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1.0 Increasing Demands For Electricity
The International Panel on Climate Change has marked 2050 as the year by which the release of carbon dioxide (CO2) and other greenhouse gases (GHG) must be reduced by about 80%, relative to the releases of GHG in year 2005, if the worst effects of climate change are to be avoided. About 20% of the GHG released to the atmosphere comes from sources other than CO2 and can be difficult to abate, leaving eliminating the use of fossil fuels as the likely target for dealing with climate change unless a practical and timely carbon capture and sequestration (CCS) process can be developed. Even if a practical CCS process could be developed for fossil fueled power plants, it would not be useful for petroleum burning vehicles. To have a transportation future that has no net release of GHG special efforts would have to be made, such as more electric vehicles and liquid fuels with no net CO2 production. Capturing the CO2 in the air or in seawater and converting this CO2 to methanol or dimethyl ether is being studied and would be a great breakthrough in coping with climate change if this can be done economically.

The magnitude of the effort required to secure a fossil fuel free future by 2050 is unprecedented. The International Energy Agency (IEA) has estimated that such an achievement would have a global cost of about $44 trillion dollars. Analyses presented below imply that the IEA cost figure could be on the low side. In this report only two subjects are discussed: the transformation to a GHG –free electricity future and using electricity to replace fossil fuels in residential space heating. The transformation to a GHG-free transportation future is likely to be even more challenging, but is not discussed here.
The IEA predicts that between now and 2050 the world would become increasingly electri​fied where the role of electricity would grow from the present 17% of overall energy use to 23% to 26%. Large expansions of the role of electricity are also predicted for the United States. In 1940 10% of the energy consumption in the United States was used to produce electricity. In 1970, that fraction was 25% and by 2003 it was 40%. The U.S. Energy Information Administration (EIA) now projects a further 29% increase in the use of electricity between 2012 and 2040. At this rate, the increase in the use of electricity, ten years later in 2050, could be larger by 40% relative to today. The EIA prediction of future electricity demand is likely to be an underestimate. Figure MT- 64 of EIA’s 2014 Annual Energy Outlook (AEO) analysis only shows a slight decrease in GHG emissions by 2040, which is inconsistent with national goals to significantly reduce greenhouse gas emissions. Petroleum burned in transportation is a major contributor to the 2040 GHG emis​sions. If the use of petroleum was partially replaced by electrified transportation, the increase in electricity demand by 2040 would be far larger than that now projected by the EIA. Today electricity production in the United States accounts for 39% of the nation’s GHG emissions.
2.0 Where We Are Today

What needs to be accomplished between now and 2050 to assure that adequate and cost-effective non-carbon electricity will be available? A quick review of where our electricity came from in 2012 is insightful. In 2012 some 557 coal plants supplied 37% of our electricity, 1714 natural gas plants provided 30% of the electricity, about 100 nuclear plants added 19% more, while large hydropower systems provided 7%, wind power added 4.1%, and solar energy 0.11%. Together, geothermal and biomass produced about 2 percent of the nation’s electricity in 2012. Between now and 2050 virtually all the 2,271 coal and gas plants that supplied 67% of our electricity in 2012 would have to be phased out because of climate change concerns. By 2050 all of the present operating nuclear plants, which produce no GHG, would have reached the end of their licensed lifetimes. Unless there is a dramatic change in the rate of new nuclear power plant construction, by 2050 there may only be the few new US nuclear plants now under construction and perhaps a few more not yet on the drawing boards. It is unlikely that large hydropower dams can be greatly increased in the years to come and out​put may actually decline if global warming causes significantly more evaporation of the water that feeds these hydropower systems. Increasing temperatures will not only increase power demands in warm weather, warmer water temperatures in our lakes, rivers, and in the oceans reduces the electrical output of nuclear, solar thermal, and fossil fueled power plants.

The retirement of all presently operating nuclear power plants before 2050, together with the phase out of fossil fueled power plants, represents the removal of 86% of the total 2012 electricity production. So while the projected demand for electricity is well above what we produce today, the phasing out of fossil fueled power plants, nuclear power plant retirements, and the effects of climate change imply significant reductions in our ability to just continue at present electricity production levels. Meeting the additional demands for more electrified transportation plus replacing all fossil burning end use devices, like gas furnaces that heat houses, would represent a very large increase in the demand for electricity. How can this supply/demand mismatch be prevented?
3.0 The “Only Build New Electricity Sources” Strategy -Cost Estimates
How much might it cost to balance electricity supply and demand while reducing GHG releases to much lower levels? Assuming that no practical CCS methodology is developed, one possibility is to build many new non-carbon electricity sources to replace those that will no longer be operating and also to accommodate the projected 40% or so growth in electricity. Note that the cost estimates below are pretty much of a business-as-usual analyses in that they do not include the large new demands for electricity when fossil fuels are displaced in transportation, space heating, and elsewhere. A closer look at this “build-only” type of response shows that this strategy is very unlikely to happen.
An initial, simple estimate was made of the capital costs to replace 86% of our recent electricity production. In 2010 the US had an installed capacity of 1039 million kilowatts, 86% of which is 893 million kilowatts. If one assumes an average capital cost to per kilowatt of $3000 in today’s dollars, then replacing 893 million kilowatts comes to about $2.7 trillion dollars. Accommodating the expected 40% increase in the demand for electricity by building more capacity would add another $1.1 trillion dollars, which would run the cost up to $3.8 trillion dollars. A 2003 Department of Energy study concluded that 60% of the asset value of our electrical system is tied to the power plants themselves, while the remaining 40% of the asset value is tied to the distribution and transmission facilities. If there were a $1.1 trillion dollar cost to provide 40% more capacity, there likely would be an associated $0.4 trillion dollar cost for distribution and transmission facilities, raising the overall total cost to $4.2 trillion dollars.
Instead of assuming an average capital cost of $3000 per kw, a more precise analysis would adapt capital cost figures in dollars per kilowatt (kw) which are available from the Energy Information Administration’s 2010 report “ Updated Capital Cost Estimates for Electricity Generation Plants”. However, using kilowatt (kw) capacity costs is not the appropriate metric for estimating future electric system costs. Consumers purchase kilowatt-hours (kwh), not kilowatts (kw). Therefore it is necessary to convert the EIA capital cost figures from kw to kwh by accounting for representative capacity factors for each of these different electricity sources. As shown in the table below, the assumed capacity factors for nuclear power, onshore wind, offshore wind, photovoltaics, and solar thermal are 0.90, 0.30, 0.40,0.25, and 0.25, respectively. Capacity factors of 0.25 for photovoltaics and solar thermal were selected to reflect the fact that not only does the sun go down each day, only about half the daily solar energy is available in the winter time compared to the summer time, even in the sunnier locations in the US.
Table One: Appropriate capital costs per kilowatt-hour

	Energy Source
	Capital Costs, $/kw (EIA)
	Assumed Capacity Factors
	Appropriate Capital Costs, $/kwh

	Nuclear 
	5,339
	0.90
	5932

	Onshore wind
	2,438
	0.30
	8126

	Offshore wind
	5,975
	0.40
	14,938

	Photovoltaics
	4,765
	0.25
	19,060

	Large Hydropower
	3,078
	0.90
	3420

	Solar Thermal and other renewables
	4,692
	0.25
	18,768


Diversity of supply is essential. Therefore, assuming a mix of electric energy sources can provide further insights. One possible mix is half nuclear power and half renewable energy. Of the 50% renewable energy portion, it is assumed that 20% is onshore wind,11% offshore wind, 10% photovoltaics, 2% solar thermal (and others), and a continuing contribution from hydropower of 7%. With this particular mix of electricity sources, the average cost per kwh comes to $8611. 
 Table Two: Capital Cost per kwh for a 50%-50% Electricity Source Mix
	Electricity Source
	Capital cost, $/kwh
	Assumed mix fraction
	Capital costs for a 50-50 mix, $/kwh

	Nuclear
	5932

	0.50
	2966

	Onshore wind
	8126
	0.20
	1625

	Offshore wind
	14,938
	0.11
	1643

	Photovoltaics
	19,060
	0.10
	1906

	Solar Thermal 
	18,768
	0.02
	375

	Large Hydropower

	3420
	0.07
	96

	Total
	X
	1.00
	$8611


In 2010 the production of electricity came to 4,100,656 million kwh where 86% of this figure is 3,526,564 kwh. To be able to produce the 2010 amount of electricity at a capital cost of $8611 per kwh, would require an investment of about $3.5 trillion dollars, instead of the $2.7 trillion dollars estimated with the simpler economic model. Using this energy mix model and accounting for a 40% expansion in electricity demand by 2050 and the cost for additional distribution and transmission, brings this energy mix total to about $5.4 trillion dollars in today’s dollars. This huge price tag raises fundamental questions about a strategy that solely depends upon constructing large numbers of electricity sources to replace what we already have, plus additional capacity to handle new demands. This $5.4 trillion dollars cost does not account for the costs for replacing fossil fuels in end use devices like automobiles. 
4.0 Alternative Strategies

4.1 Introduction
It is possible to reduce this $5.4 trillion dollar cost while maintaining high reliability with reasonable costs for electricity. The following multi-step approach is recommended:

A. Reduce the demand for electricity through more efficient end use devices,
B. Extract more electricity from existing power plants, 
C. Multiply the usefulness of electricity,
D. Lower the costs for new power plants, and

E, Have a diverse supply of electricity

4.2 Greater Efficiency
There are well established methods for reducing the demand for electricity such as more efficient light bulbs, better insulated buildings, more energy efficient appliances, and a general awareness of the benefits of energy conservation. Conservation applications are long lasting, do not emit GHG, and reduce the impact of rising energy prices on the consumer by lowering the amount of energy consumed.

4.3 Extract More Electricity from Existing Power Plants
Reducing the demand for electricity has already had a beneficial impact. Improvements in energy efficiency must continue. However, a second form of electric energy conservation, Second Generation Energy Conservation, which goes well beyond more efficient light bulbs and appliances, is needed.
With regard to this second form of energy conservation, energy storage is essential for this advanced form of energy conservation to be functionable. A simple analysis points this out. In 2010 the US had an electricity production capacity of 1039.1 million kilowatts. If it were possible to run these power plants 100% of the time, they would have produced 9,101,640 million kilowatt-hours. However, actual production in 2010 was 4,100,656 million kilowatt-hours, about 5,000,000 million kilowatt-hours less than the theoretical limit. Therefore actual production of electricity was only about 45% of the production theoretical limit. The fact that, on an annual basis, we only produce about half of the maximum output of our electric system indicates a great energy efficiency opportunity is available. If energy storage can move us away from the present 24 hour sine wave type of electricity production to a flatter electricity production profile, significantly more electricity could be extracted from our present system. 
To quantify this strategy, assume that 1,500,000 million kilowatt-hours out of  the unused 5,000,000 million kilowatt-hours was shifted to off-peak time periods to electrically replace fossil fueled space heating. This shift  would be worth about $10.6 bil​lion dollars a year in additional revenue for centralized utilities. This additional revenue would be earned without hav​ing to build new power plants or their associated transmission and distribution systems. Further, carbon credits might be earned if the replacement electricity was less GHG intensive than the fossil fuels it  displaced.
Shifting another 1,000,000 million kilowatt-hours of air conditioning elec​tricity from on-peak to off-peak time periods by using energy storage means that an equal amount of electricity from new carbon-free power plants need not be built. One GHG-free 1000 MWe power plant operating at a capacity factor of 90% in one year will produce 7,884,000 MWe-hours. Therefore it would take about 127 GHG-free 1000 MWe power plants operating at a capacity factor of 90% to generate 1,000,000 million kilowatt-hours per year. In order to build 127 new GHG-free 1000 MWe electric power plants between now and 2050 would mean that 7 such plants would have to be completed every two years for the next 36 years. To put this into perspective, 127 GHG-free 1000 MWe power plants operating at a capacity factor of 90% is somewhat larger than the output of all the presently operating nuclear power plants in the United States. 
Energy storage has its own costs. If the cost per kilowatt-hour for installed storage is less than the cost per kilowatt-hour of a new source of electricity, then it is worth it. If energy storage reduced the need for number of new power plants and their associated new distribution and transmission facilities by 20%, it would be worth about $1.1 trillion dollars. Energy storage does not produce GHG. It does not matter what the mix of electricity sources is that  gets stored, energy storage accepts all mixes of electricity sources. Energy storage is not subject to price fluctuations. Because energy storage could reduce the number of new power plants it also reduces the infrastructure issues that all new energy sources face. Energy storage would have a different supply chain and different manufacturing centers  than those used to build new sources of electricity. Energy storage, a basic form of conservation, adds to the diversity of our electric power system and expands the usefulness of a smart grid system. There are many forms of energy storage. The least expensive appears to be ones where the electricity is stored as heat and then the heat is used to perform various end use functions like space heating and air conditioning.
4.4 Multiply the Usefulness of Electricity
Geothermal heat pumps can provide both heating and cooling. They have the ability to extract energy from the ground. The ratio of the energy provided by a heat pump divided by the energy supplied to the heat pump (electricity) is called the Coefficient of Performance (COP). Heat pumps using today’s technology can have COPs in excess of 4.0. The combination of extracting far more electricity from existing power plants and then increasing the value of this electricity  by a heat pump would be a highly effective way reduce the releases of GHG.
4.5 Lowering New Power Plant Costs

 Nuclear plants being manufactured in China and in South Korea only cost a fraction of what they cost in the United States, largely due to lower interest rates, and improved manufacturing and construction methods. 

Economy of scale benefits may accrue to wind power since over 150,000  large wind machines that would have to be installed to meet Table Two’s wind energy production goals. A carbon–free energy system means no more imported oil. Cost reductions from a smaller military presence associated with the end of using oil may well pay for a large fraction of a carbon-free electric system. Further savings would be achieved as cleaner air reduced health care costs. Some may argue that an average cost of about $150 billion dollars per year for the next 36 years is feasible in our large economy. However, since there would also have to be an enormous and expensive simultaneous effort to have a GHG-free transportation system, a needlessly expensive future non-carbon electric power system must be avoided. 
4.6 The Need for Diversity
Is a strategy of just building non-carbon sources of electricity the optimum way to deal with the challenges of climate change? Are there other issues besides a very large national cost?
One might argue that since the capital costs per kilowatt-hour for nuclear power is well below the capital costs of renewable energy
, the least cost approach would be to only build new nuclear power plants. This all-nuclear strategy would cost about $4.4 trillion dollars or less if costs are similar to those in China and South Korea. An all nuclear fleet of electric plants could be over a $1.1 trillion dollars less than the cost of the 50-50 mix described in Table 2. However, a single energy source, like an all-nuclear future or all-renewable energy future, would be a poor strategy. Nature teaches us that a basic strategy for survival is diversity. Both nuclear power and all forms of renewable energy have failure modes, however remote. Recent history teaches us the risks of overdependence on a single energy source, like the consumption of petroleum in the United States in the transportation sector or Europe’s importation of natural gas, largely from a single supplier. Diversity is a basic strategy in preventing a large scale failure from causing a long term insufficient supply of electricity.

Another reason to require diversity in our supply of electricity is that we are in a time crunch to convert to a clean energy future by 2050. The supply chains, manufacturing centers, siting, and construction of nuclear power plants are different from those that add renewable energy capacity. The nation can proceed more quickly in reducing GHG by adding non-carbon sources of electricity from several different supply chains and manufacturing centers, than attempting to deal with climate change with a narrow base of technologies. The $1.1 trillion dollar estimated additional cost of adding renewable energy so that it could supply half of our future electricity needs would be worth it if, by more rapidly reducing our GHG production rates, reduces climate change consequences in the amount of $1.1 trillion dollars or more over the next 36 years.

5.0 Infrastructure Issues
If we just replaced all of today’s 1371 power plants on a one-for-one basis, it would require over 3 new non-carbon plants to be opened every month for the next 432 months. More specifically, it would require about 155,000 new 2.5 megawatt-electric wind turbines, plus about 370 new nuclear power plants of about the same size as we have today, plus photovoltaics and other forms of solar energy, plus energy storage, a 40% increase in hydropower, plus many thousands of miles of new transmission lines. Even if this were financially affordable, is it doable in this time frame?

All of the non-carbon sources of electricity have serious infrastructure and implementation constraints. The simultaneous construction of large numbers of nuclear power plants hasn’t happened since the early1970s. The limited ability of this industry to manufacture major components, like pressure vessels, may require the help of overseas manufacturers. Many new nuclear engineers and other skilled personnel will need to be trained to replace the nuclear industry’s aging pool of technical personnel. The accident at Fukushima has again raised fears and until the nuclear waste issue, a political football far more than a technical one, is resolved some state laws will prevent the construction of new nuclear power plants in their states. 

Several years ago the American Wind Energy Association (AWEA) calculated that it would take 100,000 large wind turbines to meet 20% of the nation’s electricity needs by 2030. Even more wind turbines would be necessary by 2050 to sustain a 20% wind power contribution. It has been sug​gested that a 20% limit on wind power may be necessary to prevent an unacceptable increase in the risk of grid instabilities. This assumed grid stability limit needs to be re-examined as more wind energy experience is gathered globally. The National Renewable Energy Lab (NREL) has calculated that about 15,000 miles of new, extra high voltage power lines at a cost of $80 billion dollars would be necessary to connect these 100,000 wind turbines to the existing grid. With a wind power contribution 155,000 large wind turbines more than 15,000 miles of new transmission lines may be needed. Judging by the 1179 mile long Keystone XL experience, running more than 15,000 miles of extra high voltage lines may experience considerable public resistance, especially if these new transmission lines block animal migratory pathways. Some 155,000 wind turbines may begin to look unsightly if such large numbers dot the landscape.  If a typical wind farm would have about 70 of these large machines, then over 2200 wind farms would be needed. 

A typical 2.5 megawatt-electric wind turbine has a rotor blade 290 feet long, essentially the length of a football field. This turbine blade plus the height of its tower would reach higher than the Washington Monu​ment. Wind farms would also require power lines to connect them to the main transmission grid and energy storage to make best use of the  connecting lines to the transmission grid and for load matching purposes. 

Many of the 370 new nuclear plants required to produce 50% of the electricity in this 50/50 mix might be located on the sites of phased out coal or gas plants, or on retired nuclear power plant sites. Putting new nuclear power plants on old power plant sites may achieve savings if existing switchyards, transmission lines, and the like could be used by these new nuclear plants. Continuing to use the old power plant site can provide job security for some utility workers while maintaining the local tax base.

Recently the very large Ivanpah solar thermal power plant in a California desert was completed, yet many believe that it is impractical and constructing many more of these large solar thermal plants in the United States is questionable. All thermal power plants require a heat sink and usually this is a body of water. Placing large solar thermal plants in desert areas is problematic.

The Department of Energy’s (DOE) February, 2012 report “SunShot Vision Study” analyzed the prospects of photovoltaics and estimated that 19% of the 2050 electricity production in the United States could be accomplished by photovoltaics (PV), provided that electricity price parity can be achieved. This DOE report goes on to say that evolutionary changes in PV technology would be insufficient to achieve price parity and that “revolutionary steps forward are needed to achieve the SunShot targets.” Even if such revolutionary steps happen which allows PV to achieve price parity and then provide 19% of our electricity by 2050 and onshore  plus offshore wind turbines together provided another 31%, this only amounts to half the electricity we will need. If hydropower maintained its 7% contribution and other renewable energy sources add 2% (up from 0.11% now), the missing 31% or so would have to be made up with nuclear power. So instead of the 50/50 mix of energy sources described in Table 2, achieving these renewable energy goals would result in an energy source mix that is dominated by renewable energy, 69% in total. Even with a highly renewable energy future, a 31% nuclear contribution would be 225% more than in use today. 

The strategy to build enough new sources of non-carbon sources of electricity not only has a huge price tag, the United States may not have sufficient manufacturing capacity to bring down GHG emissions to low enough levels by 2050. 
Infrastructure limitations may be more restraining than financing issues in reducing the emissions of GHG. 
6.0 Penalties For Failure
If the world does not achieve a non-carbon electric power system by 2050 people will likely experience a larger global impact of climate change. Since carbon-free electric power also means far less air pollution, failing to achieve a  non-carbon electric future also has important health penalties. 

A future electric supply system must be highly reliability. The present US electrical supply system is an engineering marvel with a reliability of about 99%. Yet, that one percent unavailability due to unacceptable voltage levels or outright power losses costs the nation between $119 billion to $180  billion dollars annually, based on National Renewable Energy Laboratory studies. An unreliable electrical system leads to job losses.

Additionally, we live in a highly competitive world that is becoming increasingly dependent on electricity. Productivity in our manufacturing industries more and more depends on electricity-consuming robots; more electricity is being consumed as we expand our digital world; electrified transportation will further add to the demand for electricity, as will a growing population. Our world competitive position will depend upon achieving what we already have-a highly reliable, cost effective electric system- but next time without releasing  greenhouse gases.

The above penalties are not mutually exclusive. An inadequate energy strategy could leave us with climate change threats and an expensive, unreliable, and polluting electric power system, with impacts on employment and public health.

7.0 Getting Serious About Climate Change
The release of the latest report by the International Panel on Climate Change, the US Government Report on its Global Change Research Program, the EPA’s new carbon rules, statements by Carol Browner, former director of President Obama’s White House Office of Energy and Climate Change, explaining why the threat of climate change changed her from being anti-nuclear to now supporting nuclear power, are all indications that major changes in energy policy are slowly taking place. As indicated in this report, mixes of electricity sources adds diversity and may permit a more rapid decrease in the amount of GHG released.
An all-nuclear or all-renewable energy future is unwise. At this time it is unclear if all the non-GHG releasing sources of electricity working together is sufficient to reduce GHG levels to the point that the effects of climate change are generally tolerable. Perhaps the tired debate of renewable energy versus nuclear energy will finally give way to meaningful discussions about how to overcome huge infrastructure challenges.
� In France today the cost to install sufficient capacity to produce one kilowatt-hour for a year  from their nuclear power plants is $6400, which is close to the $5932 figure used in Table One.


� In this analysis hydropower is assumed to a remain at the 7% it is today. With an overall electricity production increase of 40%, a 40% increase in hydropower by 2050 would be necessary, This is (7%)(.4) =2.8% more hydropower. New conventional hydropower costs $3078/kw. Only this 2.8% increase is charged to hydropower in Table Two.


� Hydropower has lower capital costs than nuclear, but further expansion is difficult.
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