coastal State. Second, at the end of life of the OTEC plant measures should be taken, by removing or securing any abandoned installation in that zone, taking into account international accepted standards26. 3.6.5



Conclusion



OTEC plants will be primarily designed to produce electricity and desalinated water. States or nongovernmental entities planning to sell excessive or remaining amounts of OTEC producible energy have to consider WTO rules. The WTO regulates commercial trade between States. Although several of its provisions protect an exporting country from other States national provisions, possible disputes between member States of the WTO can occur and should be settled by negotiation. Although OTEC is often promoted as a clean, renewable energy, it does in fact have environmental impacts making it necessary to consider certain environmental laws. Many environmental law documents are legally non-binding [Stockholm Declaration 1972; Rio Declaration 1992], but due to the fact that they present general principles of international law, they become applicable and have to be considered before establishing OTEC facilities. Furthermore, neighboring states have to be informed about the environmental risks OTEC plants might bear. States planning to use off-shore OTEC plants in order to produce energy from water within the EEZ have to follow international law. Special provisions in international law extend the States sovereign rights to the 200 nm zone. Due to this, coastal OTEC plants fall under the State’s national jurisdiction and control and shall be regulated by national laws. United Nations Convention on the Law of the Sea, Part V: Exclusive Economic Zone, Article 60, Artificial islands, installations and structures in the exclusive economic zone 24 United Nations Convention on the Law of the Sea, Part V: Exclusive Economic Zone, Article 58, Rights and duties of other States in the exclusive economic zone 25 United Nations Convention on the Law of the Sea, Part V: Exclusive Economic Zone, Article 67, Catadromous species 26 United Nations Convention on the Law of the Sea, Part V: Exclusive Economic Zone, Article 60, Artificial islands, installations and structures in the exclusive economic zone 23
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4 The Vision: SAOTEC Plants 4.1



Construction of Space Reflectors for Use with SAOTEC



4.1.1 4.1.1.1



Technical Solution Introduction



The space-aided ocean thermal energy conversion (SAOTEC) concept uses a reflector placed in Earth orbit to increase insolation received at an Ocean Thermal Energy Conversion (OTEC) site, thereby increasing the temperature of the surface water and the difference with deep ocean water. As will be discussed later in section 4.2.1, the surface water is expected to be heated by 20°C, which would require a power of 1.074 x 109 W. This becomes the driving requirement in the design of the space reflector. At the same time, the space reflector has to be launched with reasonable costs for the SAOTEC concept to remain economically feasible. Thus, if multiple mirrors are needed for the SAOTEC concept, the number of reflectors and the number of launches need to be kept at a minimum. 4.1.1.2



Illumination



Under ideal conditions, providing an added insolation equal to one Sun requires a reflective surface equal in area to the ground spot size [Ehricke 1980; NASA 1977]. In Earth’s orbit, the solar flux from the Sun, known as the solar constant, is approximately 1,370 W/m2. A circular area 1 km in diameter would collect the 1.074 x 109 W of insolation required by the OTEC plant. A space reflector will need to be larger though, to account for losses through imperfect reflectivity, beam spreading, and atmospheric absorption and scattering. Reflectivity of aluminum ranges from 0.88 to 0.90 [Wright 1992]. The coefficient of absorption C0 of sunlight in a cloudless atmosphere, at a path length of 100 km, is estimated at 0.79 [Ehricke 1979]. If a factor of 30% is assumed to account for all losses, the reflector would need to be 1.2 km in diameter.



Figure 4-1: Beam spreading of reflected sunlight [Billman et al. 1977]



At 1 astronomical unit, the Sun cannot be treated as a point source. It subtends an angle  of 0.53° (9.3 mrad) at Earth. As illustrated in Figure 4-1, light reflected off a mirror onto Earth will spread the same angle [Billman et al. 1977; Bekey 2003]. The ground spot created by a planar mirror with diameter Dm at altitude h and angled at pitch angle ä (measured from the mirror normal to the Sun line) would create a subsatellite image with diameter Ds : International Space University, Masters Program 2004/2005
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  D S  D m cos   2h tan   D m cos   h 2



Equation 4-1



The ground spot diameter is approximately a linear function of the altitude h. At high altitudes, it is practically unaffected by the reflector diameter Dm and the pitch angle ä. A planar mirror 1 km in diameter placed in Geostationary Earth Orbit (GEO) would create a sub-satellite image of 342 km in diameter. At an altitude of 300 km, the ground spot decreases to 3.8 km in diameter. The ground spot size also depends on the elevation angle between the local horizon and the space reflector. As elevation decreases, the ground spot shape deforms from a circle to an ellipse. The increased distance to the ground site implies a larger ground spot. Also, the lengthened distance through the atmosphere would increase the absorption and scattering of the reflected beam. The SOLARES study suggested a minimum elevation of 30° [Billman et al. 1977]. 300
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Figure 4-2: Number of mirrors needed overhead to provide one solar constant



The spreading of the reflected image causes the intensity of the received illumination to decrease with the increasing altitude. One way to increase the power density is to increase the reflector area [Ehricke 1980]. Another way is to put multiple mirrors in a formation at a coinciding point in orbit and superimpose their reflected images. Figure 4-2 shows the total number of mirrors needed to provide one solar constant for different orbit altitudes and mirror diameters. This is calculated using Equation 4-1 and assuming that the light is unattenuated through the atmosphere and evenly distributed over the ground spot area. 4.1.1.3



Reflector Concepts



The beam-spreading caused by the Sun-Earth geometry makes it necessary to focus the sunlight to reduce the ground spot size. This is most readily achieved by using a large curved reflecting surface, ideally parabolic in 52
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vertical (m)



shape. Spherical mirrors, which may be easier to construct, are close approximation to the parabolic form at the scale considered [Ehricke 1979]. The focal length of the reflector, roughly equal to the altitude, is relatively large compared to the reflector area. At an altitude of 1,750 km – the altitude chosen by the Space Orbiting Light Augmentation Reflector Energy System (SOLARES) study [Billman et al. 1977] – the curvature of a parabolic mirror 1.2 km in diameter is so small (Figure 4-3) that it can be practically considered as a planar mirror. At comparable altitudes and mirror sizes, attempting to focus the reflected sunlight using a curved surface would not give significant improvement [personal communication with Ivan Bekey in April 2005; Joachim Köppen in May 2005; Dalibor Vukicevic in April 2005]. 0.4
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Another approach to concentrate the solar radiation is to use a multiple mirror system, where a primary parabolic mirror would be aligned with the Sun line to focus light onto a secondary mirror, which in turn is angled to reflect light onto the Earth’s surface. This is similar to the design of a Cassegrain reflecting telescope and the concept of a solar photon thruster used for solar sailing, which separates the functions of collecting and directing solar radiation [McInnes 1999]. SUN
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Figure 4-4: Concentrator mirror system



Figure 4-4 shows the configuration of a concentrator mirror system. The system consists of a free-flying formation of three mirrors. The concentrator mirror concentrates the light and focuses it on a collimator mirror. The collimator mirror recreates a parallel beam. The targeting mirror is used to direct the light towards the ground spot. It is important to note that the concentrator and collimator mirrors remain in the same relative orientation with respect to the Sun; the targeting mirror requires the most active control to direct the beam to the correct location. This approach does not reduce the ground spot size, which remains a function of altitude. However, it does eliminate the need to rotate large structures in orbit, as only the targeting mirror needs to be pointed at the ground site. A large inflatable lens can be considered as an alternative to the large concentrator mirror to focus the sunlight. Such lenses have been studied for use in solar power systems, and are purported to be lighter and more tolerant of shape errors than a parabolic dish reflector [O’Neill & McDanal 1999]. A cluster of smaller individual mirrors can also be positioned to imitate a large parabolic surface. The SOLARES study considered such an approach, using many individual “free flyers” [Billman et al. 1977]. Ehricke [1979] also advocated this approach. It has the advantage of simpler design for the individual mirrors. The overall system involves more complex control but is also more robust and flexible because individual mirrors can be controlled separately. International Space University, Masters Program 2004/2005
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Thus, a large parabolic mirror would be ineffective to focus sunlight unless the reflector area is significantly enlarged. A concentrator mirror system also requires a very large reflector. Conversely, a cluster of mirrors would have small individual reflector size, but would require many launches. In order to keep the reflector within reasonable size and cost, the concept chosen for the remainder of the study is therefore a simple planar mirror 1.2 km in diameter. The following sections will investigate the technical effectiveness of such a system. 4.1.1.4



Orbit



The location of the proposed OTEC plant would lie close to the equator. Thus, the orbit of the reflector can be limited to the equatorial plane. The orbit geometry of a non geo-stationary reflector is shown in Figure 4-5. The orbit geometry is simplified by assuming that the path of the sunlight lies in the orbital plane. The target is located at an angle  from the midnight meridian. The Earth central angle ë is measured from the subsatellite point to the target. The nadir angle ç is the deviation of the reflected beam from nadir. The reflector itself would be oriented at an angle ä to the Sun line.



Figure 4-5: Orbit geometry



As discussed before, with a planar mirror, the ground spot diameter increases with higher altitude. The ground spot size can be decreased by lowering the altitude, but at the cost of a faster orbital decay. A reflector 1.2 km in diameter would be considerably affected by atmospheric drag. The SOLARES study suggested a minimum altitude of 1,750 km to attain an acceptable rate of orbital decay [Billman et al. 1977]. Because the orbital plane is in the equatorial plane, the radiation dosage coming from the Van Allen belts becomes significant. The radiation dosage can dramatically shorten the lifetime of a space reflector, as the reflector substrate material would undergo rapid degradation. Onboard electronics can also be affected by this radiation dosage.



Figure 4-6: Van Allen radiation belt [Image Science Center 2004]
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The Van Allen belts are separated into the inner and outer belts and concentrated in the equatorial plane. The intensive part of the inner belt extends from 2,000 km to 5,000 km, while the outer belt extends from 13,000 km to 19,000 km [HyperPhysics 2001]. Thus, a low altitude orbit should be below 2,000 km, while a high altitude orbit should be between 5,000 km and 13,000 km, or beyond 19,000 km. Figure 4-6 shows a contour diagram of the radiation flux from the Van Allen belts. As explained previously, to provide a given power density, it would be necessary to either increase the reflector area or to put multiple mirrors in a formation. On the other hand, to provide continuous illumination, multiple formations must be deployed in a constellation if the orbit is not geostationary. The number of formations increases as the altitude lowers because of the faster orbital velocity. While a single large formation can service an OTEC plant at GEO altitude, a constellation of many smaller mirrors would be needed to have a mirror in view at all times. Figure 4-7 shows a constellation at 1,750 km altitude where the reflectors are separated by 18°. At any time, there are five reflectors within view of a ground site, three of which can provide effective illumination. A constellation of mirrors has the additional advantage of being able to service multiple sites.



Figure 4-7: Reflector constellation providing illumination to a site at terminator



A constellation does not guarantee continuous illumination, however, as the reflector can be shadowed by the Earth. The period of shadowing is related to the orbital altitude. For an orbit altitude of 1,750 km, Figure 4-8 shows the geometry of the orbit and the Earth’s shadow cone, looking down on the orbital plane. The Sun vector is assumed to lie in the orbital plane. If a minimum elevation angle of 52° is selected for the space reflector, the spacecraft will not be able to illuminate OTEC stations which lie within 42.7° from the meridian where it is midnight. A ground site would be within this region 5 hours and 42 minutes each day. The effectiveness of the reflector system can be established by determining the fraction of the day that an OTEC plant remains within this shadowed region. In this case, the effectiveness is 76%.



Figure 4-8: Reflector eclipse



If the minimum elevation angle requirement is retained, the minimum altitude for the spacecraft for which no night occurs can be calculated. Figure 4-9 shows the geometry for this situation. The space reflector is exiting the Earth’s shadow cone exactly as it is at the minimum elevation angle of 52°, as seen from an OTEC receiving plant at the midnight meridian. Immediately after, the reflector would cease to provide illumination, as it would travel along its orbit and its elevation angle to the ground site is lowered. The ground site would be illuminated again when the next reflector in the constellation exits the shadow cone. Thus, to provide continuous illumination, the altitude would have to be slightly higher.
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Figure 4-9: Geometry for constant illumination
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Figure 4-10 shows the minimum required orbital altitude as a function of the minimum elevation angle for illuminating a ground spot. Billman et al. [1977] required the minimum elevation to be 30°. In this case, the minimum altitude for constant illumination on ground is 5,534 km. Billman also suggested to reflect light off two reflectors in relay (i.e. reflector-reflector-ground) to be able to illuminate the dark side of the planet. A relay system can also increase the overall ground insolation received, or decrease the size of individual reflectors. However, the pointing requirements for a relaying system would be hard to achieve in practice. 70000 60000 50000 40000 30000 20000 10000 0 0
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Figure 4-10: Minimum altitude for constant illumination as a function of minimum elevation angle



Another factor related to altitude is the pointing accuracy and the slewing needed to track the ground site. As altitude increases, the pointing accuracy increases. To limit the displacement of the ground spot to within 0.5 km, the pointing accuracy would be 1.63 x 10-2° at 1,750 km altitude, and 7.81 x 10-4° at GEO altitude. On the other hand, the slewing rate decreases with increasing altitude. At a lower orbit, the reflector would need to be rotated faster to track the ground site. A greater torque is also needed to achieve higher angular acceleration. This leads to a need for more structural support to maintain the rigidity of the reflector, and thus heavier structure. A particular complexity arises when the ground site is on the daylight side of the Earth. As the reflector pass between the Sun and the target, it would need to be flipped to provide correct orientation for reflection. Figure 4-11 shows this situation. Although this can be solved if both sides of the mirror are reflective, it is probably not possible in practice, as one side of the mirror would need to be non-reflective for thermal control (see section 4.1.1.6).
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Figure 4-11: Rotation flip on daylight side of Earth



The number of sites to be serviced would also increase the torque requirements, as the rotation of the reflector would need to be repeatedly changed to provide the correct orientation between the Sun and different targets. A final consideration affecting altitude selection is the launch cost. As altitude increases, launch cost as well as the number of launches would increases. Reflectors in geostationary orbit would also need to compete for the scarce availability of GEO orbital slots. A reflector placed in Medium Earth Orbit (MEO) that is stationary to the ground would enjoy the benefits of GEO and MEO reflectors; it can provide continuous coverage without a constellation, along with reduced attitude control requirements. This can be possible by using the geostationary Low Earth Orbit (LEO)/MEO spacecraft concept proposed by Bekey [2003]. By placing a counterweight attached to the reflector with a long tether, the center of mass of the entire system would be at GEO altitude. The tether would be 72,000 km long. The technology development for this concept would be similar to that required for a space elevator. Thus, it seems costly and unachievable in the short term. Table 4-1: Comparison of low and high altitude orbit for space reflector



Ground Spot Power Density (30% loss) Number of Reflectors in Formation to provide one solar constant Number of Reflectors in Constellation Coverage Pointing Accuracy (0.5 km displacement) Slew Rate Orbit Degradation Launch Costs



Low Altitude High Altitude 17.5 km diameter 342.5 km diameter Increases with altitude 4.52 W/m2 1.18 x 10-2 W/m2 Decreases with altitude 184 77,841 Increases with altitude Numerous 1 Decreases with altitude Multiple sites One site 1.63 x 10-2° 7.81 x 10-4° Increases with altitude Decreases with altitude Decreases with altitude Increases with altitude



Table 4-1 provides a summary of the comparison between a low altitude (1,750 km) and a high altitude (GEO – 36,700 km) orbit for a 1.2 km diameter space reflector. The numerous factors considered above make a low altitude orbit more attractive. The ground spot size and power density in particular makes a high altitude orbit almost prohibitive. The launch costs associated with a International Space University, Masters Program 2004/2005
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GEO orbit is also a deciding factor against a high altitude orbit. The space reflector system will be deployed at 1,750 km. At this altitude, limiting reflection to a 50° elevation angle would require a constellation of reflectors separated by 19.4°.



Figure 4-12: Space reflector constellation



Twenty active space reflectors shall form an equatorial belt constellation, with one spare in orbit and three spares on ground for contingency. The separation angle between the mirrors would be 18°. Viewed from the ground, this allows the minimum elevation å of the reflectors to be 52°. At 1,750 km, the subsatellite image will have a diameter of 17.5 km. The reflector design will be discussed fully in the following sections. Table 4-2 shows the orbital and geometric properties for the selected altitude. Table 4-2: Orbital and geometric properties of space reflector system



Orbit Altitude Orbital Velocity Orbital Period Number of Reflectors Separation between Mirrors Minimum Ground Elevation Ground Spot Diameter Power Density



1,750 km 7 km/s 121.5 minutes 20 in active orbit, 1 in spare orbit, 3 on ground 18° 52° 17.5 km 4.53 W/m2



The reflectors shall be 1.2 km in diameter with an aluminum layer having a reflectivity coefficient of 0.8 (see section 4.1.1.6). Assuming a transmittance factor of 0.79 through the atmosphere, atmospheric albedo of 30%, and illumination effectiveness of 76% to account for reflector eclipse, the ground power density will be 1.51 W/m2. As three mirrors would be able to illuminate a ground site at any time, the total added insolation received would be 4.53 W/m2. This is significantly less than normal sunlight (about 350 W/m2 under clear skies in the tropics averaged over one day) but a lot more intense than moonlight (0.001 W/m2). The actual ground spot size and power density at any time will be dependent upon the attitude of the mirrors and weather conditions. Off nadir pointing and cloudy conditions would decrease the amount of radiation received at the target. 4.1.1.5



Space Reflector Design



The reflector spacecraft consists of two main elements: a thin film reflective surface and its supporting structure. Other elements are the spacecraft bus and deployment mechanisms. To keep the reflector within reasonable mass, the reflector film needs to be extremely light. The reflective layer would be metallic. Aluminum offers lightweight and a high index of reflectivity. Oberth suggested using sodium as it can be harvested readily from the ocean [Billman et al. 1977]. The underlying support layer would most likely be a low density substrate such as Mylar or Kapton. Mylar, which has a density of 1.4 g/cm3, is a popular choice on space mirror and solar sails experiments. Currently, it is commercially available at 7.6 microns [Garner 2000], whereas the Znamya reflectors were 7 microns thick, and those used on Cosmos-1 58
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were 5 microns thick. A large reflective film can be rigged using the same techniques used for solar sails. The reflector can be kept stiff using centrifugal force, as in solar disk sails. Instead of spinning a large film, several petals or blades can be spun around a central body, like a heliogyro and as is done in the Znamya and Cosmos-1 experiments. The reflector film can also be rigidized using a supporting structure. The structure is conventionally a mixture of wires and booms. To reduce mass, an inflatable structure, such as the one demonstrated by the NASA Inflatable Antenna Experiment (IAE) [Dornheim 1999], can be used. But inflatable structures are threatened by micrometeorite and space debris impact. A possible solution could be to rigidize the structure after deployment using polymerization [Billman et al. 1977]. The design of the space reflector is arrived at using the most straightforward approach and the most developed technology. An aluminized Mylar film supported by a rigid structure was chosen. Figure 4-13 shows the configuration of the space mirror. This configuration is based on a design described by Semyonov [1998]. 1200 m



Viewed from Earth



Earth



Top view Direction of flight Figure 4-13: Space reflector configuration



Table 4-3: Spacecraft configuration parameters Reflector Diameter Area Support film thickness Aluminum layer thickness Mass Support structure Truss length Boom length Drum diameter Drum height Stowed height Mass of main truss Mass of sec. trusses Mass of guy wires Mass of boom Drum mass Total mass Spacecraft bus Mass Complete spacecraft Mass Areal density



1200 1.13 0.5 0.1 1087



m 2 km ìm ìm kg



1200 250 3.8 0.4 0.8 559 282 20 210 153 1224



m m m m m kg kg kg kg kg kg



489 kg 2800 kg 2 2.5 g/m



The deployed space reflector is a hexagonal truss structure with triangular thin film reflector surfaces stretched between the trusses. The diameter of this reflector is 1,200 meters. A boom extends from the center of the hexagonal truss at the front and rear sides of the space reflector. Guy wires stretch between the boom and the trusses. The guy wires provide extra stability to the structure. The spacecraft bus is located at the rear end of the boom. The main features of the spacecraft bus are two rotating drums that provide gyroscopic stiffness and maintain the attitude of the spacecraft. Table 4-3 summarizes the main geometrical and mass properties of the reflector spacecraft. Table 4-4 shows an estimate for the mass budget of the spacecraft bus. Specific details of the reflector will be discussed further in the sections that follow. Table 4-4: Spacecraft bus mass budget



Attitude Control System Sensors & Electronics Attitude Control System Actuators Power Subsystem Command & Data Handling Thermal Control Subsystem Communications Margin



40 80 100 50 20 50 149



kg kg kg kg kg kg kg



Total



489



kg
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Reflector Material



The thin film reflector material will be 0.6 micron thick, consisting of a 0.1 micron layer of aluminum (with a reflectivity coefficient of 0.8 to account for variation in shape) and 0.5 micron support layer, presumably made of Mylar. The Solar Sail Technology Development website [2002] reported that aluminized Mylar is available at this thickness for research purpose. This would lead to a reflector film of 1,086 kg. It is also stated that Mylar is not the ideal sail material because of degradation in the space environment. Nevertheless, the material properties of Mylar are used in the reflector mass calculations. For thermal control reasons, a layer of high emissivity will probably be needed on the back of the reflector [McInnes 1999]. Surface degradation can pose a serious problem for the space reflector during its 20 year lifetime. Several causes can lead to surface degradation: the structure itself can be deformed, leading to degraded performance, or the aluminum reflective surface itself can degrade. The constant solar radiation pressure can cause creep in the structure. The structure would slowly relax under the constant application of force. The cyclic nature of the change in rotation rate and the associated loads on the structure can cause fatigue and deformations in the structure. The ability of the space reflector to focus the solar radiation on the ground would be degraded. The illuminated ground spot would become larger, while the intensity of the illumination decreases. The surface of the space reflector can degrade due to the effects of radiation, photochemical reactions, micrometeoroid or space debris impacts, and the accumulation of dust or atoms on the surface. The effect of the degradation of the structure and surface of the space reflector can be modeled by assuming a degradation of the surface reflectivity of the mirror over time. This approach does not model the mispointing of the reflected light and the increasing ground spot size correctly, but it does model the amount of radiation received per square meter appropriately. Table 4-5 shows the surface reflectivity after 20 years in orbit, starting from an initial surface reflectivity of 0.8. The amount of debris in the 1,750 km circular equatorial orbit is relatively low, and the orbit is below the main proton belt, so surface degradation may be expected to be low as well. However, even if the degradation is only up to 4% per year, the mirror surface would degrade to a reflectivity of 0.35 after 20 years. Table 4-5: Surface reflectivity after 20 years in orbit



Degradation per year 0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10% Reflectivity after 20 years 0.80 0.65 0.53 0.44 0.35 0.29 0.23 0.19 0.15 0.12 0.10 4.1.1.7



Structure



The structure needs to maintain the shape of the reflector. The deforming forces come mainly from the torque generated from pointing the mirror and the solar radiation pressure. The pointing required for the mirror is determined by the geometry between the mirror, the Sun, and the target OTEC site. Neglecting the revolution of the Earth, the attitude angle of the reflector is equal to the pitch angle ä relative to the Sun line. The required pitch angle to illuminate a ground site is related to other geometrical angles by the following equation:



 



1        2



Equation 4-2



where  is the angle from the midnight meridian to the target, ë is the angle measured from the subsatellite point to the target, and ç is the nadir angle between the reflected beam from nadir of the reflector. Because the rotation of the Earth is relatively slow with respect to the reflector, the angle  can be regarded as constant. The Earth central angle ë and the nadir angle ç are related to the elevation angle [Wertz & Larson 1999], as shown in Figure 4-5. Thus, the pitch angle ä can be determined from a simplified relationship with the elevation angle å [Billman et al. 1977]:
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Equation 4-3
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The angular velocity and acceleration of the reflector is thus directly related to the elevation angle å, which in turn is a function of the Earth central angle ë (see Figure 4-5 for the definition of variables r and D):



1



r     cos     2 D  r   1    sin   D 



 



Equation 4-4
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Equation 4-5



The orbital angular velocity is 8.62 x 10-4 rad/s, which can be used as an approximation for  . The angular velocity and acceleration of the mirror at 1,750 km altitude is shown in Figure 4-14 and Figure 4-15 respectively. x 10
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Figure 4-14: Reflector angular velocity
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Figure 4-15: Reflector angular acceleration



The maximum angular acceleration of the mirror is estimated at 5 x 10-5 rad/s2 after adding in a safety factor of 2. To obtain a first order estimate of the required torque to be delivered at the center of the reflector to provide this angular acceleration, it is necessary to calculate the mass moment of inertia of the reflector and its support structure. The mass moment of inertia I of the reflector can be approximated by a flat plate combined with the mass moment of inertia of the six trusses, as indicated in the Figure 4-16. In this figure m is defined as the mass of one truss and l is the length of the truss, which is equal to the radius of the reflector.
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Figure 4-16: Mass moment of inertia model of the reflector
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Taking the mass and area properties of the spacecraft as stated in Table 4-3, the required torque M can be calculated as:



M  I



Equation 4-6



where  is the required angular acceleration stated above. The required moment is 8,700 Nm. A more detailed model of the structure was established to determine the deflection of the structure under the applied torque. Figure 4-17 shows a model of the structure and the loads on it. The structure was discretized according to Figure 4-17a. The mass distribution and the area moment of inertia are functions of the distance from the center of the reflector. All transverse loads are absorbed by the trusses; the thin film reflector only contributes to the mass distribution. D’Alemberts principle is applied to reduce the dynamical problem to a static problem. The distributed load q on a discrete element located at some distance r from the center of the structure is equal to its linear mass (mass per unit length) times its angular acceleration, or:



q  mr



Equation 4-7



The side views in Figure 4-17b and c show that the loading can be modeled as a cantilever beam under a distributed load, with a vertical force at the location where a guy wire is attached. The problem is statically indeterminate. It can be solved by observing that the vertical force exerted by the guy wire is caused by stretching the wire. a
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Figure 4-17: Model of reflector truss bending



Figure 4-18 shows the distribution of the area moment of inertia and Figure 4-19 shows the mass distribution of the structure. The area moment of inertia and the mass per unit length are tapered from root to tip of the truss by a factor of 10. The discontinuous jump at 300 meters from the center is due to the secondary trusses. The linear mass of the main truss at the root is 0.84 kg/m, which is about 10 times higher than the masses of the coilable booms mentioned by Murphy & Macy [2004]. The product of the Young’s modulus E by the moment of inertia I is a lot higher; 8.8 x 107 Nm2 versus the 2,660 Nm2 reported by Murphy and Macy [2004]. A higher area moment of inertia is achievable by increasing the height of the cross-section. The E.I product for this structure is achievable by taking two aluminum rods with a diameter of about 1.4 cm and separating them by a distance of 15 m.
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Figure 4-19: Mass properties of structure



Figure 4-18: Geometrical properties of the structure



The internal transverse load and the internal bending moment are shown in Figure 4-20 and Figure 4-21. The discontinuity at 300 m is due to the guy wires attached to the secondary trusses. The vertical component of the force in the main guy wires is 12 N, leading to a tensile force of 74 N in the guy wires. The required torque is reduced to 8,200 Nm. Bending moment in structure



Internal transverse load Transverse load V [N]



-40 -30 -20 -10 0



100



200



300



400



500



600



700



0 10 20 30



Internal bending moment [Nm]



-4000



-50



-2000



0



100



200



300



400



500



600



700



0 2000 4000 6000 8000 10000



Distance from center along the main truss [m]



Distance from center along the main truss [m]



Figure 4-20: Internal transverse load



Figure 4-21: Internal bending moment



The downward deflection of this structure reaches a maximum of about 2 meters. Figure 4-22 shows that this maximum deflection occurs at about 430 m from the center of the reflector. A lower deflection can probably be obtained by pre-stressing the guy wires or by actively controlling the tension in the guy wires. All guy wires could be put under higher tension simultaneously by further extending the central boom.
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The solar pressure perpendicular to the space reflector is estimated to be 6 ìN/m2 when the pitch angle (ä, the angle between the Sun line and the mirror normal) is 30°. The space reflector has been modeled by Finite Elements to assess the effect of photonic pressure. Results show that a simple structure with only six beams could not withstand the solar pressure (see Figure 4-23). For this case, the amplitude of distortion is around 8 km, which means that the structure would break. The distortion can be diminished by adding more beams. The addition of two beams diminishes the amplitude to less than 400 m (see Figure 4-24). More precise analysis is needed to consider the loading forces during the deployment sequence and to optimize the weight for structural stability.



Figure 4-23: Modeling of space reflector by finite element (using FemLab) – simple structure



Figure 4-24: Modelling of space reflector by finite element (using FemLab) – reinforced structure
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Mission Profile



Launch



The space reflector spacecraft shall be launched from Kourou, because this launch site is close to the equator and can put payloads into a 7° inclination orbit. Figure 4-25 shows a typical Soyuz launch sequence. The launch vehicle shall place the stowed reflector stack into an orbit with a perigee altitude higher than 800 km. The reflectors shall deploy in this high parking orbit. Solar sailing techniques shall be utilized to place the mirrors in their final operational orbit of 1,750 km (see later in this section). Pagel [2002] discussed strategies for solar sailing. Billman et al. [1977] stated that the minimum altitude for solar sailing is 800 km, while Ehricke [1979] gave a figure of 1,100 km. At these altitudes, the acceleration due to radiation pressure should be larger than the deceleration due to atmospheric drag. A method to reduce drag at perigee is to orient the sail surface parallel to direction of orbital motion when the reflector is at perigee.



Figure 4-25: Typical Soyuz launch sequence [Soyuz User’s Manual 2001]



Deployment



Figure 4-26 shows the stowed configuration of the space reflector in the payload fairing of the Soyuz 2 launch vehicle. The reflector film and support structure are stored inside the drums, which provide attitude stabilization in the deployed configuration. Between each stowed reflector is an adapter ring which connects each stowed mirror package. The Soyuz-2 launch vehicle (14A14) webpage [2005] stated that the Soyuz 2 can launch 9,200 kg into a low Earth orbit. If the performance characteristics are similar to the Soyuz, then the Soyuz 2 should be able to launch 8,600 kg into an 800 km circular orbit [Soyuz User’s Manual 2001]. c
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Figure 4-26: Configuration of the launch stack Figure 4-27: Space reflector deployment sequence



The reflector film and the support structure are completely deployable. In this design it is assumed that the International Space University, Masters Program 2004/2005
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trusses are coilable or collapsible booms. Murphy & Macy [2004] described a similar design for a solar sail. Semyonov [1998] argued that a thin film reflector supported by simple trusses can be used as a space reflector. He also proposed a hexagonal shape of the reflector, as in the currently investigated design. Other options would be inflatable trusses, which are rigidized by injecting foam into the trusses. Hardening of the structure would occur through a chemical reaction. The deployment sequence is shown schematically in Figure 4-27. Figure 4-29 through Figure 4-32 shows the rendered sequence of the deployment. The steps in the deployment sequence are as follows: a. Stowed configuration. The reflector film and support structure are stored inside the two halves of a storage drum. The diameter of the storage drum is sized to fit within a standard Soyuz-2 fairing [Soyuz-2 launch vehicle (14A14) webpage 2005]. b. Separation of the top and bottom lid of the storage drum by means of a telescopic central boom. As the central boom connecting the two halves of the storage drum extends, the stowed reflector and support structure become visible. c. Rotation of the stowed reflector and support structure to deployable position. d. Extension of the central boom. e. Deployment of supporting truss structure. A top view of the stowed reflector package is shown in Figure 4-28. The trusses are released from their storage canisters first. This provides the structural skeleton of the space reflector. The thin film reflector material is then pulled over this support structure. f. Deployment of thin film reflector surfaces. The reflector surfaces are pulled out from their stowed position by means of outhaul lines. g. Fully deployed configuration. Central boom Coilable boom storage canister Folded reflector film
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Figure 4-28: Stowed reflector package – top view



Figure 4-29: Separation of the storage drum and rotation to deployable position
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Figure 4-30: Extension of the central boom



Figure 4-31: Deployment of supporting truss structure



Figure 4-32: Fully deployed reflector



Wright [1992] described the deployment sequence of the Halley Rendezvous Sailer, which has a square clipper sail configuration. This spacecraft was planned to use collapsible masts as structural members, with guy wires International Space University, Masters Program 2004/2005
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for additional support. In this design, the support structure would be completely deployed before the sails are unfurled. A deployment sequence similar to the Halley Rendezvous Sailer is envisioned for the space reflector. Unfurling the thin reflector film poses a number of problems. To stow the film, it needs to be rolled or folded. During the unfurling, the folds remain in the material and may lead to an uneven surface. The film cannot handle high loads, so it cannot be stretched too much to remove the folds. The unevenness of the surface will probably lead to a loss in reflectivity. Orbit Transfer and Attitude Control



Semyonov [1998] stated that solar sailing techniques can be used to perform orbit control. In this case, no propellant would be needed. On the other hand, the reflector system would experience some down time when orbit maintenance is performed. The ÄV budget for the whole mission takes into account three main parameters: the transfer from the initial orbit to the mission orbit, the orbit maintenance, and the end of life of the space reflector. The ÄV budget was analyzed using the method provided by Wertz and Larson [1999]. The transfer orbit from the initial orbit (800 km at 7° inclination for a launch with Soyuz at Kourou) can be accomplished by a combined plane change using solar sailing. McInnes [1999] performed an analysis of various different solar sailing strategies, including plane changes. Based on a first estimate the transfer to the mission altitude (1,750 km at 0° inclination) would take around 14 days if a reflectivity coefficient of 0.8 is assumed for the reflector material. At an altitude of 1,750 km, the main orbit perturbations come from the Earth oblateness J2,0; the J2,2 gravity field harmonic; and the gravity of the Sun and the Moon. Third body perturbations of the Sun and Moon are four orders of magnitude smaller than perturbations due to the non-spherical Earth. These perturbations total 1 x 10-5 km/s2 [Montenbruck & Gill 2000]. Because the space reflector has a very low ballistic coefficient (around 0.0011), the satellite will slow down by around 2 x 10-4 m/s over each orbit. However, it is possible to use photonic pressure to counter this effect, allowing for fuel-free station keeping. Indeed, as the surface area of the solar reflector is large, the photonic pressure applied for less than one minute when the satellite disappear over the horizon (elevation of around 89°) would be enough to maintain the altitude of the satellite in its operational orbit. Space Reflector
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Figure 4-33: Space reflector tracking



Pointing the space reflector requires at least knowledge of the directions of the Sun and the ground station. The direction of the Sun can be established using Sun sensors. A method of establishing the direction of the ground station is shown in Figure 4-33. A laser mounted on the ground station can target and track the space reflector as it passes over the station. The reflector can then establish the direction of the ground station by 68
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means of a laser detector. A secondary system for attitude control can rely on Global Positioning System (GPS) for determining the position of the mirror and the ground station. The attitude control will be autonomous to minimize ground operation costs. Attitude stabilization is provided by a dual-spin system. The drums in which the mirror is stored are used to provide gyroscopic stiffness. The structural calculations show that the attitude control system needs to be able to provide a torque of at least 8,200 Nm. A second method of controlling the spacecraft attitude is by putting the spacecraft bus on an extendable and retractable boom. The extension and retraction of the mass of the spacecraft bus changes the inertia properties of the spacecraft. This would affect the rotation rate of the space reflector through the conservation of angular momentum. End of Life



At the end of life, it is intended for the space reflector to deorbit and burn in the atmosphere. Solar sailing techniques will be used to increase the eccentricity and lower the perigee altitude into the atmosphere. If a deorbit altitude of 50 km is selected, then it is possible to achieve the deorbit trajectory in around six and a half days, using a reflection coefficient of 0.35 as projected at the end of life of the reflector. Atmospheric drag will cause orbit decay until the reflector spacecraft re-enters and burns up in the Earth’s atmosphere. 4.1.1.9



Conclusions



The space reflector design discussed in the paragraphs above is at the limit of technological capabilities. Smaller reflectors (around 300-400 meters in diameter) with thicker (2.5 µm) films and slightly heavier structures will be more feasible in the near future. However, in order to obtain the same reflector area in orbit, more launches will be required. The design above strives to keep the launch mass as low as possible in order to minimize the number of launches. While the space reflector does provide the total power of 1.074 x 109 W required by the augmented OTEC plant, it is spread over an area 17.5 km in diameter. Furthermore, the power density of 4.53 W/m2 is probably too low to effect significant heating. The system required to provide illumination for power generation or OTEC enhancement would require around 1,500 space reflectors of 1,200 m in diameter at an altitude of 1,750 km. This would deliver about 340 W/m2. Ehricke [1979] suggested a space system which has the same order of magnitude of space reflector area.
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Economic Considerations



The aim of the cost analysis of the proposed OTEC space segment is to provide a basis to conduct a financial analysis of a SAOTEC plant. The analysis includes all cost items for the development and construction of the space-based solar reflectors and their deployment. The cost calculations are shown in Table 4-6. Assumptions and Notes



During the financial calculations the following assumptions were made:  Due to system parameters, the number of space reflectors was fixed at 24 – including four spares.  The development phase of the space reflectors was assumed to last three years and its cost was estimated at $377.6 million using the PRICE H cost estimation model [Eilingsfeld]. Appendix 1 states the calculations made in the PRICE H cost estimation model. Results were converted from euros into US dollars by using the 1.28 US dollars to each euro exchange rate from May 7th, 2005.  The construction cost of one space reflectors was estimated at $170.04 million by using the PRICE H cost estimation model.  Due to mass production, a discount rate in the cost of one space reflector was assumed at 20%.  The pre-launch insurance rate, including transportation and launch site operations, was assumed at 1% of the cost of the space reflectors.  The Soyuz-2 Launch Vehicle (LV) from Kourou (French Guiana) with the Fregat upper stage was chosen as the launch service provider due to technical parameters and cost considerations. The launch vehicle will be available from 2007/2008 onwards.  The launch price of the Soyuz-2 LV amounts to $35 million and was estimated on the basis of ESA project documents.  According to technical parameters, three space reflectors can be put into one Soyuz-2 LV, requiring 7 launches by the end of the construction phase and a further launch of the spare reflectors whenever considered necessary. However, in the financial analysis, this spare launch was considered in the construction phase as well.  The cost of the launch insurance was assumed at 20% of the cost of the space reflectors according to 2005 launch insurance rates.  The launch liability insurance rate was assumed at 0.15% of the indemnity limit, which amounts to $60 million in French Guiana.  The costs of orbital control and operations were estimated at $1 million per year by analogy, assuming the lease of an existing ground infrastructure.  The in-orbit insurance rate was assumed at 2% of the total cost of the space reflectors according to 2005 insurance rates.  Inflation was not considered in the model.
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Recurring costs Orbital control and operations In-Orbit insurance rate, % In-Orbit insurance, mln $



Mass production discount rate, % Construction of Space Reflectors (3 years), mln $ Pre-Launch insurance rate, % Pre-Launch insurance, mln $ Launch price, mln $ Number of launches Launch services (Soyuz 2 with Fregat), mln $ Launch Insurance rate, % Launch Insurance, mln $ Launch liability insurance rate, % (out of indemnity limit) Liability insurance indemnity limit, mln Launch liability insurance, mln $ TOTAL non-recurring costs



Development of Space Reflectors (3 years), mln $ Construction of one Space Reflector, mln $
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Table 4-6: Financial analysis of the space segment
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The Space Environment



A constellation of twenty space reflectors deployed in MEO could provide an OTEC plant with almost continuous illumination. These mirrors would orbit the Earth in a circular, equatorial, orbit at 1,750 km. It is necessary to consider the effects the space environment will have on the space reflectors and also how these space reflectors themselves will influence the space environment. 4.1.3.1



The Effects of the Space Environment on the Space Reflectors



Space weather is one of the most important factors to consider when deploying any object in space. The term ‘space weather’ refers to the stream of charged protons and electrons that are ejected from the Sun into space. These charged particles damage the Mylar support films of the reflectors and could potentially cause severe damage to its onboard electrical systems. However, Earth’s magnetic field and the Van Allen belts provide the space mirror with some shielding from this. The orbit of the space reflectors will be approximately 250 km below the most intense part of the inner Van Allen belt (see section 4.1.1.4). As a result of this, the space reflectors will degrade over time, but at a much slower rate than they would otherwise in the most intense part of this radiation belt. Degradation of the reflectors will reduce the intensity of their reflected light in the long-term as discussed in section 4.1.1.6 . Over time, interaction with charged particles (both from the inner Van Allen belt and those ejected from the Sun) can also damage the onboard electrical systems of the space reflector. In addition to this, the Sun’s radiation will also cause some perturbations in the orbital parameters of the space reflectors. There are also other perturbations to consider caused by the oblateness of the Earth and the gravitational influences of the Sun and the Moon. As a result of these effects, effective East-West and some minor North-South station-keeping will be required to maintain the orbit of the space reflectors.



Figure 4-34: Graphical representation of density of space debris as a function of orbital inclination and altitude using the MASTER 2001 model.



Another factor to consider in the operation and design of the space reflectors is space debris. This term refers to the increasing number of floating objects in space which have no functionality (e.g. old satellites, spent upper stages of rocket boosters, fragments of old rocket boosters that have exploded in space etc.) orbiting the Earth. These objects are tracked by radar and catalogued. In GEO, it is not possible to track objects that are typically smaller than approximately 10 cm. Nevertheless, at an altitude of 1,750 km, objects as small as a few centimeters can be identified and tracked by radar [United Nations 1999]. The North American Aerospace and Defense Command (NORAD) have catalogued and tracked over 7,000 objects so far [Houston et al. 1999]. Using this collected data, computer simulation models have been developed, e.g. MASTER from ESA and EVOLVE from NASA. Collisions with space debris are a problem that every spacecraft orbiting Earth has to deal with. Using information obtained from these computational models, spacecrafts – including the 72
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space reflectors – can perform maneuvers to avoid collisions with larger objects of space debris. At 1,750 km, the orbit of the space reflectors, almost all space debris have been catalogued and modeled. Using the MASER 2001 model, it has been determined that there is a relatively low level of space debris at this altitude (see Figure 4-34). However, there are still some fragmented debris that need to be identified – particularly those that are very small (on the order of several millimeters). As mitigation against collisions with smaller items, several spacecraft use layered shielding. However, in the case of the space reflectors; no special type of mitigation will be used. The damage caused by impacts with small space debris objects has been considered as part of the overall degradation of the space reflector. 4.1.3.2



The Effects of the Space Reflector on the Space Environment



There is a possibility that the space reflectors will interfere with communication between satellites and ground stations within its footprint. The reflected energy from the space reflectors could affect the amplitude and phase of electromagnetic signals to/from other satellites. Temperature increases in transmitted signals is a source of extra noise and reduces the overall quality of the signal. This could have implications for satellites in higher orbits than that of the space reflectors, e.g. GPS, GLONASS, and Galileo satellites as well as satellites in GEO positioned above a point within the footprint of a space reflector. The full extent of these implications is still unclear at present and will require further investigation. From preliminary investigations, it appears that there will be some interference with space-based communications systems in the region of the SAOTEC plant. It is also necessary to consider the effects on satellites orbiting Earth at lower altitudes than the space reflectors whose orbits will cause them to pass through the reflected energy beams. This increased thermal radiation could prove hazardous for certain satellites. It is also possible, though unlikely, that the reflected energy beam could temporarily blind the star trackers of such satellites. The extent of the beam’s effect on other satellites will depend on the time it takes these satellite to traverse the beam (determined by their orbital elements), the quality of their thermal control systems, the type of instruments onboard and the nature of their missions. The space reflector could also have positive implications for these satellites by illuminating their solar cells and providing them with extra power, which could be particularly useful during times of eclipse. At the end of a space reflector’s useful life, and in accordance with the Inter Agency Debris coordination Committee (IADC), it will de-orbit by solar sailing, so as not to contribute to the growing problem of space debris. 4.2



Space-Aided OTEC



4.2.1 4.2.1.1



Technical Aspects Introduction



As discussed in chapter 3, the efficiency of the OTEC plant is dependent on the temperature difference between the warm and cold water. One of the ways to increase this temperature difference is to increase the inlet warm water temperature. The main idea behind SAOTEC is to increase the ocean surface temperature further with the aid of reflectors in space. In this section, a 16 MW reference plant (as discussed in chapter 3) augmented with space reflector will be considered and the technical requirements, constraints and solutions related to it will be analyzed. As mentioned in chapter 3, the ocean surface temperature is assumed to be 40°C in an atoll and that it will be raised to 60°C when augmented by a space reflector. One of the major concerns of heating the open waters is how to keep the radiation losses to the surrounding environment (land and water) low. In the open oceans, currents, evaporation, and infrared radiation will quickly dissipate the inputted energy to other places. An assumption made in these calculations is, therefore, that an artificial solar pond can be created to remove the effects of currents and that it can be covered with a plastic layer reducing the evaporation, which would also increase the temperature through the greenhouse effect. To do so, following two concepts are considered in the present study:  Off-shore SAOTEC plant 50 km from the mainland  Coastal (on-shore) SAOTEC plant International Space University, Masters Program 2004/2005
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For an off-shore SAOTEC plant, it is assumed that a suitable atoll can be enclosed to serve the purpose whereas for a coastal SAOTEC plant, a bay would be ideal. 4.2.1.2



Technical Requirements and Constraints



Energy Needed to Heat Water



The change in temperature of a fluid such as water is dependent on the specific heat capacity of the fluid concerned, the total mass over which the temperature change occurs and the total heat delivered. The energy required to raise the temperature of water by ∆T is given by:



P where:



C H O  m H O  T 2







Equation 4-8



2



C H 2O is the specific heat capacity of the warm sea water, assumed to be 4,000 [J/kgK] m H 2O is the mass flow rate of warm water needed for the OTEC plant T is the warm water temperature rise achieved using space reflectors – it is assumed to be 20 K  is an efficiency factor for the heating – it is assumed to be 80% in the calculations P is the total energy input needed to raise the temperature of water by ∆T



It can be concluded from Equation 4-8 that the input energy required to raise the temperature of water by ∆T increases with increase in inlet water mass flow rate. Mass Flow Rate for Different Temperatures and Concepts



For OC-OTEC, the amount of steam generated is one of the driving factors for the gross power output. The steam is generated in a flash evaporator, which uses a drop in pressure to convert some of the incoming water into steam. The amount of steam and the pressure drop across the turbine will give the amount of work (power) that can be generated. A lower pressure in the flash evaporator generates more steam but reduces the pressure drop over the turbine. For a given input temperature, there is an optimal pressure level of the flash evaporator that will generate the most amount of work for each liter of input water. To increase the power output even further, several stages can be used. 4.2.1.3 50 Megawatts SAOTEC Plant



Design Principle



As mentioned in section 4.2.1.2, the energy input required to raise the temperature of water is dependent on the input water mass flow rate. Taking the same mass flow rate (10 m3/s) of warm water as considered for the 16 MW OC-OTEC plant in chapter 3, the total energy input required comes out to be 1.074 x 109 W. This energy can be provided by using the space reflector concept described in section 4.1.1. As discussed in section 4.1.1, a 1.2 km space reflector at an altitude of 1,750 km can provide an additional energy input of 4.53 W/m2. This means that to provide total energy input of 1.074 x 109 W to raise the temperature of water from 40°C to 60°C, a circular heat reservoir of 17 km diameter has to be considered. Water at 40°C will be pumped at a rate of 10 m3/s into the 17 km area to be heated to 60°C. It is then pumped out of this area at the same mass flow rate into the SAOTEC plant. The main technical assumption is that the 17 km diameter area will be totally enclosed and covered with a plastic layer to prevent heat loss due to evaporation, currents, etc. This is an idealized condition as it will only be heating a few meters of the ocean surface. For an off-shore SAOTEC plant, a suitable atoll this big would be ideal, whereas for coastal SAOTEC plants, a bay can serve the purpose. Figure 4-35 shows the schematic diagram of the 50 MW SAOTEC plant. Warm water at 40°C is heated to 60°C using the space reflector and pumped into the Flash Evaporator 1 at 100 kPa. Warm water is flashed at an optimum pressure (as discussed in section 4.2.1.2) of 6 kPa to convert 4% of the inlet water into steam. Turbine 1 connected to Flash Evaporator 1 generates 68 MW of gross power output. The rest of the water from Flash Evaporator 1 enters Flash Evaporator 2 at 6 kPa and flashed at 3.5 kPa to convert 1.6% of inlet water to steam. Turbine 2 generates 13 MW gross power output. Similarly, Turbine 3 produces 3 MW gross 74



International Space University, Masters Program 2004/2005



Space Aid for Ocean Thermal Energy Conversion



The Vision: SAOTEC Plants



power output. Condensers are used on all the stages to condense the superheated water vapors and to produce desalinated water. Turbine efficiency of 85% and a net power output of 70% are assumed in the present study. Total steam produced from the flash evaporators is around 780 kg/s, which will be the maximum output of desalinated water under ideal conditions. 3 NSD 7 &



+HDW([FKDQJHU



*URVV3RZHU2XWSXW 0: 1HW3RZHU2XWSXW 0:



)ODVK(YDSRUDWRU



3W 0: )ODVK(YDSRUDWRU



7XUELQH 3W 0:



7  & PZZ PV 



:DUP:DWHU3XPS



&RQGHQVHU PV NJV



&RQGHQVHU



7XUELQH



3W 0: )ODVK(YDSRUDWRU



'HVDOLQDWHG:DWHU2XWSXW PGD\



7XUELQH



PV NJV



&RQGHQVHU PV NJV



)ODVK(YDSRUDWRU



PGZ NJV



PV NJV



'HVDOLQDWHG :DWHU3XPS



'LVFKDUJH:DWHU



&ROG:DWHU3XPS 7 & PFZ PV



Figure 4-35: Open water OTEC using space reflectors with 60 degrees input water



The power output of the plant is dependent on the weather conditions. The efficiency of the plant will be lower in case of cloud cover or rain. Therefore the power output from the plant would be less than the nominal (100%) but would be non-zero. Sizing Comparison of 16 Megawatts OTEC and 50 Megawatts SAOTEC Plant



The sizing parameters for the 16 MW OTEC and 50 MW SAOTEC plant are listed in the Table 4-7. Table 4-7: Comparison of 16 MW OTEC and 50 MW SAOTEC plant



Parameters



Gross power output Net power output Desalinated water output Warm water mass flow rate Cold water mass flow rate Cold water pipe diameter Warm water pipe diameter Desalinated water pipe diameter Discharge water pipe diameter



16 MW OC-OTEC (Tw = 40°C, ∆T = 36°C) 27 MW 16 MW 36,000 m3/day 10 m3/s 17 m3/s 3.2 m 2.3 m 0.4 m 4.1 m



50 MW OC-OTEC (Tw = 60°C, ∆T = 56°C) 84 MW 50 MW 67,000 m3/day 10 m3/s 43 m3/s 5.2 m 2.3 m 0.6 m 5.8 m



It can be inferred from the table that for the same warm water mass flow rate of 10 m3/s (which in turns mean the same warm water pipe diameter), the net power output almost triples. The desalinated water production also increases almost one and a half times. As the cold water mass flow rate is two and a half times more in the case of a 50 MW plant as compared to a 16 MW plant, the diameter of the cold water pipe for a International Space University, Masters Program 2004/2005
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50 MW plant is 2 m more than that of a 16 MW plant. Off-Shore SAOTEC The main constraint for the off-shore SAOTEC plant is the distance of the plant from the mainland. Electricity can be transmitted from the off-shore plant on the atoll to the mainland using underwater cables and water can be transported using the long flexible pipes. Other technical requirements and solutions for power transmission and water transportation remains the same as discussed for the 6 and 16 MW OTEC plants in chapter 3. Coastal SAOTEC The technical requirements for the coastal SAOTEC plant are almost the same as that of the off-shore SAOTEC plant, except that the cold water pipe will have to be longer to reach the sea-depth of 1,000 m (as it has to go along the seabed). Other differences will be in terms of the infrastructure required for transmitting electricity and water transportation. As this plant will be located closer to the electricity distribution system and the water network bulkhead, existing infrastructures can be utilized. 4.2.2



Economic Feasibility



The financial analysis of the ten SAOTEC plants sharing the costs of the space segment follows the approach of the OTEC reference plant. The assumptions valid for the three kinds of OTEC concepts analyzed are stated in chapter 3.2.1. The assumptions that changed for the SAOTEC plants are listed below. The calculations of the main parameters are shown in Table 4-8.   
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The nominal power output was assumed at 50 MW due to technical considerations The nominal desalinated water output was assumed at 67,000 m3 per day and derived from technical parameters of the 50 MW plant The OTEC capital costs per kWh, amounting to $16,698 for off-shore plants (an additional cost of 15% was added for the cost of electricity cables as well as for the desalinated water storage facility and transportation pipe compared to an on-shore situation and of 20% for the plastic bay cover) were derived from the parametric cost model developed by the Pacific International Center for High Technology Research (PICHTR), based on the capital cost of a 16 MW OTEC plant. The space segment is assumed to increase the output to 50 MW The cost for a deep water pipe with an increased diameter amounting to $12 million was added to the plant’s capital costs in the fourth year of the development and construction phase. The cost was calculated on the basis of OTEC costs given in the Global Environment Facility report on an OTEC project [2000]
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Number of off-shore SAOTECs Nominal power output, kW (for costs) Nominal power output, kW (for revenues) Power output (out of nominal), % Real power output, kW Average production factor Nominal desalinated water output, Dm3 per day Real desalinated water output, Dm3 per year Capital cost for off-shore, $/kW Cost coeffic. for transport. of electricity & desel.water Cost coefic. for bay covering O&M, per year (in % of capital costs) Discount rate, % Insurance rate, % 50%



1



70%



2



80%



3



0.90



100%



1.0%



8.0%



1.5%



1.20



1.15



16,698.00



244,550.00 122,275.0 171,185.0 195,640.0 244,550.0
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Operation, years 4 …



450,000.00 250,000.0 350,000.0 400,000.0 500,000.0



500,000.00



160,000.00
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Reference



Table 4-8: Financial analysis of 10 off-shore plants with the space segment



50 MW SAOTEC
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100%



19



100%



20



195,640.0 244,550.0 244,550.0



400,000.0 500,000.0 500,000.0



80%
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125.87



4762.02



935.09



935.09



3,187.06



NET INFLOWS



-413.03



0.00



0.00 0.00



3%



8,568.70 4,784.19
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10,165.83



0.00 20.00



0.00 22.11
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0.00



-413.03 -1543.53 -2361.49 -2926.05



0.00
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413.03 1,543.53 2,361.49 2,926.05
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0.00 20.00
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10.00



150.00



7.00 2.11



7.00



30.03



7.00
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5.00



1.33



7.00



7.00



175.00
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3.00



3.00



41.88 3.00



3.00



3.00



393.03 1,523.53 2,339.38 2,904.72



43.00



13,352.89
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267.17 1,055.09



267.17 1,055.09



125.87 1,256.36 1,284.29 1,969.64



267.17
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1



837.50
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7553.70
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2791.68



Development & Construction 1 2 3 4 5



2791.68
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Electricity price, $/kWh Electricity price dynamics, %/year Electricity sold, mln $ Desalinated water price, $/Dm3 ($0.8 per m3) Desalinated water sold, mln $ TOTAL REVENUES



REVENUES



OTEC Segment OTEC plant (O&M), mln $ Marketing and Sales, mln $ Control and Management, mln $ Insurance, mln $ Other expenditures, mln $ Total of Ground segment Space segment Total of Space segment (see Space table), mln $ TOTAL recurring costs TOTAL EXPENDITURES



Recurring costs



TOTAL non-recurring costs



OTEC Segment OTEC plant construction (parametric model), mln $ Total of Ground segment Space segment Total of Space segment, mln $



Non-recurring costs



EXPENDITURES



50 MW OTEC (cont.)
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TOTAL non-recurring costs
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REVENUES Electricity price, $/kWh Electricity price dynamics, %/year Electricity sold, mln $ Desalinated water price, $/Dm3 ($0.8 per m3) Desalinated water sold, mln $ TOTAL REVENUES
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Changes in Environmental Effects Possible Atmospheric Effects of SAOTEC



The atmosphere is constantly bombarded by solar photons in the infrared (IR), visible and ultraviolet (UV) range. Some are scattered back to space by gas molecules or reflected back by clouds or the Earth’s surface itself. The rest is absorbed by land, oceans and atmosphere. In the atmosphere, greenhouse gases like water vapor (H2O), ozone (O3) and carbon dioxide (CO2) trap solar radiation. The absorption process converts the energy into heat, which is released and transferred between different regions [Andrews 2000]. The Sun is the primary energy source that drives the global water cycle. Due to the high thermal capacity of water, the oceans absorb solar radiation more efficiently than either the land or the atmosphere. Released heat from the oceans influences the pressure and moisture content of the atmosphere and results in winds. Over the Tropics, the heated air tends to rise directly upwards and eventually it reaches its dew point, i.e. the point at which the water vapor will cease ascending and condense into clouds. The rise in altitude and a reduction in temperature cause the vapor to condense. When the atmosphere is unable to support heavier droplets, the result is precipitation. Thus, the released heat from the atmosphere, land and ocean increases the atmosphere’s capacity to hold more water vapor. This leads to positive feedback: warming implies more water vapor, and more vapor (which can absorb more radiation) implies further warming [Andrews 2000]. Atmospheric ozone is important because it absorbs UV radiation, which is harmful to all life on Earth. Ozone formation occurs mainly in the stratosphere, at 15-50 km altitude, where molecular oxygen (O2) absorbs UVC (0.01 to 0.29 µm) and some UV-B (0.29 to 0.32 µm) radiation. The so-called ozone layer is at an altitude of about 35 km. The ozone absorbs UV-B and in the process it heats up the stratosphere. Less than 2% of UVB reaches the Earth’s surface and almost no UV-C. The heating affects air movements in the troposphere, the region under the stratosphere at 0 to 15 km altitude. Most of the global ozone is formed above the Tropics, since that is where the solar radiation is strongest. This warmth makes the tropospheric air rise and causes the ozone to transfer to higher latitudes – where it accumulates at the poles [Andrews 2000]. An increase in solar radiation might affect the ozone layer and even the climate. The situation can be compared to events of increased solar activity due to the 11-year solar cycle. Scientists have seen that during these events, the UV radiation increase has affected the formation and absorption of ozone. The heat this creates causes movements in the troposphere, the part of the atmosphere where all weather phenomena occur, such as fronts, rain, thunder and hurricanes. General weather patterns are closely related to five narrow bands in the upper atmosphere of extremely strong winds, concentrated in a west-eastern direction, referred to as the jet stream - one of which is right above the equator. A shift in the jet stream causes changes in regional patterns and could be followed by storms. An example is how the cloudiness increases up to 2% in some regions in the US during solar maxima. In these cases, the jet stream in the Northern hemisphere moved northward [NASA GSFC 2001]. Extra cloud cover implies extra reflection of sunlight; as such clouds act like a ‘blanket’ that prevents heat from escaping into space. This contributes to humid weather conditions with increased precipitation. The space mirror does not reflect particle radiation from the Sun. Protons that bombard the atmosphere during solar proton events, such as solar flares, when high-energy protons are ejected, are normally extremely harmful to the ozone layer. However, in this respect, the space reflector will not have any impact on the ozone layer. When the temperature of the ocean increases, it cannot remain in equilibrium and releases CO2 into the atmosphere. Considering that there is no photosynthesis in 60C water that can balance this release, there will be a definite increase of CO2 in the atmosphere. An increase of the greenhouse effect, which leads to global warming, is expected. The greenhouse effect prevents Earth from radiating heat into space in order to balance the energy received from the Sun [CalSpace 2002]. Hurricanes are aggressive rotating storms that only form in the tropics, i.e. tropic cyclones. It is the warm water in the tropics which powers them. Heated air rises quickly and as it rotates it forms an area of low pressure where any unsettled weather is drawn into. Moisture releases more energy and if there are no stronger upper level winds that tear this storm apart it will gain more strength. To support cyclone development, the ocean needs to be heated to certain depths. That is why cyclones often form in the late summer, instead of in June when the energy received from the Sun peaks. If a solar reflector turns out to have 80
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an impact on warming, as mentioned above, there is a risk that it could contribute to an increased frequency of cyclone formation [NOAA 2005]. Also, according to Elsner, Kara & Owens [1999], hurricane formation can be affected by higher solar irradiance, since this is expected to increase the ocean’s temperature. Relationships between the solar cycle and cyclone activity have been investigated since the 19th century. Correlation analysis with sunspot numbers shows that hurricane patterns are influenced by solar activity. 4.2.3.2



Ocean Heating and Climate Change



Increased emissions of CO2 and other greenhouse gases have led to an overall increase in Earth’s temperature. According to the Union of Concerned Scientists [2005], levels of CO2 in Earth’s atmosphere are higher today than they have been in over 400,000 years. Most studies and debates on potential climate change have tended to focus on the increase in the industrial greenhouse gases in the atmosphere and a gradual increase in global temperatures. From this perspective, “recent and rapidly advancing evidence that Earth’s climate repeatedly has shifted abruptly and dramatically in the past, and is capable of doing so in the future” [Gagosian 2003] is overlooked. ”Fossil evidence clearly demonstrates that Earth’s climate can shift gears within a decade, establishing new and different patterns that can persist for decades to centuries” [Gagosian 2003]. The latest model for abrupt climate change has been under investigation over the past decade by ocean, Earth and atmospheric scientists worldwide. “The term ‘abrupt climate change’ describes changes in climate that occur over the span of years to decades, compared to the human-caused changes in climate that are occurring over the time span of decades to centuries” [Union of Concerned Scientists 2005]. This latest climate change model incorporates the most up-todate knowledge of global warming with the on-going studies of thermohaline circulation and its effects on our climate. One of the more interesting aspects of this model is that it allows for the possibility of Earth as a whole to continue warming while certain regions experience a shift towards colder temperatures, as a result of this warming. This apparent contradiction can be explained when the ocean’s thermohaline circulation cycle is taken into consideration. The ocean’s conveyor belt (i.e. thermohaline circulation) is threatened by global warming and melting polar ice caps. Fresh water from melting ice caps flowing into the conveyor belt in the Atlantic Ocean could dilute the salty water which, according to existing knowledge of the dynamics of thermohaline circulation, could slow down or possibly stop the ocean conveyor belt altogether. In this worst case scenario, Europe would no longer receive heat from the Southern Hemisphere and would suffer severe winters, far worse than any observed today. Evidence obtained from ice sheets scores and deep-sea sediments indicate that the ocean conveyor belt has slowed or shut down in the past and is capable of doing so again in the future. Only in recent decades has the link between ocean currents and climate change been investigated seriously. Most studies and climate change models in this area have focused on disruptions in the thermohaline circulation caused by global warming and melting polar ice caps - and the resultant freshening of the North Atlantic Ocean. To determine the effects on the global climate of an open water SAOTEC plant in an equatorial region, intensive studies and advanced computer modelling will be required. Available information on the dynamics of thermohaline circulation suggests that a SAOTEC plant positioned in the equatorial region of the Pacific Ocean could potentially have a positive affect on this thermohaline circulation. The main mechanisms for ocean thermohaline circulation are heat and salt. Salt provides the added density to cause the ocean currents in the conveyor belt to sink to the ocean depths at high latitude in the North Atlantic Ocean. The temperature of the water, i.e. the heat energy of the water, is what will determine the velocity at which ocean currents in this conveyor belt will move. Along the equator, or more specifically in the Pacific Ocean, water receives a larger amount of heat energy per unit surface area from the Sun than water at higher latitudes. There is a temperature difference between water at low latitudes (in the equatorial regions) and water at higher latitudes. The laws of thermodynamics dictate that this temperature imbalance will try to come to equilibrium. In other words, the hot water will transfer some of its heat energy to less energetic colder water as it travels. Extra heat in the Pacific Ocean, from sunlight reflected by the space reflector, could theoretically encourage the thermohaline circulation to speed up, or at the very least it would encourage more evaporation of water en route to the North Atlantic Ocean. This would increase the concentration of salt, making the ocean currents denser and causing them to sink deeper. There is a growing concern among climatologists and Earth scientists at the moment regarding the present International Space University, Masters Program 2004/2005
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state of the ocean conveyor belt. There is substantial evidence to suggest that the ocean conveyor belt is slowing down. There is some speculation at present whether this slowdown is the result of human activities, such as burning of fossil fuels, or merely a natural climatic cycle of oceanic activity that has been going on for millennia. From recent studies on global warming, it seems that both statements are correct, i.e. that recent changes in our oceans and our climate is the result of natural climate and oceanic changes that have been impacted by human activities. Better monitoring of surface and deep sea currents is required to thoroughly investigate the nature of the ocean conveyor belt at present. This is one of the objectives of the Argo program (see section 3.4.4.1). SAOTEC could potentially be beneficial to the ocean conveyor belt and could possibly negate some of the damage to our climate and our oceans caused by global warming and melting polar ice caps. However, this could come at a price. The extra heating of the water surface would likely lead to extra evaporation of water vapor into the atmosphere, resulting in increased cloud formation and density. This would lead to an increase in precipitation. If these clouds were carried to land by strong winds, the additional rainfall could be good news for places which have been suffering from droughts in recent years. As we move up the Atlantic Ocean where there are some strong winds and, potentially, an increase in the present amount of evaporation of water into the atmosphere due to hotter water, this could affect the climate on land. Although the change may not be significant in the short term, in the long-term this could slightly increase the temperature in Western Europe and also cause even more rainfall for the westernmost European countries such as the Republic of Ireland and Great Britain. Although there could be some climatic and oceanic changes, favorable and potentially unfavorable, the exact nature and magnitude of these can only be determined via advanced computer modeling of the environmental effects of OTEC and SAOTEC. Further investigations need to be conducted to determine the long-term environmental impacts of the change in salinity caused by the OTEC plant and the effects of ocean heating caused by the space reflector. Overall, OTEC with a space reflector does not appear to have alarming consequences for thermohaline circulation in the oceans. Considering the growing concern over greenhouse gas emissions that lead to global warming and melting polar ice caps (and their adverse effects on thermohaline circulation that this leads to), the OTEC plant’s impact on ocean circulation is negligible and potentially favorable in comparison, in the long-term. 4.2.3.3



Effects of Increased Solar Radiation on Marine Life in the Tropics



Water is the best solar-radiation-absorbing medium on Earth. When sunlight interacts with the ocean, it affects many factors. These physical and chemical properties like temperature, currents, light, salinity, nutrients, and oxygen determine the distribution of different marine organisms. Most species live in the photic, sunlight, zone, where they are directly affected by the Sun. However, there is also life in the deeps. When the water temperature increases to such an unacceptable level that it influences the marine ecosystem, one refers to thermal pollution. The temperature of the sea water affects its density, salinity and concentration of dissolved gasses, thus influencing the cycles of marine life. Species that cannot adapt to the high temperatures disappear while others flourish in the heated water. This results in an increase in oxygen consumption which ultimately leads to lower concentrations of dissolved oxygen in the water, resulting in others organisms becoming suffocated [Skinner et al.1999]. This causes a chain reaction, when some organisms overgrow and others die. Parasites and diseases may also grow more rapidly as a result. Bacteria are remarkably adaptable to abnormal environments. They can be found in harsh environments such as ocean depths and hydrothermal vents [Skinner et al.1999]. An increase in temperature and nutrition brings with it the risk of a massive increase of certain algae (normally red algae, which are especially abundant in the tropics). This phenomenon is called red tides and it occurs when red algae bloom. The cause is not completely known but some experts believe that it is mainly due to high temperatures in combination with lack of winds and low precipitation. If this is the case, there may not be a huge risk if the OTEC/SAOTEC plant is situated in an area of high precipitation or if the presence of the space reflector itself contributes to an increased amount of precipitation. However the danger if this 82
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phenomenon occurs is the toxins that these algae produce, which kill fish and accumulate in the organs of shellfish. Red tides are not directly harmful to humans, but eating shellfish from these waters and bathing there should be avoided. Irritation of the eyes, nose and throat are all normal symptoms of being in contact with the air near Red tides. There are also risks for bloom of other algae and plankton. What typically happens is that they darken the water and use up the oxygen supplies, and thus leave the water in a deoxygenated condition [Heal the Bay 2003]. Different habitats can be found in different marine environments around the world. The Tropics are warm and humid and have an average temperature above 18C throughout the year. The tropical oceans are warm and have clear water, which are excellent conditions for rich faunas like coral reefs, which grow in this type of water, particularly in shallow areas. They are among the most diverse and productive ecosystems on Earth and include thousands of different kinds of soft and hard corals, fish, invertebrates and algae. Corals themselves are small animals that live in colonies and harvest energy from microscopic algae that inhabit their cells and give them their pigments. Other species that are common in the habitat of a coral reef are clams, turtles, sharks and stingrays [US State 1999].



Figure 4-36: Bleached coral [MacKenzie 2001]



Corals are extremely sensitive to changes in their environment. Even slight changes to their normal environment caused by factors such as temperature, salinity, solar radiation, exposure to the air, sedimentation and chemical contamination might endanger entire colonies. Comfortable water temperatures for different coral colonies vary from 25 to 29C. An increase of only 1 to 2C can stress corals. During prolonged temperature elevations, corals lose the symbiosis they have with their algae and thus their nutrition and their color. This state is referred to as coral bleaching due to the loss of pigment which makes coral appear white (see Figure 4-36). An increase in UV radiation also contributes to bleaching. Corals under physiological stress are more likely to be infected by pathogens. The so-called ‘Black Band Disease’ in particular results from increased temperature [US Department of State 1999]. Effects of Increased Solar Radiation on the Shore



The coast is where land and sea environments combine into specialized ecosystems at estuaries, coral reefs, rocky shores, ground shores, sand shores, mudflats, marshes and mangrove forests. It is a popular area where people enjoy activities like surfing, swimming, and which offers a high potential for economical benefits through fishing and tourism. Heated water in a marine environment affects its inhabitants directly. It is most noticeable in tropical areas where organisms are near their thermal maximum tolerances. An example is mangrove trees, which play a vital role in coastal regions as they provide a ground for spawning and nurseries for breeding fish. In a heated bay they can no longer reproduce as they lose their ability to spread their seeds in the lagoon. Increase in temperature can lead to shifts in precipitation patterns. Such changes are likely to upset ecosystems and cause vegetation communities and the animals that depend on them to adjust to new conditions which may not be favorable. A rise in temperature causes the rate of decomposition of organic matter in soil to increase. Soil decomposition releases CO2 to the atmosphere, which might enhance the greenhouse effect [Skinner et al. 1999]. 4.2.3.4



Additional Environmental Monitoring



In section 3.4.4, the environmental monitoring needs of an OTEC plant were presented. The monitoring systems and techniques outlined in this section for OTEC are still valid and should be implemented for International Space University, Masters Program 2004/2005
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SAOTEC plants too. With the addition of the space reflector, and the extra environmental effects that come with it, additional environmental monitoring and studies are required to determine and manage the full extent and nature of these effects. 4.2.3.4.1



In Situ Monitoring



In previous sections the potential consequences to the atmosphere, ocean currents, marine ecosystems (such as coral reefs), global warming and changes to global climates in general were identified. Atmospheric Monitoring



In situ measurements of atmospheric properties such as temperature, pressure, humidity, wind speed and direction (all of which will be affected by SAOTEC) can be measured using a device known as a radiosonde. A radiosonde is a balloon borne instrument platform with radio transmitting capabilities. It consists of a small expendable instrument package (see Table 4-9: Sensors contained within a radiosonde instrument package [Hopkins 1996]) that is suspended below a six feet wide balloon, which is filled with either hydrogen or helium. Table 4-9: Sensors contained within a radiosonde instrument package [Hopkins 1996]



Instrument Thermistor Hygristor



Anaeroid Barometer



Property Measured Temperature Ambient Relative Humidity Atmospheric Pressure



Sensitivity Range 313 to 363 Kelvin 15% to 100% (for typical hygristor) 10 to 1040 millibars



Wind speed and direction is inferred from timing between telemetry signals transmitted by the radiosonde and received by the ground station. Future generations of radiosondes will use GPS tracking systems to improve upon currently used tracking and telemetry systems. In addition to the instruments listed above, the radiosonde also has a baroswitch, commutator bar, oscillator, radio transmitter, battery, and a parachute. Once released, the radiosonde will ascend into the atmosphere at approximately 300 meters/minute. The radiosonde can typically stay airborne for more than two hours. In this time period, the radiosonde can reach an altitude in excess of 35,000 m and drift more than 200 km from the release point [NWS 2005]. As the atmospheric pressure around the balloon decreases, the hydrogen or helium gas inside the balloon expands. At the balloon’s elastic limit of expansion, it bursts. The radiosonde falls to the Earth with a small parachute to slow its decent and thus reduce the risks of high speed impacts to lives and property. Radiosonde observations are taken at the same time every day in numerous locations worldwide. The National Weather Service (NWS) in the USA, for example, takes daily observations “at 92 stations - 69 in the conterminous United States, 13 in Alaska, nine in the Pacific, and one in Puerto Rico” [NWS website 2005]. Through international agreements, observational data is shared between stations. As a variation to the standard radiosonde, a dropsonde is sometimes used to “collect low level weather data especially over ocean areas” [Hopkins 1996]. The dropsonde is dropped from an aircraft at flight level. A parachute slows its descent while it collects environmental data and transmits this data back to the aircraft. Dropsondes are particularly effective monitoring devices for use in monitoring cyclones and hurricanes – the dropsonde can literally be ‘dropped’ into the windstorm and carried along with it as it takes its environmental measurements. Ocean Temperature and Salinity Monitoring



The Argo program, which was described in section 3.4.4, when operational will provide sufficient monitoring for the global oceanic temperature and salinity effects of SAOTEC. However, in the area near the SAOTEC plant, there may be communication difficulties between to Argo diving robots and the satellite receiving network due to interference caused by the space reflector. Potential transmission difficulties resulting from the space reflector were already discussed in section 4.1.3. If it will be discovered that the Argo signal will be significantly distorted by the space reflector, a ground-based system of Argo signal reception, amplification and distribution should be considered for the region in the vicinity of the SAOTEC plant to compensate for this distortion.
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Coral Reefs and Other Monitoring



Coral reef monitoring and mapping should be conducted using the combined information from aerial color photography, hyperspectral remote sensing (RS) satellite imagery and underwater color photography. Using GPS tracking, all these data sources can be superimposed to obtain accurate mapping of the health of the coral reefs in a particular area. The color of the coral will provide information about its health. 4.2.3.4.2



Space-Based Monitoring



Space and ground-based monitoring systems that can be applied for SAOTEC have been discussed in section 3.4.4 in relation to OTEC. In the case of SAOTEC, more emphasis should be placed on monitoring the temperature of the water, the turbidity of water (which will give information on the wind conditions), the levels of photosynthesis, and on the formation of storms near low atmospheric pressure areas which could lead to cyclones. The space reflectors will influence the RS data collected. There might be false signals from the reflector light that is backscattered by clouds. Another possible impact is artificial Sun glint reflected by the sea surface or shadows, which can appear on the images taken by satellites in LEO which are below the space reflectors. For satellites in MEO with a higher orbit than the space reflectors and GEO satellites, the space reflectors may be visible on the optical images produced from these satellites. The space reflectors will block part of the image of the Earth’s surface from these satellites. Electromagnetic signals from active radar sensing satellites will suffer some degree of distortion and extra noise from the reflected beam of the space reflectors over the region where the SAOTEC plant is located. For this reason, the RS data obtained for this area may not be as reliable as it would otherwise be. 4.2.3.5



Light Pollution



Light pollution is an important but less well known environmental problem. Light pollution is defined as the adverse effect of artificial light dispersed outside the areas to which it is dedicated. The main types of light pollution are: glare (scatter from bright light that reduces vision), light trespass (light which shines onto neighboring property and is of an undesirable and obtrusive nature), energy waste (light that simply is not needed), and urban sky glow (light from the cities that destroys the rural look and the view of the Universe) [Crawford & Gent 2002]. Night-time lighting has a necessary role in our society, from lighting roads to parking spaces to architectural structures (Figure 4-37). The lights continue to burn, whether they are needed or not. On the other hand, everyone has a right to enjoy a dark sky filled with stars, or just simply go to bed and not have to see the street light through the bedroom window.



Figure 4-37: Illumination in cities [Tokyo City 2004]



Overly bright sunlight has serious impacts on human health, nocturnal wild life and vegetation. All organisms have a circadian rhythm, which spans night and day and influences biological processes and activities such as the sleep-waking cycle, metabolism, and behavior. In humans, the circadian rhythm is closely related to the hormone melatonin, which is synthesized in the hypothalamus in the early morning hours, even in nocturnal animals [Pauley 2004]. Pauley [2004] presents results showing that night time illumination reduces melatonin. It is a protective hormone and strong antioxidant that has evolved in plants and animals since the beginning International Space University, Masters Program 2004/2005
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of life. Without it the body’s resistance to diseases is reduced, an effect strengthened by psychological stress. The lack of melatonin affects estrogen levels in women, which in turn can increase the risk for breast cancer. There is also evidence that shift workers have higher risks of developing breast and colorectal cancer. Plants also have a circadian cycle. They depend both on sunlight and darkness for proper growth. Besides photosynthesis, the day and seasonal patterns of light and darkness greatly affect plant development. If, for some reason, the balance between light-time or dark-time is disturbed, or the light emitted is brighter or dimmer than usual, nature becomes out of balance and seasonal confusion occurs. Such confusion occurs when trees are not prepared for the winter due to its early arrival and are injured by frost and cold [Haas 2000] Many species are only awake or active during the night. This impacts entire ecosystems. Birds searching for insects chirp in the middle of the night and follow the light from skyscrapers and other tall structures, driven by their natural instinct to trust the starlight. They fall by exhaustion or from hitting these buildings. Another known example is how newly hatched sea turtles, normally protected by the night, walk away from the sea because they confuse its bioluminescence with light from human constructions which are ten times more luminous. Because of this, they will more often fall victim to dehydration and predatory animals [Haas 2000]. Light spills into the sky and reflects off dust and moisture particles. The consequence of this is that we can no longer see the stars and instead we see illuminated clouds (hence the Milky Way). Other than taking away the beauty of a star-filled night sky, professional and amateur astronomers are negatively affected. Astronomical observatories have had to close down when they can no longer see distant objects to a certain extent. This is an obstacle that impedes the understanding of the Universe. Finally, the night sky has also inspired humanity throughout our history. As Leonardi Vanzi once wrote, “The view of the infinity of space makes us better realize who we are and where we live, it makes us think of our home – Earth as the unique place that it is and finally force us to protect it.” [Vanzi 2000] 4.2.3.6



Mitigation Strategy Plan for SAOTEC



In section 3.4.5, mitigation strategies for OTEC were presented. The same mitigations apply to SAOTEC operations, with the following additions: i. ii. iii. iv. 4.3



The SAOTEC pool needs to be completely enclosed in order to prevent heated water from coming in direct contact with the surrounding sea. This way, harmful effects to marine ecosystems are considerably lower. This would also help in preventing interference with the thermohaline currents. By capping this enclosure with a transparent material to isolate this area from the atmosphere, it would be possible to prevent some of the environmental effects that are associated with an increase of water vapor and CO2 in the atmosphere. Oceanic temperatures around the OTEC pool need to be constantly monitored, to make sure that the surrounding environment remains stable and any changes are detected and followed up on. An efficient and timely atmospheric monitoring system should be implemented. Environmental changes, both over short and long-term, should be detected as soon as they occur. Ethical Issues Associated with the Operation and Use of SAOTEC Plants



There are a number of additional ethical issues arising when using space technology to enhance the capabilities of the OTEC plant. Besides the space reflector, other space applications that assist in the operation of an OTEC plant include remote sensing, navigation and communications systems. In 1999 a space reflector named Znamya 2.5 was released from the Russian space station Mir. It consisted of a giant, paper-thin foil reflector, 25 m in diameter. Aboard Mir, astronauts were able to control the tilt and direction of Znamya so that it reflected sunlight down to specific spots on the Earth’s surface. Znamya was five to ten times as bright as the Moon, and provided daylight during the night to the inhabitants of the areas on which it was focused, including London, Kiev, Brussels, Seattle, and Quebec [Kingsnorth 1999]. Astronomers and ecologists had several issues concerning Znamya 2.5. Astronomers complained that a string of “false moons” across the night sky would effectively blot out the stars and thus abolish their science. Ecologists and naturalists warned of disastrous effects on ecosystems caused by disturbance of the stability of species that rely on the age-old rhythm of night and day [Kingsnorht 1999]. A space reflector could be viewed as an artificial sun. Sun worship, deification and adoration occur primarily 86
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in agrarian, agricultural, societies [CEE 2003]. These farmers, who depend upon daily and seasonal changes of weather, often turns to worship force which they believe regulates these changes: the light and heat of the Sun. Worship of the Sun was greatest in Ancient Egypt. There, the daily birth, journey, and death of the Sun were the dominating features of life. One of the most important Gods of the Egyptian Mythology was Ra, the Sun-god. He was considered the first king of Egypt. The Pharaoh, said to be the son of Ra, was the Sun-god’s representative on Earth. Sun worship was also very important in Mesopotamia, where the Sun-god Shamash was a major deity and was equated with justice. In Greek Mythology there were two Sun-gods; Apollo and Helios. The influence of the Sun in religious beliefs also appears in Zoroastrianism, Mithraism, Roman religion, Hinduism, Buddhism, and among the Druids of England, the Aztecs of Mexico, the Incas of Peru, Shinto in Japan and many Native Americans. These deeply rooted relations to the Sun in many areas need to be taken into consideration when examining the religious issues involved with SAOTEC utilization. In today’s industrialized society, people live with artificial lights. It is not only for reading or work at night but also for pleasure, art and various ways of use. Big cities are constantly illuminated, even throughout the night. In winter, when there is less sunlight, people wish to see even more of the illuminations. According to Dr. Scott Davis [2001], exposure to light at night may increase the risk of breast cancer by suppressing the normal nocturnal production of melatonin, which in its turn could increase the release of estrogen (see section 4.2.3.5). On the other hand, there are many different factors that constitute risks of cancer in our daily life. The Journal of the National Cancer Institute finds that light at night is one of the most common occupational exposures in our industrialized societies [Davis 2001]. Therefore, further research to improve our current understanding of the effects of light at night on human health is prudent. The idea to use a space reflector as a weapon has been around for some time. A space mirror could be used to destroy cities by causing cyclones and hurricanes and destroy armies in the field by burning them alive [Gernsback 1963]. Many technologies that we use daily have advanced through development of defense systems. Space technologies were also developed through military action and motivation. However, similar to nuclear energy, the use of harmful weapons concerns moral and ethical issues. These issues need to be considered when people are deciding how to use them. Twenty-four hour lighting could also inspire new forms of art. New paintings will be painted, new music composed and new poems hummed. However, existing art, like lyrics expressing evening sunlight, night and dawn may not be recomposed in this area. If it is bright for twenty-four hours, there will be people who cannot sleep and who will suffer from mental disorder. On the other hand, the populations in northern Scandinavia, Russia, North America and Greenland live their summer months with twenty four hours of Sun. Cultures like of the Eskimos and the Sami, the ‘native Scandinavians’, a nomad culture, have always lived with the midnight Sun. A space reflector could have many more practical issues. It could for instance be used as an emergency light mechanism for a disaster area at night. Another way is to light up dark areas to avoid winter depression. The reflector could assess an all-year marine resort to bring happiness, cheerfulness and liveliness. There could be business for tourists who would like to see the new technology, in combination with nice resorts offered along the Equator. Both advantages and disadvantages exist from the ethical point of view concerning the operation of a SAOTEC plant. More will become apparent as the technology is further studied and utilized. Within our information society, there are so many information sources that it might be difficult for people to handle and judge what is right and what is wrong, what is good and what is bad. However, referring to the normative principle in applied ethics introduced in section 3.5, all technical, economical, environmental and legal considerations in the development of an OTEC or a SAOTEC plant should be taken into account with the cooperation of experts from these different fields. Prof. Andre Heck [2002] recommends that beyond developing ties with other scientific disciplines concerned with environmental impact and disruption of circadian cycles in living organisms including humans, appropriate strategies should be to secure public support by ad hoc information and education. The World Commission on Scientific Knowledge and Technology (COMEST) was created in recognition of the growing importance of ethical reflection on the cultural and social repercussions resulting from the fast pace of scientific and technological knowledge development. COMEST promotes ethical multi-disciplinary reflection International Space University, Masters Program 2004/2005
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on a number of situations that represent risks to the society. They elaborated on the ethical norms of space policy as follows [Pompidou 2000]:   



   







If ethical considerations must help to resolve conflicts that are liable to occur from applications of space technologies, criteria or norms must be established to support the relevant arguments. Ethics must precede and guide the law and not vice versa. Ethics represents a permanent movement, which is destined to enlighten regulations. Space activities require a precise legal framework which meets the ethical aspect, which is designed and clearly accepted by all players in the field. For instance, within the United Nations system, general principles must be drafted and adopted in respect of the legal concept of the launcher country and the status of low orbits. But even before this, most countries should ratify the legal instruments that already exist in the space sector to enable them to be brought into force. The ethical principles should be applied to every phase of development of the space instrument and they should underlie the strategic plans of the space agencies. Where appropriate, the establishment of an ethical code should flow from international consultation to harmonize practices and possible legislation in order to avoid the proliferation of norms specific to each country. To avoid any shadow zone and permit better understanding and the support of public opinion, the greatest possible clarity and independence must be ensured in putting forward motivations which, regardless of their foundations, underlie decisions on space programs. This presupposes genuine transparency on the part of the space agencies and governments which take the decisions and also of the media which are their relays in society. A definition of the basis of a space culture has become imperative today.



Through all these facts, accurate and honest information and education conveyed to people is necessary. At the same time, with the information and education from the project side, more public discussions on such questions as how people think and what people want, will create the future ethics of a SAOTEC project. 4.4 4.4.1



Law and Policy Introduction



Using space to assist and to increase the efficiency of conventional OTEC power plants involves not only law and policy issues as mentioned previously but also issues dealing pertaining to how space law, environmental law and liability issues become applicable during different phases of the plant’s realization. States planning to increase the ocean temperature have to be careful that the environments of neighboring states are not affected. Furthermore, possible human health and biodiversity threats from land based SAOTEC plants near the shore have to be prevented. The following section will show how specific Space law issues become applicable to the SAOTEC project. These issues begin with the United Nations (UN) principles on remote sensing, the Outer Space Treaty (OST), the International Telecommunication Union (ITU) frequency allocation in MEO and various registration and liability themes. Even if the Solar Reflectors (SR) are only designed and planned to increase ocean temperature, other possible applications could be projected. For example, the solar reflector must be considered as a potential weapon of mass destruction, and this must be taken into account from the legal point of view. 4.4.2



Environmental Regulations



In addition to the conventional OTEC plant facilities, SAOTEC power plants will not only affect local environment, but may furthermore have global impacts on environmental parameters. For space-aided OTEC plants, a solar reflector will heat the sea surface temperature up to 60°C. This will not only affect the maritime environment (i.e. flora and fauna) but might also contribute to global warming by heating the atmosphere. The illumination of coastal SAOTEC plants by a solar reflector may cause a local, environmental disturbance of the 24 hour day/night cycle of resident people, animals, plants and micro organisms (see 4.2.3). Countries and governments planning to build a coastal SAOTEC power plant will have to consider and take precautions to prevent threats to land-based activities, for both human health and well-being and the integrity of coastal 88
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and marine ecosystems as well as the biodiversity. There are three major legal documents which are applicable to the SAOTEC development and operational phase:   



The Law of the Sea Convention (1982) The Washington Declaration on Protection of the Marine Environment from Land Based Activities (1995) The Convention on Biological Diversity (1992)



The Law of the Sea Convention proclaims that States are responsible to ensure that activities under their jurisdiction or control do not pollute another State’s environment27. Off-shore water SAOTEC plants will use Solar Reflectors to heat a delimited sea surface area in order to increase its temperature gradient to gain a proper amount of energy. Even if a high reflector stabilization and precision pointing capability is required to operate space-aided OTEC plants, a seawater temperature increase will not only strictly occur on the plant facility area, but will also raise the temperature of the surrounding water area. Habitats of sea organisms and microorganisms will be affected and species might be extruded or displaced by other new species or alien organisms. States are required to prevent these occurrences according to article 19628: “States shall take all measures necessary to prevent, reduce and control pollution of the marine environment resulting from the use of technologies under their jurisdiction or control, or the intentional or accidental introduction of species, alien or new, to a particular part of the marine environment, which may cause significant and harmful changes there to”. More specifically, environmental assessment and monitoring will be necessary to prevent harmful changes to the marine environment29. The Washington Declaration on Protection of the Marine Environment from Land Based Activities (1995) declares its commitment to protect and preserve the marine environment from the impacts of land-based activities. But environment and biological biodiversity is not limited to plants, animals, microorganisms and their ecosystems. The Convention on Biological Diversity 1992 recognizes that biological diversity is also about people and their need for food security, medicine, fresh air and water, and a clean, healthy environment in which to live. Besides producing energy to cover local energy demands, OTEC plants will also provide desalinated water. OTEC plants might offer a safe and environmental friendly alternative to supply populated areas with the produced water. Natural water deficiency can be compensated and biological diversity can be maintained even if a local disturbance of maritime or land-based environment occurs. The United Nations Framework Convention on Climate Change [United Nations 1992] recognizes that all countries, especially developing countries, need access to the resources required to achieve sustainable social and economic development. In order for the developing countries to progress towards that goal, their energy consumption will grow. Taking into account the international needs for achieving greater energy efficiency and for controlling greenhouse gas emissions in general, SAOTEC facilities can contribute to clean energy production by using renewable energy source and avoiding the emission of greenhouse gases at the same time. 4.4.3 4.4.3.1



Space Law Applicability Remote Sensing



The OTEC project is planning to use many space capabilities during different phases of the plant’s construction and utilization. During the pre-OTEC plant phase, RS will be used for determining the location of the best site to house the OTEC plant. A combination of images and data will be needed to optimize the Law of the Sea, Part XII: Protection and Preservation on the Marine Environment; Section 1, General Assessment, Article 194 28 Law of the Sea, Part XII: Protection and Preservation on the Marine Environment; Section 1, General Assessment, Article 196 29 Law of the Sea, Part XII: Protection and Preservation on the Marine Environment; Section 4, Monitoring and Environmental Assessment, Article 206 27
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process. Afterwards, during the plant’s operation, data including some images will need to be purchased from satellite companies to insure a constant monitoring of the plant’s operations and to compliment the security program. International law has many provisions concerning the RS activities, the most important of these being recapitulated in the UN principles on RS adopted by the UN General Assembly in 1986. Although the UN General Assembly only adopts recommendations and these recommendations are non-binding, most of the RS principles have a customary value. States have to respect these principles on a customary basis. These principles are applicable to the OTEC group because they are applicable to private entities30. While the access to that data is guarantied by the UN Principles on RS31, the respect of the rights and interests of the sensed States should be taken into account. In the case of the operational phase, there should be no problem because the sensed State will be the State regulating and licensing the OTEC plant. But during the pre-OTEC plant phase, all the information that is bought must be made available, at market price, to the sensed State. This could be a problem if the investors want to have a certain amount of control on the information concerning the potential of an OTEC-plant site, since that information will be available to the sensed State. Sensed States shall have access to primary and processed data32. 4.4.3.2



Solar Reflector: Definition and Insurance



The solar reflector (SR) that will be designed will be launched in MEO, at approximately 1,750 km of altitude. It will have an autonomous control system, but will need a ground station for orbit, attitude control and to insure a 24 h/365 days monitoring over the solar reflector if any emergency situation occurs. This solar reflector will generally not emit or transmit any data other than the basic information needed to control it from a ground station. For that purpose only L band (in the region of the 1,500 MHz) will be used. The international legal framework regulating space activities permits the launch of the SR. Recalling the Outer Space Treaty article I: “… Outer space, including the Moon and other celestial bodies, shall be free for exploration and use by all States without discrimination of any kind, on a basis of equality and in accordance with international law, and there shall be free access to all areas of celestial bodies.” and article VI “States Parties to the Treaty shall bear international responsibility for national activities in outer space, including the Moon and other celestial bodies, whether such activities are carried on by governmental agencies or by non-governmental entities […] The activities of non-governmental entities in outer space, […] shall require authorization and continuing supervision by the appropriate State Party to the Treaty …” Article I states the free use of space, giving the States the right to launch the SR. On the other hand, article VI emphasizes the international responsibility of the States, concerning their space activities, if they are conducted by governmental or non-governmental entities. These activities should not be harmful to the environment or contaminate any other celestial bodies and should not interfere with other space activities conducted by other States33. The SR will be launched by an available commercial launcher as is the usual procedure for any satellite. The insurance policy for the pre-launch phase, launch phase and launch liability will also be similar to that offered when launching an usual satellite, but the in-orbit insurance will be more difficult to negotiate. This is because insurance brokers will assign higher risks and thus demand larger insurance premiums on new types of satellites that have not yet been operated. Even if the Russians have launched such space objects in the past [Space Frontier Foundation 2005], for the insurance companies it is always an issue to define and measure the costs and risks for the operation phase of such new device. The typical insurance process takes from 2 to 3 years of negotiations. UN Principles on RS, Principle XIV: recalls Outer Space Treaty, Article 6 UN Principles on RS, Principle IV: recalls Outer Space Treaty, Article 1 32 UN Principles on RS, Principle XII 33 Outer Space Treaty, Article IX 30 31
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Solar Reflector: Registration



Any object launched in space must be registered according to a specific registration procedure34. First, the space object, here the Solar Reflector (SR), must be registered in a national registry. The launching State must register the SR by means of an entry in an appropriate registry which it maintains. The content and the form of each registry is determined by the State of registry35. After registering the SR in the national registry, the next step is to register it in the UN registry36. The State of registry must provide the Secretary-General as soon as practicable: 1- Name of the launching State or States 2- Designator of the space object or its registration number 3- Date and territory or location of launch 4- Basic orbital parameters, including : nodal period, inclination, apogee, perigee 5- General function of the space object 4.4.3.4



Solar Reflector: International Telecommunications Union Regulations



The official definition of the ITU is [International Telecommunication Union 2001]: The Union was established as an impartial, international organization within which governments and the private sector could work together to coordinate the operation of telecommunication networks and services and advance the development of communications technology. In simple terms, the International Telecommunication Union has the mandate to allocate frequencies for telecoms and to make sure that there is no interference among the different telecommunications (ground, air and space). The issues involved in the ITU process: The proposed design of the solar reflector involves a communication system for tele-command. This system will be using the L band frequency (in the 1,500 MHz region) [International Telecommunication Union 2001]. The OTEC design will be using a narrow band for the communications with the SR, making it easier to pass through the ITU regulations. Furthermore, the L band has a wide coverage, permitting the use of less ground stations. The SR does not need to transmit or emit any other type of information. Communication with the SR will be punctual in time because the SR attitude and orbit control system is designed to be autonomous. The registration of many SRs will be necessary because the project design involves placing twenty SRs in MEO. The MEO has been chosen instead of the GEO because the GEO is a very crowded orbit and reserving an orbital slot in GEO can be problematic. On the other hand, a MEO orbit answers the needs of the OTEC project without the inconvenience of the GEO, which involves heavier and longer procedures. Outline of the general procedure: The ITU registration is a complex procedure and is handled by specialized firms and consultants, the aim of this section is to give an idea of the different steps that the OTEC project should go through. In most cases, the ITU procedure involves four steps [International Telecommunication Union 2001]: 1- The first step is the submission of the Advance Publication of Information data which is analyzed and published by the ITU's Radiocommunication Bureau (RB). This is fairly minimal data and just serves to put ITU personnel on notice that the OTEC project is being planned. 2- The second phase is the submission of coordination information. This requires much more detailed information and is analyzed by the RB mainly to identify which other administrations might be affected by the proposed assignments. All of this information is published by the RB and the The Convention of registration on objects launched into outer space, Adopted on 12 November 1974, opened for signature on 14 January 1975, Entry in force on 15 September 1975 35 The Convention of registration on objects launched into outer space, Article II 36 The Convention of registration on objects launched into outer space, Article IV 34
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proposing administration has to coordinate with all of the affected administrations identified by the RB. In practice, because of the coordination backlog in the RB, usually this coordination process between administrations begins even before the Bureau publishes the official coordination information. 3- The third step is the notification. Once all the coordination steps are completed, the proposing administration sends to the RB the notification information. This information is essentially the same as the information submitted at the coordination stage plus indications are given as to the administrations where coordination has been successfully achieved. This information is examined by the RB. 4- The fourth phase, the recording, being the publication by the RB of the gathered information and records it in the Master International Frequency Register (MIFR). Generally speaking, to complete all of the above steps would take several years. There are some minimum and maximum times set out in the Radio Regulations but one should submit one's API information at least two to three years before the bringing into use date. The RB's backlog of coordination requests to be published is about one year currently [International Telecommunication Union 2001]. Further considerations: One shall note that while the system operators do most of the work in most cases, only administrations of Member States of the ITU can make filings, respond to RB requests, etc. For these reasons, before initiating any procedure, a notifying administration must be identified (e.g. Australia, Japan, etc.). Two specific issues that could concern the ITU are frequency interference and interference produced by the light reflected to Earth. Concerning the fear of the SR acting as a passive frequency reflector, simulations should be conducted to reveal the extent of such phenomenon. On the other hand, this issue should not be of great concern because even if frequencies are reflected by the SR, each system works with a different frequency and systems are designed not to be influenced by other frequencies (the odds of a frequency influencing another being very low). The second issue is that a satellite could cross the light reflected by the SR. Appropriate orbits should be designed to reduce this occurrence. If the satellites do pass through that zone, it will be for a very short amount of time which is not enough to disturb the satellites. 4.4.3.5



Solar Reflector: Operation and End of Life



Security zone: During the operation of the solar reflector, the concentrated sunrays will be directed to a specific area inside the Exclusive Economic Zone (EEZ). That area will require a safety zone of more then 1 km (0.54 nm) diameter. This security zone should be established in order to avoid any inconveniences to the boats, planes or any other object that could be influenced by the increase of temperature and all light. Even if the targeted area is in the EEZ, competent international organizations should be consulted because the security zone size clearly exceeding 500 m (0.27 nm) of radius, being the maximum permitted under international law37. Light pollution: All types of pollutions influence our world, the most recent type being light pollution (see sections 4.2.3.5 and 4.3). Astronomers are the ones that are primary influenced by that issue. The solar reflector by definition reflects light on Earth. This is not an issue during the day, but that factor becomes more problematic during the night. The optimal situation would be to locate the plant far enough that it does not have any influence on the land. In the case that the light projected by the solar reflector has any type of influence on the coastal State or its neighboring States, light pollution considerations should be taken into account. Being a recently denounced type of pollution, light pollution regulations and laws are not yet implemented worldwide. The only country that has a regulation is the Czech Republic [Loof 2003; Horakova 2002]. This regulation was implemented in 2001 and does not specify any procedure for its application. At present the government is applying it with certain flexibility. Other countries around the world might follow the Czech Republic example. Several States in the USA and Australia, and the Italian region of Lombardy have this issue United Nations Convention on the Law of the Sea, Part V: Exclusive Economic Zone, Article 60, Artificial islands, installations and structures in the exclusive economic zone 37
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on their agenda [Loof 2003; Horakova 2002]. Given the fact that the OTEC plant project will be implemented in several years from now, more countries could follow the example of the Czech Republic and solar reflectors could be targeted by these laws or the groups that see them as a threat or as a new source of pollution. Weapons of mass destruction: Many speculations have been made about the possibilities of space solar reflectors. Perhaps the most disconcerting is their potential ability to destroy cities and incinerate armies in the battle field [Hermann 1972] (see section 4.3). The solar reflector design proposed in the present project (see section 4.1.1) does not have such capabilities and has the aim of enhancing OTEC plant efficiency. Furthermore, the design does not permit any extension for the development of capabilities such as the ones stated above. Some considerations have to be stated before discussing the issue of weapons of mass destruction. These include:(1) the solar reflector placed in orbit will simply redirect the Sun rays and will not modify the nature of the solar rays by any means (see section 4.1.1); (2) the utmost effects are in the peak area inside a 17 km diameter; (3) the influenced zone will be targeted by around 5 W/m2 being a low influence compared to the 800 W/m2 produced by the Sun at day time (4) no influences will be felt magnetically or on radiofrequencies. Given the considerations above, the present design of the solar reflector is not subject to the 1948 UN Commission for Conventional Armament38: “…those which include atomic explosive weapons, radioactive material weapons, lethal chemical and biological weapons, and any weapons developed in the future which have characteristics comparable in destructive effect to those of the atomic bomb or other weapons mentioned above.” But the resolution 51/37 of 7 January 199739 passed by the UN General Assembly contains no specific definition and therefore could include any system that can potentially develop into a weapon of mass destruction: “… to prevent the emergence of new types of weapons of mass destruction that have characteristics comparable in destructive effect to those of weapons of mass destruction identified in the definition of weapons of mass destruction adopted by the United Nations in 1948 and it [r]eaffirms that effective measures should be taken to prevent the emergence of new types of weapons of mass destruction.” In some specific cases, the solar reflector can increase the temperature in order to influence human behavior, leading to the possibility of influencing for example an airplane crew in flight or a ship’s crew in the ocean, thus provoking massive damage to the passengers. In these cases, the resolution above could lead to the conclusion that the solar reflector can be considered as a weapon of mass destruction. The Outer Space Treaty, according to Article IV, specifically prohibits placing in orbit any sort of weapon of mass destruction: “States Parties to the Treaty undertake not to place in orbit around the Earth any objects carrying nuclear weapons or any other kinds of weapons of mass destruction, install such weapons on celestial bodies, or station such weapons in outer space in any other manner.” Finally, it should be noted that most technologies have disadvantages that accompany the advantages. The nuclear plants have a risk that can be associated with a weapon of mass destruction. At the end, a good surveillance plan should be implemented to secure the public opinion and to insure that the solar reflector is not put in the wrong hands. End of life: At present there are no regulations that require a party to apply certain procedures at the end of their space object’s operational life. But given the increasing problem of the space debris, the parties tend to respect certain procedures that minimize the debris in Earth orbit. These procedures are discussed and published by several organizations such as “The UN office of outer space affairs”, “The NASA Orbital Debris Program Office” and “The Inter-Agency Space Debris Coordination Committee”. 38 39
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At the end of its life, the solar reflector should follow international recommendations concerning a re-orbiting or a controlled reentry. Specialists in that field recommend a controlled reentry in the atmosphere because of the size of the reflector. The controlled reentry would involve a maximum burning in the atmosphere after an unpopulated area is chosen for the final destination of the reflector. Space debris is an international concern but it is even more important to consider in the case of a solar reflector, whose size and shape make it more sensitive to space debris than any other space object. Finally, a plan concerning the end of life of the solar reflector is essential given the fact that the international opinion is critical to the OTEC plant project and that the implementation of international regulations on space debris could be in place at the time of the project’s realization (see section 4.1.1.8 for the projected end of life of the SR). 4.4.3.6



Solar Reflector: Liability



A space solar reflector is not a common object launched in orbit. The only example of such attempts are those performed by the Russians with the project Znamya [Sampson 1999]. Such activities have been criticized [McKibben 1993; Kingsnorth 1999] and are not well perceived by the general opinion. Nevertheless, a solar reflector is considered as a Space object and is subject to Space Law liability. Both the space liability regime and the general liability regime should be considered when a damage is caused by the SR. The space liability regime, being more specific to space activities, has the priority. While the general liability regime is for every international issue, it should be applied only if the space liability regime is not applicable. When the general liability regime applies, for a State to be liable, constitutive elements must be fulfilled: Breach of law  Violation of international law  Attributable to a State Damage  Damage a. It can be material b. It can be moral c. The damage must be proven  Caused to a subject of law Causal connection  The connection between the wrongful act and the damage must be certain and the damage must be the logical consequence of the wrongful act. The Space liability regime has two regimes. The “Fault required”40 regime is applied when space damage is caused in outer space to other space objects. The “Fault not required”41 regime is applied when damages is caused to the surface of the Earth or to aircrafts. The following paragraphs outline the most relevant cases. The first case is the damage caused to any Earth based object or airplane by the solar reflector itself or by any of its components. That is a case where there is a physical impact between a space object and an Earth object and falls under the “fault not required” segment where the damaged State does not have to prove the fault and the State responsible for the space activity must comply with the Convention on International Liability for Damage Caused by Space Objects (CILDCSO) and compensate the damaged State according to the compensation regime of the CILDCSO. The second case is the damage caused by the solar reflector or its components to any satellite or space object in space. In that circumstance, the damage (caused by a physical impact) occurred in outer space, where all the States are sharing equal risks from space exploration. According to article III of the Convention on International Liability for Damage Caused by Space Objects, the fault is required and the fault regime of the CILDCSO is applicable (Note that the fault regime is similar the General Liability Regime (GLR)). 40 41



Convention on International Liability for Damage Caused by Space Objects, Article III Convention on International Liability for Damage Caused by Space Objects, Article II
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The third case is the damage caused by the solar reflector’s diverted solar rays to any Earth-based object or airplane. In that situation the damage is not caused by any physical impact and according to the Article I of the CILDCSO, the damage must be caused by a physical impact of a space object42 for the CILDCSO to apply. In consequence, the GLR applies and the fault must be proven. The fourth case is the damage caused by the solar reflector’s diverted solar rays to any satellite or space object in orbit or in space. In that scenario, the CILDCSO doesn’t apply because there is no physical impact, leading to the application of the GLR where the proof of the fault is required. 4.4.4



Conclusion



To plan, build and operate space-aided ocean thermal energy conversion plants, States need to prepare a legal framework well in advance. All the phases (developing, assembling, launching and operating) involving solar reflectors should be carried out separately from OTEC. As energy demand increases and more and more fossil fuels are used to meet this demand, world pollution will undoubtedly increase. To help lessen this growing level of pollution, the 1992 United Nations Convention on Climate Change made as its objective, “to achieve stabilization of greenhouse gas concentrations in the atmosphere at a low enough level to prevent dangerous anthropogenic interference with the climate system”. SAOTEC plants answer that need by helping to cover the increased need for energy demand without producing greenhouse gases. From the ITU perspective, placing reflectors in MEO should facilitate the procedure compared to GEO, where slot allocations are difficult to obtain. Due to the complexity of the ITU procedures, a specialized consultant should take charge of the case. Besides complying with the rules of environmental law, the major issue of light pollution in the context of SAOTEC plants has to be taken into account. Nowadays light pollution is only considered as a political issue, but it might get a legal value in the coming years with the public opinion becoming more sensitive to the question. Ultimately, the solar reflector should not be considered as a weapon of mass destruction, due to its design and original purpose of usage.



“Space object” includes components parts of it as well as its launch vehicle and parts therefore. It includes debris. Article I of the convention on International Liability for Damage Caused by Space Objects 42
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5 Comparison of OTEC and SAOTEC 5.1



Introduction



In this chapter the advantages and disadvantages of Ocean Thermal Energy Conversion (OTEC) and spaceaided ocean thermal energy conversion (SAOTEC) will be compared. The two systems will be compared from the technical, economical, and environmental points of view in separate paragraphs. Legal issues are deliberately left out of this comparison, as there seem to be no specific legal obstacles to either OTEC or SAOTEC plants. In other words, a comparison of the legal status of both concepts can not lead to a choice between the two. This comparison chapter will provide the basis for the implementation plan in the next chapter. An approach will be suggested on how to develop the OTEC system and the space reflector system. A rationale will be developed for the construction and scale of both the OTEC plants and the space reflector system. 5.2



Technical Discussion



From the technical point of view, the following observations can be made comparing the OTEC and spaceaided OTEC plants. The main benefit of SAOTEC and OTEC plants is power production 24 hours a day as opposed to photovoltaic or wind energy systems. The space reflector increases the efficiency of the plants. On the other hand, if the space reflector is unavailable for a certain period of time, the OTEC plant can still produce some power. Technical research and development is required for both the OTEC and the space reflector. OTEC should be developed before starting the development of the space reflector. With the scaling up of the OTEC power plant, the requirements for the turbine, cold water pipe are more stringent. With present day technology it seems to be unrealistic to construct a 100 MW commercial OTEC plant. Furthermore, no commercial or experimental OTEC plant is operational at this moment [Pat Takahashi]. Therefore not much new technical development is taking place in this field. This is causing long time for the OTEC technology to mature. Apart from the development in the technical aspects of the OTEC plants, we also need data from the operation of the pre-commercial plants. The efficiency of OTEC plants based on the closed cycle for warm water temperature of 30°C and cold water at 4°C is 6%. After augmenting the OTEC plant with space reflectors, the warm water temperature rises to 50°C and doubles the efficiency. Other conversion methods like thermal power generation are more efficient. Solar reflector can be combined with other conversion methods, such as solar thermal or photovoltaic to generate power more efficiently. OTEC requires large volumetric flow of water. Heating this water would in turn require huge reflector area and a huge space reflector system. The reflector system suggested in the space reflector chapter is a minimalist approach. Large volumetric flow of water can be compensated by using multiple stages in the OTEC plant but to scale up the plant further will require heating the ocean surface water above 60°C, which may have some unfavorable environmental effects. SAOTEC plants depend more on the site selection of the plant. Similar to the normal OTEC plants, the SAOTEC requires a temperature gradient of more than 20°C. The SAOTEC plant requires an enclosure of about 17 km in diameter. If a natural geological enclosure such as an atoll or a bay is used, then this would restrict the choice of potential locations. Otherwise high cost would be incurred to create additional infrastructure, i.e. an enclosure of 17 km diameter. The space reflector system can provide the power required on ground, if the transmission from the mirror to the ground is assumed to be loss-free and that all the power is absorbed by the seawater. This is not a realistic assumption. Furthermore, the power density is very low, around 5 W/m2. This is only a small fraction of the normal solar input on ground. Based on these considerations, the space reflector system would need to consist of many more space reflectors to provide a reasonably large amount of power and power density. 96
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Another major disadvantage is that the space system is highly complex. The space reflector system described is at the limit of technical feasibility. The individual reflectors are likely to have more mass per unit of reflector area, and the reflectors will be smaller. This in turn would lead to more launches to establish the entire constellation. Ehricke [1979] suggested reflector constellations for power generation containing around one thousand mirrors. It is unlikely that the space segment described in this document can provide illumination for more than three or four ground stations simultaneously. The system of 20 active mirrors proposed in this document would be enough for a first experimental assessment of such a space system. It can serve plants around 50 MW in size, which is a relatively small power output. After such an assessment, 50 MW plants can be used to provide power to, for example, island states or other small consumers. To obtain larger benefit and generate more power, the space system would need to be expanded. The space reflector system in its present form could be used for experimental purposes and for night illumination. The constellation can be re-arranged using solar sailing techniques to serve these purposes if necessary. Space reflector technology should not be developed specifically for space-aided OTEC plants; however, the technology may be developed for other purposes. Apart from the application as space reflectors, similar large reflecting film structures can be developed as solar sailing spacecraft. 5.3



Economic Considerations



Comparison of Different OTEC Concepts



In Table 5-1, the financial results of all OTEC concepts are presented. The table includes the following financial indicators for each concept: internal rate of return (IRR), net present value (NPV), and cost of electricity produced per kilowatt-hour. As shown in the table, the OTEC and the SAOTEC concepts are not economically viable. The 6 MW reference plant would provide the lowest cost of electricity produced per kilowatt-hour. However, the IRR is not high enough in any concept to attract private investors considering the high amount of investments needed and the level of risk involved. Table 5-1: Financial comparison of OTEC concepts



IRR, Internal Rate of Return



NPV, Net Present Value, mln.



Cost per kWh



6 MW off-shore OTEC



5.3%



$7.3



$0.23



16 MW off-shore OTEC



4.1%



$9.1



$0.19



10 SAOTECs of 16 (50) MW



2.8%



$1 030



$0.19



OTEC Concept



The economic argument for OTEC plants is based on the variety of products they can provide: electricity, desalinated water, hydrogen, aquacultural food, and minerals extracted from ocean water. OTEC can serve segments of the growing electricity, desalinated water, and hydrogen markets. For electricity, rural, isolated locations not connected to an electricity grid are optimal. Even today, 1.4 billion people in developing regions have no access to electricity. Furthermore, areas where renewables are relied on heavily but whose ability to produce electricity are intermittent and unreliable are optimal for an OTEC plant. OTEC plants require a high amount of investment and involve high risks as the technology is not mature enough yet. Thus it is difficult to find the appropriate sources of funding. It is expected that the technology will become commercially operational in 25 years only, adding additional time for the development of the space segment. The economic feasibility of the SAOTEC concept depends on the cost of the space reflector and the launch. The space reflector operating entity can be seen as independent from the SAOTEC plant’s operators as well, selling other services of the space reflector (e.g., light). The very first OTEC plants will be small in size and careful site selection is a pre-requisite. A demonstration plant should be established to obtain operational information and optimize the design of the first generation of commercial plants. A proven operational record may eventually convince the financial community to invest in OTEC. The first plants will have to produce electricity and desalinated water in order to offset the International Space University, Masters Program 2004/2005



97



Space Aid for Ocean Thermal Energy Conversion



Comparison of OTEC and SAOTEC



relatively higher cost of electricity. On the one hand, OTEC plants can provide remote and isolated communities with energy independence, leading to enhanced economic development. On the other hand, these regions may lack the appropriate infrastructure for the plant construction as well as the product distribution. In the light of limited energy resources, governments are the preferred targets of OTEC system promotion, its motivation varying from foreign aid to domestic concerns. The public sector can further contribute to the success of OTEC plant operations by taxing the electricity produced by renewable resources under more favorable conditions. The success or failure of OTEC will depend on its ability to become more cost efficient in producing its products than are other methods. If economies of scope, or the ability to produce many products more cheaply than producing those products by themselves, can be realized with OTEC plants, then OTEC may have a unique cost advantage that can help propel it into various markets. The space reflectors represent the major cost driver of the SAOTEC project. Future technological development in the space reflector and launcher segment as well as the OTEC concept could significantly improve the financial results. A sensitivity analysis was made in order to show the effect of the space segment costs on the economic feasibility of a system of ten SAOTEC plants sharing one space segment. The PRICE H cost estimation model [Eilingsfeld] was used to estimate the development and construction costs of the space reflectors. The cost estimations made by this model ($377.60 million for development and $176.64 million for construction) represent the level of current technologies. Due to technology developments, the costs for development and production will be lowered in the future. As shown in Table 5-2, a decrease in the space reflectors costs improves the financial results. At a cost of $200 million for development and $100 million for construction, price of electricity produced would be low enough to be competitive in industrialized countries. This means that the space segment can be an economically efficient component of OTEC plants when technologies will be more developed and OTEC plants more numerous in the future. Table 5-2 Sensitivity analysis of the space segment costs on the SAOTEC concept



Space reflectors development cost (M $) 300 250 250 200 150 150 100



5.4



Space reflectors construction cost (M $) 150 150 100 100 100 50 50



IRR



NPV



Electricity cost, $/kWh



3.71% 3.8% 3.8% 5.8% 5.9% 8.4% 8.6%



-$411.9 -$369.0 -$326.0 $708.8 $751.8 $1 786.6 $1 829.5



$0.18 $0.17 $0.17 $0.15 $0.15 $0.12 $0.12



Discussion on Environmental Impacts from OTEC/SAOTEC



In an era of vast technological advancements and increasing global demands for energy, the well-being of the environment often takes a back seat to economical and technical considerations. This is evident in the increasing level of carbon dioxide and other greenhouse gases in the atmosphere, mainly from the burning of fossil fuels. To prevent further environmental damage, it is necessary to reduce global greenhouse gas emissions. In this respect, OTEC plants could provide a solution. 5.4.1



OTEC



In comparison to fossil fuel burning power plants, OTEC is an environmentally friendly means of power production since it does not release massive amounts of CO2 into the atmosphere. In fact, some OTEC supporters actually claim that the OTEC process could potentially reduce the level of CO2 in the atmosphere through encouraging more absorption of this gas into the ocean. However, this has yet to proven and there is another school of thought on this subject that suggests that OTEC could stimulate the release of oceanic CO2 into the atmosphere via the warming and transportation of deep ocean water to the surface. The actual increase or decrease of CO2 in the atmosphere will depend on the relative concentration of this gas in the atmosphere and in the deep water that the OTEC process brings to the surface. In either case, it seems 98
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unlikely that there will be a dramatic effect to the overall level of CO2 in the atmosphere in this way. The manner in which OTEC is most likely to affect the atmosphere is through the stimulation of the growth of phytoplankton and micro-algae, which occurs as a result of the transportation of nutrient rich water from the ocean depths to the surface. These organisms convert atmospheric CO2 into oxygen via photosynthesis, which is released into the atmosphere and environmentally favorable. By transferring deep ocean water to the surface, OTEC affects the surface salinity of the water. This could have long-term implications for thermohaline circulation in the oceans. An increase in the salinity of the surface currents in the Pacific Ocean could be beneficial to the global thermohaline circulation by contributing to the sinking of these current to the ocean depths in the North Atlantic Ocean. A decrease in the salinity of the surface currents in the Pacific Ocean could have the opposite effects on this thermohaline circulation. However, taking into account the volume of water discharged from the OTEC plant compared to the volume of water in the ocean, and the small difference in the salinity of this discharged water with the surrounding water at the discharge depth, it seems highly unlikely that OTEC will have any measurable impact on these ocean currents – either positive or negative. In fact, considering the impact to thermohaline circulation caused by freshening, i.e. reduction in salinity, of the North Atlantic Ocean as a result of melting polar ice caps caused by global warming and greenhouse gas emissions of some other types of power plants, OTEC seems benign to ocean currents in comparison. There are some potential negative consequences of OTEC on marine ecosystems which are related to the type of working fluid used in the OTEC cycle and the type of the biocides which are used. With regular monitoring of the ecosystems and adequate precautionary measures taken to protect against any spillage or over-release of chemical biocides, these effects can be significantly reduced. 5.4.2



SAOTEC



The use of the space reflectors with the OTEC plant could have significant environmental consequences, locally and globally, for Earth’s climates, oceans, atmosphere and the Low Earth Orbit (LEO), Medium Earth Orbit (MEO), and Geostationary Earth Orbit (GEO) space environments. The reflected energy beam could interfere with communications between orbiting spacecraft and ground stations within the footprint of the space reflector. These effects could be particularly troublesome for telecommunication satellites in GEO, stationed above a point within this footprint. There could also be some adverse effects on satellites passing through the energy beam on a regular basis. Extra incoming solar radiation is likely to affect the atmosphere. The Earth has its own protection against ultraviolet radiation (UV radiation), which is harmful for organisms. If this radiation is increased in one spot, the protection – the ozone layer – should increase as well. As more incoming UV radiation forms more ozone, a balance should be reached so that the amount of UV radiation reaching Earth’s surface remains unchanged. However, this implies more reactions in the sky and these reactions bring energy, in the form of heat. Further heating might cause other factors to change, such as the jet stream, if the atmosphere does not manage to balance these effects. Possible changes are likely to affect the weather – or even the climate. One has to keep in mind that changes along the Equator, the area intended for a SAOTEC plant, can affect the rest of the world. Along the Equator heated air rises. Eventually it takes off towards the North or South, thus reaching other parts of the world. For SAOTEC application, which heats the ocean (and therefore the air), the potential consequences need to be taken into considerations. Another example concerns cyclones which are formed in the Tropics, and could be grown from such local changes that a SAOTEC plant might bring. The technical solution so far is to isolate the SAOTEC basin from the rest of the ocean and encapsulate it. The ocean’s thermohaline circulation cycle could be affected by heating the open ocean, but this could be beneficial in the long run as the ocean currents could move faster (because hotter water means more energy). Also, the extra heat could cause more evaporation of surface water as it travels from the Pacific Ocean to the Atlantic Ocean. If this were to happen, it would increase the concentration of salt in the Atlantic Ocean which would help to negate some of the effects of melting polar ice-caps and the resultant freshening of water in North Atlantic Ocean which is disruptive to thermohaline circulation in the oceans. However, any potential (and theoretical) benefit to the circulation of the ocean currents in this manner is likely to be offset by the climatic changes as a result of increased water vapor in the atmosphere. The extra cloud formation and added precipitation would likely dilute the surface salinity of the ocean. Also, water vapor itself is one of the gases International Space University, Masters Program 2004/2005
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that can contribute to greenhouse warming. The impacts a SAOTEC plant will have on marine life will depend on the concept chosen for the plant’s constructions. If it would be possible to completely isolate a SAOTEC plant, so that there were no additional effects other than those for an ordinary OTEC plant, there would not be much more extra environmental objects for SAOTEC. However radiation from the space reflector would reach outside the plant, thus affect the surrounding waters. Questions to be investigated would then be: How big is the area of impact? What are the temperatures in this area? How deep will the light and temperatures reach? The Tropics is where the coral reefs grow, a treasure of nature with thousands of species. The coral ecosystem is extremely sensitive to any changes to the environment. They are capable of recovering from negative changes that persist over a short time, but when these changes are long lasting, communities start to die. Increase in temperature and incoming solar radiation cause coral bleaching. An increase of only 1 to 2C for more than a couple of days will injure the corals to the point when they cannot recover. By stressing organisms in this manner, they become more susceptible to diseases. Changes in temperature and other parameters, such as nutrition and salinity, do not only attack certain organisms; it also causes overgrowth of others. Consequences from algae bloom and similar events are: the release of toxins, the removal of oxygen and persistent murky water that the Sun ultimately cannot penetrate. In either case, there will be reactions from society. For instance, if the site for the construction of the plant is a natural atoll, as is discussed in section 4.2, an area where corals and other species thrive would be wiped out and completely sterilized. This should be the only area where the water temperature is 60C. When heating the ocean for SAOTEC purposes the CO2 content will likely increase. The equilibrium between atmosphere and ocean will not persist and the warm water will release CO2 into the atmosphere. What could possibly prevent this is the increase in the growth of phytoplankton and other organisms, which through photosynthesis, absorbs CO2 and emits oxygen. In water that is too hot, they will be confronted with unfavorable living conditions and die. A space reflector in use during the night will illuminate the area where it is pointed, i.e. the SAOTEC pool. The strength of this beam will be approximately 1% of the average intensity of the Sun at Earth’s surface during the day. The surrounding environments will be hit by some of the scattered light from this beam. This is comparable to light pollution; severity depending on the distance to the closest community. Probably those most affected will be marine habitats near the plant and employees working at the plant. Many species in the ocean become active during the night, in particular in coral reefs. If too much light reaches them they might become confused, stressed and lose their perception of day and season. People near the SAOTEC plant at night are SAOTEC employees or inhabitants of local communities close to an on-shore plant. Their situation can be compared to many similar situations in today’s society. Just like it is in many parts of the world; the real night sky will not be available for admiration. Thus, it will not be possible to conduct any astronomical observations near the reflector beam. There is also the risk that a close lying society will miss out a source of inspiration that was always present and provided a link to the rest of universe. 5.5



Conclusion



Based on technical, economic and environmental considerations, the following conclusions are drawn. Normal OTEC technology should be developed first, before attempting to augment their power output with space reflectors. Development of space reflectors can partially be done in parallel, because reflectors can serve other applications, such as illumination of large cities, Polar Regions or disaster areas. Alternatively, space reflector technology may be developed by constructing experimental solar sails, because the spacecraft for these two applications are very similar. OTEC plants are not very profitable at this time. Ocean Thermal Energy Conversion can not compete economically with other, traditional forms of power generation. Governments should promote the use of OTEC plants and the first experimental plants should be constructed through public funding. Other social benefits, such as the production of fish and the possible absorption of CO2 should be taken into account in the pursuit of these experimental plants. Finally, the experimental OTEC plants should be used to establish the operational parameters of OTEC plants. Space reflector systems should not be constructed for the sole purpose of augmenting OTEC plants. Space100
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Comparison of OTEC and SAOTEC



aided OTEC plants only become economically feasible if the number of users is large enough and if the number of space reflectors, and launches required, are small enough. From a technical point of view, it is uncertain whether a large enough number of users can be served. In order to provide enough power on ground, the space reflector system needs to have a large area and consists of many reflectors. Finally, the space reflector system appears to have a negative impact on the environment, especially if the system becomes very large. The technical needs clash with the economic and environmental constraints on the space reflector system. The economic constraints can be relaxed if the launch costs are dramatically lower in the future. A space reflector system should be built for experimental purposes, preferably after launch cost drops. As many potential applications as possible should be identified. The experimental system should establish the effectiveness of using space reflectors for the applications identified. The experimental system should also be used to establish operational parameters, such as pointing accuracy, effective efficiency of the illumination and the number of users which can be accommodated. Other parameters, such as environmental impacts, should also be investigated using this system.
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6 Implementation Plan and Risk Management An implementation plan is essential to facilitate the execution of the project and assure the project’s outcomes meet its objectives. It principally outlines the objectives, timeframe, deadlines and major milestones of the project. 6.1



Overview



It will be a challenge to commercialize an ocean thermal energy conversion (OTEC) power plant with space reflectors given the present energy utilization mix. Assuming start date of 2006 for the OTEC project, a rough roadmap was proposed with a duration of five years (see Figure 6-1). This time period is dedicated to research, development and operation of OTEC plants (commercial operational period is not included). Provided that the scaling up of the OTEC plants produces expected results, commercialization is profitable and there is a market for other uses of space reflectors, projects next phase could be undertook. This would include development of space-aided ocean thermal energy conversion (SAOTEC). It is also anticipated that by this date technology of large deployable space structures like solar sails has reached maturity. This phase would take approximately five years from year 2012 (see Figure 6-2). And includes the development and deployment of the space reflectors and construction of an OTEC plant (50 MW) optimized in accordance with the space segment. 6.2



Objectives



The project should be a cost-oriented project or a cost-driven design. The major engineering elements of the project are the space reflectors, associated ground station and launch services, and the OTEC power plant itself. In parallel key business aspects of the project include funding considerations and marketing operations. The space reflectors will be cost-effective products with high reliability, long life time, and easy maintainability. Once the OTEC project is commercialized and proved to be profitable by itself, it is expected that the application of these reflectors will bring the electricity price of OTEC power plant to a costcompetitive level. Another factor that would assist accomplishment of the SAOTEC project would be reduction in space segment costs. Low cost large pipe production technology and effective heat exchangers must also be developed to reduce the electricity price further. Besides technology development, funding and marketing are also important elements. Proper business plans and outreach can convince the investors and customers to invest and purchase the services. As part of a conceptualization and feasibility study, the problems and potential solutions must be identified, project time and cost estimated and necessary resources defined. After the decision has been made to undertake the SAOTEC, a trade-off study analysis on time, cost and resources should be made. Finally, the initial project goals and objectives must be set up. 6.3



Major Phases and Milestones



The concise roadmaps are shown in Figure 6-1 and Figure 6-2. The OTEC power plant project comprises the following two major phases:  Three-year phase of development including feasibility study and design  Two-year phase of 16 MW pre-commercial model of OTEC power plant construction There are four major milestones:  In 2007, completion of Feasibility Review – FR  In the middle of 2009, completion of Critical Design Review – CDR  In the middle of 2011, completion of Acceptance Review of 16 MW pre-commercial model – AR  In 2012, completion of Operational Readiness Review of 16 MW pre-commercial model – ORR
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Figure 6-1: Roadmap to OTEC power plant



For the SAOTEC, the four major phases are:  Two-year phase of development which includes conceptualization, feasibility, preliminary definition and detailed definition  Two-year phase of production, launch and commissioning of prototype flight model  Two-year phase of mass production, mass launch and commissioning of commercial flight model  Two-and-a-half-year phase of development and operation of 50 MW SAOTEC plant There are also eight major milestones:  In 2012, completion of conceptualization and feasibility study – FR  In the middle of 2013, completion of Preliminary Definition Review – PDR  In the middle of 2014, completion of Critical Design Review – CDR  In the middle of 2014, completion of Acceptance Review of prototype flight model – AR  In 2015, completion of Operational Readiness Review 1 of prototype flight model – ORR1  In the middle 2017, completion of Operational Readiness Review 2 of commercial flight model – ORR2  In the middle of 2017, completion of Acceptance Review of 50 MW space-aided model – AR  At the end of 2017, completion of Operational Readiness Review 3 of 50 MW space-aided model of OTEC power plant – ORR3



Figure 6-2: Roadmap to SAOTEC



The most important milestones are the feasibility study review and the decision in 2006 as to whether or not to implement the OTEC concept. 6.4



Risk Management



Inherent in any new project are risks. A risk management strategy and an ad-hoc risk management team should be established at the beginning of the project to ensure that all potential and actual risks are properly addressed. Both the strategy and the team should be established with positive input and interaction from other functional divisions. According to the risk management methodology, the three major processes are: International Space University, Masters Program 2004/2005
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Risk Assessment – identifying and classifying Risk Analysis – quantifying Risk Handling – reduce and control



All potential risk areas should be identified and assessed in such fields as technology, management, business, law, policy and environment. Examples include:  Change in the space segment technology  Change in the OTEC power plant technology  Design issues  Technical issues  Schedule delay  Collision and corrosion problems        



Funding issues Competitor activities Economic recession Inflation Cash flow issues Cost overrun Subcontractor performance Contractual failure



   



Bad weather Environmental issues Ecology issues Natural hazard



  



Licenses Patent rights Law suits



 



Government regulation Local community issues



Several risk analysis models are available to help quantify risk. Many can be found in DoD directive 4245.7-M, Office of Naval Acquisition Support Pamphlet (ONASP) 4855-X and Total Risk-Assessing Cost Analysis (TRACE) [Kerzner 1995]. These models can also be used to help avoid, reduce, and transfer risk. A risk mitigation plan must be included in the implementation plan. A preliminary ranked risk log is shown in Table 6-1 [ECSS 2004] and possible mitigation strategies are listed in Table 6-2.
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High Risk



Medium Risk



Low Risk



2



15 - Environmental law for OTEC 17 - Licenses issues 33 - Non-availability of RS imagery 35 - Corrosion of metals and paint of OTEC plant produces metallic ions which harm ecosystems



3



Severity



6 - Space reflector degradation 7 - Space debris collision 24 Economic recession / inflation



9 - Technology not mature enough for OTEC 11 Material unavailable during construction phase



29 - CO2 release from 12 - Local community ocean issues 32 - Attracting sharks 22 - Cash flow issues



5 - In-Orbit failure or partial failure 16 Interference (frequency) with other satellites 34 - Environmental impact of terrorist attacks 4



5



2 - Launch failure 10 Ship/submarine collision to OTEC 27 - Too much ammonia discharge



1 - Design failure of reflector 4 - Beam pointing failure 8 - Damage to OTEC pipes and other components



25 - Public rejection of OTEC plant and/or space reflector
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13 - Environmental law for SAOTEC 19 - Funding issues 26 - SAOTEC: water too warm for some marine lifeforms 14 Governmental regulations 31 - Natural disasters (typhoon, hurricanes etc.) 3 - Deployment failure of reflector 23 - Contractual failure 28 - Disturb ocean heat and salt balance (i.e. thermohaline circulation)



Table 6-1: Preliminary ranked risk for SAOTEC



30 - Organisms get caught in machinery 20 - Delay of schedule 18 - Light pollution 21- Cost overrun
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Likelihood



Space Aid for Ocean Thermal Energy Conversion No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27



Table 6-2: Mitigation for risks regarding SAOTEC



Risk Scenario Title Design failure of reflector Launch failure Deployment failure of reflector Beam pointing failure In-Orbit failure or partial failure Space reflector degradation Space debris collision Damage to OTEC pipes and other components Technology not mature enough for OTEC Ship/submarine collision to OTEC Material unavailable during construction phase Local community issues Environmental law for SAOTEC Governmental regulations Environmental law for OTEC interference (frequency) with other satellites Licenses issues light pollution Funding issues Delay of schedule Cost overrun Cash flow issues Contractual failure Economic recession / inflation Public rejection of OTEC plant and/or space reflector SAOTEC: water too warm for some marine lifeforms Too much ammonia discharge



28



Disturb ocean heat and salt balance (i.e. thermohaline circulation)



29



CO2 release from ocean



30 31



Organisms get caught in machinery Natural disasters (typhoon, hurricanes etc.)



32



Attracting sharks



33 34 35



Non-availability of RS imagery Environmental impact of terrorist attacks Corrosion of metals and paint of OTEC plant produces metallic ions which harm ecosystems
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Implementation Plan and Risk Management Action/Status/Comment/Mitigation Use of flight proven technology / Comprehensive procedures High reliability launcher selection / Insurance Back-up reflectors Back-up reflectors Back-up reflectors Selection of high quality material / Back-up reflectors Back-up reflectors / Space debris monitoring Covered under insurance and maintenance Research in the field of OTEC Radar monitoring / Repairing / GPS Replaceable material Compensation New law / Procedure Stable / Instable government New law / Procedure Negotiation / Back-up plan National law Location / Population density Multi-aspects funding Schedule monitoring / Controlling / Put more money Cost control / Quality control / Additional funding Analysis and control of finance Monitoring / Negotiation / Litigation Analysis of economic / Price strategies Education; Outreach; EIA/EIS Establish new colony / Farm elsewhere (Same mitigations as for ammonia) - Use mechanical biocides instead - Do not store ammonia at sea, generate at sea as required - Release water at same temperature and salinity concentration as surrounding water - Better studies to understand exact effects on thermohaline currents -Try to grow more plankton = more photosynthesis -Try not to discharge too much warm water from deep sea Redesign machinery intake to prevent this and use multi-nets etc. Early warning; emergency plans; better overall design of plant to better withstand natural disasters Underwater nets to keep sharks away form OTEC plants (for human safety) Subscribe to back-up RS image providers Security, co-operation with governments Use different paints, protect metals better i.e. better maintenance
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Proposed Funding Portfolio for SAOTEC



In order to be able to finance the overall project cost of SAOTEC of an estimated $1.7 billion (according to Table 4-8), it is proposed to fund the OTEC power plants independently from the space segments and in the form of a global pooling of public/private funds. A further separation should be done concerning the funding of the OTEC pilot plant. Since the participation of any private investor in this initial phase is unlikely, governmental research and development grants will be addressed. OTEC Funding



The following pooling of a public-private partnership type funding is proposed for the erection of the ten 50 MW OTEC power plants:    



40% public conventional: mainly from International Financial Corporation (IFC), multilateral Development banks and national governmental funds 30% public environmental: addressing Prototype Carbon Fund (PCF), Global Environmental Facility (GEF) and issuing emission credits 15% private conventional: Public Private Partnership (PPP) type Venture Capital (VC) fund, private institutes 15% private environmental: Joint Implementation and Clean Development Mechanism (CDM) instruments addressing private enterprises, private investors focused on renewable energy



As mentioned earlier, it is believed that private VC investors would be seeking to invest with public energy funds as long as the returns are guaranteed by the public partner and are comparable or even better than other investment opportunities. With an expected Internal Rate of Return of 11.5% from the proposed plant configuration (see Table 4-8) it should be possible to attract VC. Funding of Space Segments



Space reflectors are expected to also serve other types of solar power plants. It is proposed that the main part of the financial resources come from the public side. Private energy investors that can take a stake in the production chain may be interested to invest. The remaining part would be a PPP-type funding involving national and international space agencies (e.g. JAXA, ESA):  



70% mainly public and potential private energy investors, e.g. Mylar manufacturers 30% PPP type funding by national and international space agencies



Mylar manufactures would be interested in funding the venture in exchange for the “space approval” of their products. 6.6 6.6.1



Legal Aspects of Project Implementation and Operation Operation



The last significant evaluation of planning and operating an OTEC plant took place in the late 80’s and early 90’s, when interest rates were high and the price of oil and gas was low. Although the economic conditions have changed since then and technological improvements have occurred, there has been no really new evaluation of OTEC. It also has never been investigated how space might help and be able to contribute to improving the efficiency of OTEC facilities. Large-scale switching from fossil fuels to OTEC/SAOTEC, if ever feasible, would take several decades since it would require a large amount of marine construction as well as social and political changes. The establishment of the OTEC plant into the Exclusive Economic Zone (EEZ) gives a considerable advantage to the States desiring to invest in an OTEC plant project. The international law extends the rights, national laws and regulations, of the sovereign territories of the coastal State to the EEZ. With the national jurisdiction on the OTEC plant’s activities, local investors, private or public, will be more encouraged to invest in this project. International Space University, Masters Program 2004/2005
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Space aid for ocean thermal energy conversion is a relatively new field that combines space with Earth-based technologies. The operation of solar reflectors will bring more heat into the atmosphere, but the amount will be far less than the waste heat generated by today’s power plants. The Kyoto Protocol foresees cutting down today’s carbon dioxide emissions below their 1990 levels by 2012. Countries like China, which signed the protocol, may be the first nation on Earth to purchase clean electrical power during the next decades. Other countries may follow. SAOTEC plants can be seen and may become an option for a new environmentally friendly way of energy production. To operate a project like SAOTEC, popular support is essential at several levels. It is important to create a supportive international popular view of this new energy source. In addition, support from local inhabitants, who will receive power supply from it and who will live in the vicinity of a coastal SAOTEC plant is essential. Furthermore, national political support of the countries that have the desire to participate in this project is important as well. International support is mandatory for matters involving frequency allocation, which are governed by the International Telecommunications Union (ITU). 6.6.1.1



Licensing



One hurdle to developing and eventually commercializing ocean energy is to find or establish agencies which could potentially exercise jurisdiction over ocean projects as well as statutes which have implications for ocean energy development. National regulations and laws specific to OTEC plant activities should be developed given the fact that the OTEC plant will be built and operated under national jurisdiction. The only available example has been developed by the United States (US) and should be studied as a good base for other States. The following section outlines what the US has accomplished in that field. In the United States, the National Oceanic and Atmospheric Administration (NOAA) has been authorized to administer licensing and regulation of OTEC development. With regard to alternative energy sources from the ocean, the Ocean Thermal Energy Conversion Act (OTEC Act), 42 U.S.C. §§ 9101 et seq., establishes a licensing program for facilities and plant ships that would convert thermal gradients in the ocean into electricity. The United States Code comprises general and permanent laws in force. Under Title 42 – The Public Health and Welfare – Chapter 99 – Ocean Thermal Energy Conversion - authorizes and regulates the construction, location, ownership, and operation of ocean thermal energy conversion facilities connected to the United States. According to Section 9101 a5 – Congressional declaration of policy – Chapter 99 also provides provisions for the protection of the marine and coastal environment and consideration of the interests of ocean users, to prevent or minimize any adverse impact which might occur as a consequence of the development of such OTEC facilities or plant ships. The OTEC Act directs the administrator of NOAA to establish a stable legal regime to enhance commercial development of OTEC. In addition, the OTEC Act43 prevents pollution of the marine environment, requires clean-up of any discharged pollutants, and prevents or minimizes any adverse impacts from the construction and operation of OTEC plants. In addition, the act was designed to ensure that the thermal plume of an OTEC plant does not unreasonably impinge on, and thus degrade, the thermal gradient used by any other OTEC plant or facility, the territorial sea, or an area of national resource jurisdiction of any other nation44. There has been a low level of activity under the OTEC Act since its passage in 1980. So far NOAA has not received any license applications for OTEC plants. If we consider a global equatorial distribution of around 10 SAOTEC plants, it will become necessary to find or establish a new organization which could exercise jurisdiction of not only the ground based OTEC plants itself, but also coordinate licensing, construction and operation of the planed 20 solar reflectors. Every country must have or establish a regulatory agency for OTEC/SAOTEC registration. States and nongovernmental entities participating in operating solar reflectors shall, according to the article 6 of the Outer Space Treaty, bear responsibility for the space activities. Directed by the secretary of the department in which the US Coast Guard is operating to promote safety of life and property at sea for OTEC operations. 44 http://www.csc.noaa.gov/opis/html/summary/otec.htm 43
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Security and Safety Issues



The operation of solar reflectors for space-aided OTEC plants will also raise safety and security issues. Solar reflectors have been designed and redesigned many times since the 1960s, but they have never been built and launched for an extended timeframe. The Russians have launched two small, umbrella-like test reflectors a few meters wide over the last decade. They lacked any guidance system and they collapsed after a short period of operation [Space Frontier Foundation 2005]. On the other hand, they proved that sunlight could be bounced down onto the Earth’s surface. Solar reflectors in geostationary orbits would take up large sections in space. In Medium Earth Orbit (MEO) it has to be assured that a solar reflector constellation of up to 20 reflectors will not affect national and international security. To guarantee a peaceful use of outer space, possible military applications like using artificial daylight to illuminate battlefields should not be granted. Depending on the project management, it has to be stated whether the SAOTEC project will be considered as national or international project. A safe operation and end-of-life performance has to be guaranteed. In any case, according to international law the Outer Space Treaty Art. VI, S. 1: “States Parties to the Treaty shall bear international responsibility for national activities in outer space, … whether such activities are carried on by governmental agencies or by non-governmental entities and for assuring that such activities are carried out in conformity” the States bear international responsibility for the space activities conducted by governmental or nongovernmental entities. Furthermore, according to the Outer Space Treaty (OST) Art. VI, S. 2: “The activities of non governmental entities in outer space … shall require authorization and continuing supervision by the appropriate State Party of the Treaty” If the SAOTEC project is planned and operated by non-governmental entities, the State should authorize and supervise such activities. Participating states will have a natural interest in controlling SAOTEC activities since they are potentially liable under Arts. II, III of the Liability Convention. National space laws on the other side aim to protect the public from dangers associated with space activities. 6.6.2



Project Promotion and Implementation



The low costs of many “traditional” energy resources in the recent past discouraged investments in OTEC. Introduction of a new technology using renewable energy sources were not really promoted in the past, even if the new technology constitutes a significant improvement. Although the idea of using energy stored in seawater is about 100 years old, the technology is generally unknown. The currently high costs of oil and the growing recognition of environmental effects necessitate the reduction of the international community’s dependence on non-renewable energy sources. The fossil fuel is the primary targeted energy source to replace because it is mainly provided by unstable governments and organizations that dictate its price and availability. International cooperation amongst energy corporations to develop, build and operate OTEC plants with or without using a solar reflector will become necessary. A long-term project like SAOTEC has to be supported by a stable political and financial framework. Possible international cooperation to build, launch and operate up to 20 solar reflectors in MEO depends on the ability of the partners involved and their legislative bodies to agree on long-term financial commitments. Massive political support will follow the population’s support if the OTEC plant’s advantages are well promoted internationally. Energy production, the benefit of desalinated water generated as a byproduct and the possibility to produce hydrogen for a future hydrogen-based world economy provide policy makers an option for reducing the implementation of existing technologies based on non-renewable energy sources, therefore increasing the expansions upon renewable energy technologies. The countries in the Caribbean zone could be in a unique position to establish themselves as the leaders in renewable energy production and distribution in adherence International Space University, Masters Program 2004/2005
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to the Kyoto Protocol and the 2002 World Energy Summit held in Johannesburg, South Africa. The SAOTEC project analyzed and proposed in the present document is both realistic and optimistic. Placing 20 space mirrors in a MEO orbit that would serve around ten OTEC plants in the world is an ambitious plan and would have high costs associated with it. The estimation for the realization of such a venture would start to emerge in around a quarter century. Until then, experimental projects should be initiated by the interested parties. Many organizational structures for this project can be adopted. On the other hand, many facts would lead to a preferable structure. Some of these facts drive the implementation of an international partnership: 1- The OTEC will be located in the EEZ  National jurisdiction is mandatory; the State should have the will to implement the plant and the necessary laws and regulations 2- A constellation of space mirrors will be placed in MEO. These mirrors will serve several OTEC plants  Having a space component in itself promotes international cooperation  The cost of space projects is very high (in this case placing a constellation of a newly designed space mirror). Outlining the “Galileo” project as a European example of cooperation, one can easily understand the magnitude and the need of international cooperation in the SAOTEC project  Finally serving several OTEC plants, each of them in national territory, need a coordination and cooperation between these States 3- The magnitude of the project, its novelty and the international benefits are central  The resources needed to develop the project and the continuous investments for the period of research, design, development and operation, are very difficult to achieve by a single State The international organization should consist of cooperation among the States where the OTEC plants will be installed. In addition, the United Nations should coordinate the first steps of the project’s proof of concept to insure its survival and the harmonization of the procedures and international relations that will follow this first phase. Funding from agencies, such as the World Bank or the Asian Development Bank, are required to build a prototype showing that the OTEC/SAOTEC project is efficient, economical, and safe. 6.7



Conclusions on the Implementation Problem



The primary factors influencing the commercial feasibility of the SAOTEC project are the funding, the costefficiency of the space segment and technical maturity of OTEC. The space segment design is going to be much more difficult. All these factors have associated with them various technical, business, law, political, and environment risks. A properly constructed implementation plan with risk mitigation plans can help address these risks and positively influence the economics of OTEC construction and utilization.
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7 Conclusion 7.1



The Need for Energy



World energy consumption will increase in the next decades as the world population increases and more and more people desire to have standards of living similar to those in western countries. Since main energy primary sources are limited, the ever-increasing demand creates economic, social and political tensions. An example of such tensions was the 1973 oil energy embargo instigated by Saudi Arabia and other countries belonging to the Organization of the Petroleum Exporter Countries. Costs per barrel of oil reached $30 when its production cost was only a few tenths of a dollar. Oil-importing nations reacted primarily by applying a scarcity policy and promoting new technologies that enabled greater energy efficiency. Ambitious concepts were explored with non-fossil fuel energy sources, notably renewable energy. For instance, the design and economic feasibility of Solar Power Satellites using the Sun’s energy in space to generate electricity was heavily investigated by the NASA. However, as the oil embargo was lifted, oil prices declined and many of the new concepts were proven to be too expensive, interest in finding alterative energy solutions waned. Today, as oil prices are again reaching high levels and fossil fuel reserves are becoming more scarce, the world is again realizing the unsustainability of the current energy situation and the imperative to find new sources if future generations are to enjoy the same standard of today. Besides resource depletion, the environment suffers tremendously from the world’s ever increasing demand for energy. Pollution congests both urban and non-urban areas, fuel exploration destroys entire habitats and ecosystems, and global warming from carbon dioxide (CO2) emissions raises world temperatures. The temperature increases have significant secondary consequences, notably the rising of ocean sea levels. People living in low-lying countries are threatened by the flooding of their homeland. Already, Tuvalu, a small country of the Pacific Ocean, evacuated its 11,000 people due to rising sea levels. In 2000, the World Bank published a map showing that a one-meter rise in the ocean level would inundate half of Bangladesh’s Riceland, forcing the migration of millions of inhabitants. These people are just a portion of those joining a new class of the thousands of people dislocated each year – climate refugees. As the world economic wealth increased, so have concerns about pollution and damages to the Earth’s environment caused by poor resource management. In November 1992, scientists from 70 nations (amongst them 101 Nobel laureates) issued A Warning for Humanity which states that “a great change in our stewardship of the Earth and the life on it is required, if vast human misery is to be avoided and our global home on this planet is not to be irretrievably mutilated.”45 The Kyoto protocol, having entered into force in 2005, is designed to help the global environment through its goals of CO2 and other greenhouse gas emission reduction. Countries having ratified the agreement will have to engage in emission trading if they want to maintain and increase emission of noxious gases. As a result, the need for a clean electricity source will increase over the next decades. 7.2



OTEC: A Solution for the Future



Solutions to the world energy problem do exist and may be different for particular regions and countries. Nations lacking natural energy resources tend to invest more heavily in renewable energy, Japan for example investing heavily in solar energy and the Netherlands in wind power. For countries near the equatorial area, where the sea is warm enough, energy produced by Ocean Thermal Energy Conversion (OTEC) plants is a potentially viable option. Although today still in a testing phase, cost-effective OTEC plants may be able to increase a nation’s energy supply and independence, thus raising standards of living and contribute positively to the country’s trade balance. From an environmental perspective, OTEC would not only help in the reduction of greenhouse gases by replacing polluting primary energy sources, but also, through its production of biomass, contribute to seafood supply. It might also be possible that such plants affect positively the thermohaline cycle. Closer attention should be given both to localized matter (such as coral growth) and global issues (such as local weather changes or even global weather changes). 45
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More than electricity, OTEC can be used to provide desalinated water. This water can be used for agriculture or human consumption when treated as appropriate. Furthermore an OTEC plant could have an important place in the predicted hydrogen-based economy, facilitating the transition of an oil-based transportation system to a more sustainable hydrogen-based one. 7.3



Space Aid for Energy, Environment, and Economics



In the 1880s, Konstantin Tsiolkovsky, the father of Russian cosmonautics calculated the velocity required for a journey beyond the Earth’s atmosphere and suggested a way to improve the efficiency of rockets by burning a combination of liquid hydrogen and liquid oxygen. At the same time, Jacques d’Arsonval in France suggested the idea of using the difference of temperature between the upper layer of ocean and the bottom layer to produce energy. When after several decades mankind ventured into space, Jason Klassi proposed the launch and use of space reflectors to increase the temperature of the ocean surface layer, integrating concepts born a century ago. The basic idea behind a workable space-aided ocean thermal energy conversion (SAOTEC) plant was born. This report shows how space could help in the establishment of an OTEC plant, using current and well established space technologies such as remote sensing satellites to acquire data to decide on the best location for the plant and to monitor the long-term effects it can have on the environment. Space technology can also be employed through the use of probes to monitor different parameters in the ocean water, hence monitoring in situ the change on the ocean. With the aid of space, communication between an off-shore OTEC plant and the ground can be easily carried out and the plant can be managed effectively. Besides classical space aid, this report also investigates how space reflectors can enhance the efficiency of an OTEC plant, as Klassi suggested. The investigated system would be a constellation of twenty aluminized Mylar sheets 1.2 km in diameter, orbiting the Earth at 1,750 km altitude. A Medium Earth Orbit was adopted rather than a Geostationary Earth Orbit because the slot resources are limited in GEO and the density of the light would be lower. The constellation would hence produce focused coverage (the footprint of a reflector would be around 17 km) and it could service several sites. Though Russia has conducted experiments twice on space reflectors of a few meters in diameter (Znamya experiments), significant developments still need to be made before the reflectors can become technically and economically viable. The influences of the space reflectors have on the environment, both spatial and terrestrial, should be carefully considered. On Earth, the problem of a permanent illumination must also be considered. Moreover, a space reflector might be used as a military weapon, and particular precaution should be taken to mitigate this danger. Thus, a space reflector, much like nuclear energy, can equip humanity for better or for worse. The examined design reveals itself as unfavorable for the intended purpose, since the light beamed to the OTEC plant would not have a sufficient intensity to heat the water to the required temperature. The report finds that setting up a system of space reflectors for the sole purpose of improving the electrical power output of an OTEC plant makes economic sense only under very limited assumptions and scenarios. One viable scenario is to have tens of plants organized evenly across the globe on very specific locations. Such a system of space reflectors can be created for power generation if the generation would be completed though combined and more efficient energy conversion systems (such as solar thermal or photovoltaic solar farm). Such a system will likely be land-based in a region which is not very densely populated, but close to population centers. Because a large portion of the globe is covered by water and only a limited number of regions can be used to construct solar farms, the constellation of mirrors will probably have a significant amount of down-time. In this case it would make sense to augment OTEC plants with the same constellation of space reflectors. These OTEC plants may even be augmented by the addition of solar photovoltaic panels on their surfaces, leading to an increase in the electrical output. Moreover, it has to be considered that by providing additional lighting to the general area where the OTEC plant is built, further enhancements to the biological productivity of the area can be made. The OTEC plant will provide an artificial upwelling of deep, nutrient-rich ocean water. The combination of nutrients and additional light can enhance biological productivity. Perpetual illumination and summer temperatures would make OTEC plant locations potential new tourist destinations, creating a new market for countries utilizing the plant. All these parameters have to be taken into account, amongst the ones already considered for OTEC plants, to assess the economical viability of SAOTEC plants in an uncertain future energy market. 112
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Recommendations



Through the interdisciplinary study that was conducted between traditional Ocean Thermal Energy Conversion plants and those augmented by a space-based solar reflector, we, as a team, wish to make the following recommendations to space agencies, energy market players, national and international policy decision makers: 1 – An international organization such as the World Bank Group should provide financial incentives for research studies on OTEC plants via its members, such as the International Finance Corporation. The organization and the promotion of OTEC energy should be conducted by the United Nations. 2 – Education and outreach should be conducted to promote Ocean Thermal Energy Conversion as a possible renewable and sustainable energy source and to emphasize the by-products of OTEC plants such as desalinized water, biomass, and hydrogen. This outreach should be aimed at inhabitants residing in locations where OTEC’s use would be the most advantageous, as well as towards national and international organizations. 3 – Environmental Impact Assessments should be carried out and discussed publicly with the participation of local groups, Non Governmental Organizations and stakeholders for the purpose of proper coordination and understanding of the project. 4 – International remote sensing organizations such as the Global Earth Observation System of Systems should continue to promote an integration of the tools and data that remote sensing systems provide, in order to effectively select a location for the OTEC plant, monitor the environment on a local and global scale, and support local populations in their fishing or navigation activities. 5 – Before establishing OTEC plants, regulations for jurisdiction and control of OTEC/SAOTEC plants should be implemented. The United States Code - Title 42: The Public Health and Welfare - Chapter 99, which authorizes and regulates the construction, location, ownership and operation of OTEC plants connected to the US, could be used as a legal framework on which States planning to build OTEC plants could establish their law and policy. 6 – Governments should consider future space-based sustainable energy systems such as those using Solar Power Satellites and Solar Reflectors, whose economic viability is heavily dependent on space access costs, when setting funding levels and making guidelines to their respective space agencies. 7 – Instead of dedicating a space reflector system to a single application such as power generation at the outset, space reflectors should be used for other applications such as artificially illuminating areas in certain disaster situations, or improving agricultural production (crop drying or extend food growth). In the near term, space reflector can be used for applications requiring modest power density, such as illumination. As the technology matures and reflector area can be increased, reflectors can be used for power generation. 8 – Further technical research should be conducted in the area of construction of efficient components for the OTEC plant. Experimental OTEC plants should also be scaled up to the megawatt range 50 MW to provide data related to operation of these plants that can be used for 100-1000 MW commercial plants in the future. 9 – Solar ponds could be used in conjunction with OTEC to increase the overall efficiency of the plant. Use of hybrid cycles is also recommended for better plant efficiency. As this report shows through the development of a SAOTEC concept, space nations can help developing nations to create and manage OTEC plants to answer their electricity needs. This aid could come through collaboration in building a dedicated remote sensing constellation in a framework similar to that used for the Disaster Monitoring Constellation. Furthermore, such collaboration would promote technology transfer. The use of space reflectors would promote international cooperation since this is a project with a very high cost that cannot be developed by a sole nation.



International Space University, Masters Program 2004/2005



113



Space Aid for Ocean Thermal Energy Conversion



Conclusion



More developments are required before ocean thermal energy conversion becomes a fully mature system. As for the space reflectors, more research in lightweight materials and more tests need to be carried out. As the implementation plan states, a space-aided ocean thermal energy conversion system might be in full operation in the range of seven years after the beginning of the first conceptualization and detailed feasibility studies. Several public or private funds, even new funds such as the new economy created by the Kyoto Protocol, may be used to finance such a project. In a time where telecommunication satellites broadcast images of the whole world, people became more conscious of other peoples’ standards of living. This exposure, along with the possibilities that globalization is providing, instill in millions a desire for a better life. This life is possible – Earth has enough to give to all its inhabitants – but for that, we need to use its resources wisely. Doing this project in an international and intercultural environment showed us that it was possible to collaborate towards a common goal, when this goal is for the benefit of all humanity.
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Appendix A: PRICE H Cost Estimation of Space Segment TOTAL OWNERS HIP COST



DEVELOPME NT (RDT&E)



PROCUR EMENT (PRODUC TION)



INFRA STRUCT URE (MILCON )



OPERAT IONS & SUPPOR T



K€



697 147



331 033



137 011



37 000



192 103



PRIME MISSION SYSTEM (PMS)



MTBF Undistributed Cost 1 1.1.



SpaceReflector Reflector Support Structure



K€



157 500



0



0



37 000



120 500



546.10 3



K€



539 647



331 033



137 011



0



71 603



6 782
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