Renewable and Nuclear Energy as Appropriate Technology for Large-Scale Production of Electricity and Hydrogen Fuel
P. Kruger1
1.  Introduction
World population grew from an estimated 2.54 billion in 1950 to 6.12 billion in 2000 [1] with a mean annual growth rate (m.a.g.r.) of 1.8 %/a.  Figure 1 shows this growth connected to the “medium variant” forecast by the United Nations [1] of growth to 9.19 billion by 2050 with m.a.g.r. of 0.8 %/a (with a forecast steep decline in the annual growth rate).
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	Figure 1. World Population: 1950-2050 [1]


Electric energy generation in the world grew from 8.03 PWh (trillion kilowatt-hours) in 1980 [2] to 16.6 PWh in 2004 with m.a.g.r. of 3.0 %/a.  Figure 2 shows this growth connected to the forecast [3] of growth to 30.36 PWh in 2030.  Table 1 shows the expected growth in world electricity generation intensity (MWh/capita) over the mutual period from 1980 to 2030.
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	Figure 2. World Electricity: 1980-2030 [2,3]


Table 1

World Electric Energy Intensity 1980 – 2030

	Year
	Electric Energy Generation
(PWh)
	Population
(billions)
	Intensity
(MWh/cap)

	1980
	8.03
	4.45
	1.80

	2030
	30.36
	8.32
	3.65

	
	
	
	

	Increase
	3.8x
	1.9x
	2.0x


These data show a doubling of electric energy demand per capita by the year 2050.  Even with an intensive world-wide effort for energy conservation, the addition of three billion people, coupled with a large addition of existing and future applications of electric-energy-intensive technologies, and further coupled with public desire to reduce combustion of fossil fuels for generation of electricity and automotive transportation raises serious concern about the sustainability of world-wide energy supply.

The National Environmental Protection Act (NEPA) (signed into law January 1, 1970) was the first to require balance of the rapid growth of industrial development with its effect on environmental quality.  Major factors taken into account included population growth, resource exploitation, and appropriate technology.  These factors are important in future planning for the expanding use of electric energy by the growing world population.  Since enactment of NEPA, the concept of appropriate technology with respect to energy resources, as interpreted by the renewable and the nuclear energy communities, has been in continuous conflict.

With respect to the potential for providing sustainable energy resources for the production of non-fossil-fuel for the automotive transportation sector, hydrogen as a world-wide automotive fuel shows great promise.  The world vehicle fleet was 700 million in 2000 and may possibly reach 1500 million by 2050 [4].  Replacement of fossil fuels by hydrogen would require production of about 260 billion kg/a by 2050.  The United States currently produces about 8 billion kg/a of hydrogen of which 95% is made by steam reforming of methane in natural gas [5], used primarily as a chemical feedstock.  Production of 260 billion additional kg/a of hydrogen as an automotive fuel would require large quantities of fossil, nuclear, and/or renewable energy resources.  What are the most appropriate technologies available for such large-scale production of hydrogen?
2.  Specific Energy
A useful parameter for evaluating the energy resources for technologies appropriate for large-scale applications is the specific energy of the resource.  The specific energy of a fuel is the amount of available energy (usefully expressed in units of kilojoules per kilogram (kJ/kg)) contained in a unit quantity of the fuel.
Table 2 lists the specific energy of the fuels available to generate electricity in large-scale applications, such as community power supply and production of hydrogen fuel for large fuel-cell vehicle fleets.  Figure 3 (adapted from [6]) shows these data on a semilogarithm scale to illustrate the steady adoption of more “convenient” chemical fuels by the world’s population and the million fold increase in specific energy of nuclear fission fuels that became available in the second half of the 20th century.  The only other higher specific energy resource foreseeable at this time is the thermonuclear fusion of the heavier isotopes of hydrogen, (deuterium and tritium), which would duplicate the energy of the sun on Earth.
Table 2

Specific Energy of Fuels for Large-Scale Generation of Electricity 

	Fuel
	Specific 
Energy
(kJ/kg)

	Geothermal (steam)
Solar (PV)
Photosynthesis (wood)

Coal (anthracite)
Petroleum (gasoline)
Natural Gas (methane)
Hydrogen (H2)

Uranium (U-235)
Hydrogen (d,t fusion)
	2.8 x 103
9.0 x 103
1.6 x 104
3.0 x 104
4.7 x 104
5.6 x 104
1.2 x 105
7.4 x 1010
3.4 x 1011
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	Figure3. Specific Energy of Fuel [4]


Appropriate technology of electric energy for production of hydrogen implies the use of the most efficient fuels and conversion technologies.  Under NEPA it also implies a fuel and technology that will result in acceptable minimum impact on the environment.

The specific energy data in Table 2 clearly suggest that for large-scale generation of electricity, low-specific energy resources are most suitable for large numbers of distributed small-scale applications (such as electricity supply of individual homes and rural hydrogen production stations) and high-specific energy resources are most suitable for the smaller number of central large-scale applications (such as electricity supply of large metropolitan cities and urban hydrogen production facilities).
3.  Alternative Energy Resources
In the world quest for reduction in the combustion of fossil fuels with respect to urban air quality and the potential for global climate change, the search for sustainable alternative energy resources has grown in worldwide importance.  The available resources for large-scale applications can be sorted by the following natural sources:
· Terrestrial: geothermal steam; thorium and uranium ores; and the deuterium and tritium isotopes of hydrogen
· Lunar: tidal energy

· Solar: thermal; hydrologic; kinetic; photosynthetic; and radiation components.
Geothermal steam can be obtained indigenously from suitable deposits of geothermal reservoirs located in many nations in the world.  Nuclear energy is presently obtained from nuclear fission of the 235U isotope of uranium and is used in many nations in the world as a significant fraction of their electricity supply.  Renewable energy resources for generation of electricity can be obtained from the constant solar radiation reaching the Earth by the many conversion processes noted above.  For large-scale generation of electricity as a power supply and hydrogen as a transportation fuel, two most appropriate technologies appear to be photovoltaic conversion of solar radiation and commercial nuclear energy.
4.  Appropriate Technology: Solar Photovoltaic Electricity
The conversion of solar radiation directly into electric energy in semiconductor materials by the photovoltaic process has been well documented in the literature.  Applications have been commercially developed in the past 50 years from small devices, such as photographic light meters, power supply of calculators, with ever-increasing size to field and building arrays for sustainable power supply.  Appropriate larger-scale applications have included electric power in space technology, electrification of rural communities, power supply for remote technologies for monitoring and control, and for electricity grid connected systems.  These systems include stand alone power generation stations and electric power for structures such as homes, factories, and skyscrapers.
The potential for PV electric power in individual homes, buildings, and factories is very large.  For example, the U.S. Census Bureau in 2005 [7] citing the American Housing Survey – National of 2001 [8] that there are about 70 million single unit households in the United States.  If an average of 3 kW(AC)  were installed to provide electric energy for each one of these households, the total generated electric power would be 228 GW.  In 2001, the total installed electric power capacity was 840 GW [9].  The potential replacement of electric energy in the United States by solar PV in individual homes would be about 27% alone.  Adapting PV installations on larger structures could increase this percentage significantly.  
A rapidly developing technology which promises a great contribution to civil engineering practice is the use of building integrated photovoltaic systems (BIPV) in which thin-film photovoltaic materials are part of the construction material to provide daylight, heat, and PV electricity.  Several advantages accrue. Arrays of photovoltaic modules can be small- or large-scale as part of a roof, façade, or other parts of a building.  The cost of the system is reduced in part by the cost of the building materials that they replace.  The use in large office buildings takes advantage of the synergistic matching of daylight hours with the buildings daily energy supply and demand.  Some of the problems facing the development of BIPV are the requirement for large areas to offset the low conversion efficiency of thin-film photovoltaic materials (6-12%), the need for inverters to transform DC to AC current, and the need for an energy storage system (such as batteries) or connection to a utility grid.  As the cost of photovoltaic systems are reduced with further development and mass production, the use of low-specific energy solar radiation will become a welcome appropriate technology for individual homes, commercial buildings, and other distributed large-number, individual low-specific energy applications.
The development of electricity-generating photovoltaic systems can be seen in the recent construction of “skyscrapers”.  Figure 4 shows the 4 Times Square building in New York City completed in 2001 [10] as an example of one of the first large installations of a BIPV system that generates a portion of the building’s electricity supply.  The PV window arrays are on the south and east facades of the upper floors (the black array) of the upper floors of the tower.  The PV system provides 15 kWp (peak) power that generates about 13, 800 kWh/year at a PV module efficiency of 6%.  Figure 5 shows a modern design of the Pearl River Tower being constructed in Guangzhou, China by 2009 [11] that represent a current status of BIPV technology.  The building was designed as a net-zero-energy skyscraper using several “green” technologies (including 8 wind turbines in the two wind generator sections of the tower [12] to provide electric power and reduce energy demand.  The wind generation in the funnel-shaped façade at the two wind generating levels in the building accelerates the wind velocity through the turbines by a factor of 3.5 which by the kinetic energy equation
P   =   ½ mV2   =   ½ (ρAV)V2   =   ½ ρAV3
	where P
	= power rate (kW)

	ρ
	= air density (kg/m3)

	A
	= swept area (m2)

	V
	= wind velocity (m/sec)


and with the cubic power of the wind velocity, increases the power output by approximately 15 times compared to tower wind turbines at the same height [12].
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	Figure 4. Four Times Square Building [7]
	Figure 5. Pearl River Tower [8]


The BIPV system [11] consists of both PV glass and polycrystalline silica module arrays producing about 240 kWp power, generating about 296,000 kWh of electric energy per year.  Table 3 shows the extent of development of BIPV application in the two skyscrapers.  The existing data show an increase in array area of a factor greater than 10.  The Pearl River tower uses about equal quantities of the two PV materials with power output (in W/m2) as shown.  The increase in BIPV system power and annual electric energy production are about factors of 15 to 20.  A large number of smaller-than-skyscraper BIPV installations exist around the world [13].  A new large project will be the Masdar “sustainable city” announced by the Abu Dhabi government [14].  The data for the PV installation [15] are included in Table 3.  They represent another order of magnitude increase in PV development.  The large contribution of PV electric energy generation to sustainable energy supply as an appropriate technology is well underway.
Table 3
Development of Large Photovoltaic Installations in Skyscrapers

	
	4 Times Square
	Pearl River
	Masdar City

	Year installation
Photovoltaic area (m2)
Power output (W/m2)
BIPV system power capacity (kWp)
Annual electric energy output (MWh)
	2001

288

~ 50
15

14
	2009

3000

½@110
½@51
240

296
	2012

27000

100

2700

5200


5.  Appropriate Technology: Nuclear Energy for Hydrogen Fuel
For the smaller number of applications, such as metropolitan electricity supply, that require high-specific energy resources, nuclear reactor technology is an appropriate technology.  With recycling of nuclear reactor fuel, uranium becomes a long-term sustainable resource and also a “green” fuel with respect to the large decrease in emission of greenhouse gases to the atmosphere from fossil-fuel combustion.
With third and fourth generation nuclear reactors underway that can produce temperatures in the 800 to 1000 °C range, nuclear energy becomes a very appropriate technology for large-scale production of hydrogen fuel.  Nuclear production of hydrogen can be achieved by three general methods:
1) Use of “Dual-Purpose” nuclear power plants as suggested by Boardman, et al. [16]  Figure 6 shows a typical daily demand curve for electricity with the capacity of the power plant in excess of the maximum peak load.  Off-peak electricity is always available at reduced marginal cost for continuous electrolysis of heated reactor cooling water.
2) Use of high-temperature electrolysis of steam.  Figure 7 shows the reduction in electricity demand (ΔG) as the thermal energy input (T ΔS) is increased with total energy demand given by

ΔH   =   ΔG   +   T ΔS

	where ΔH
	= change in enthalpy (total energy demand)

	ΔG
	= change in Gibb’s free energy (minimum work needed to drive the reaction)

	T
	= absolute temperature (°K)

	ΔS
	= change in entropy (a thermodynamic property of the system, J/°K)


3) Use of thermodynamic chemical cycles for the dissociation of water.  Figure 8 shows the sulfur-iodine (S-I) cycle.  Such processes require reaction temperatures greater than 800 °C, available in high-temperature nuclear reactors [17].
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	Figure 6. Dual-purpose Power Plant [10]
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	Figure 7. High-T Steam Electrolysis
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	Figure 8. S-I Thermochemical Cycle


6.  Discussion
A major world concern is the need to reduce the rate of combustion of fossil fuels for generation of electricity.  Several reasons for prolonging the lifetime of fossil-fuels for more-essential applications include their use for organic chemical feedstocks, heating and cooling in the residential and commercial sectors of the economy at affordable cost, economy savings in using reliable, indigent energy resources, and reducing the emission of greenhouse gases for local air quality abatement and global climate change control.  The great (million-fold) difference in specific energy between chemical and nuclear fuels dictates their most appropriate technologies.
If the growth of population, affluence, and vehicle transportation continues worldwide at present-day rates, the need for additional low-cost electric energy will become acute.  The world demand for electric energy supply could grow from about 20 PWh in 2010 (when commercial manufacture of fuel-cell engine vehicles is likely to accelerate) to about 60 PWh/a by 2050 [4].  For a world vehicle fleet requiring about 260 billion kg/a of hydrogen fuel [4], an additional 10 PWh/a of electric energy would be required.  The growth in energy supply with reduction in fossil-fuel resources would have to come from some combination of renewable and nuclear energy.
To apply appropriate technologies for low specific energy and high specific energy applications over the next 50 years, accelerated use of both resources will be required.  A balanced use of both resources, i.e. 50% from each, could entail generation of 35 PWh/a of electric energy from each energy resource.  The number of nuclear reactors that could generate 35 PWh of electric energy per year by 2050 would be 3500, based on an average nuclear reactor output of 10 TWh per year [4].  There are currently more than 400 nuclear reactors in the world. Installation of 3100 more by 2050 would require a concentrated effort to achieve a 50% contribution to the world electric energy supply.
The two major renewable energy technologies for electric power supply are solar photovoltaic systems and wind generator farms.  A 50% contribution to world electricity supply could be achieved by 2050 with 17.5 PWh/a of generation by each technology.  The number of 5 kW(AC) photovoltaic installations that could generate 17.5 PWh/a would be about 1.7 billion, estimated for an average energy generation ratio of 2000 kWh/a per installed kW.  The number of 5 MW wind turbines that could generate 17.5 PWh/a would be about 1.2 million, estimated for an average energy generation ratio of 3 GWh/a per installed MW [18].  Table 4 shows a summary of these estimates to provide a sustainable world electric energy supply without use of fossil fuels for an electricity supply of a world population of 9 billion people at a life-style consumption of 7.8 MWh/capita, compared to the values in Table 1 of 1.8 MWh/capita in 1980 and 3.65 MWh/capita forecast for 2030.
Table 4

Energy Resources for a World Electricity Supply of 70 PWh/a by 2050

	
	Electricity Supply
	

	Energy Resource
	(PWh/a)
	(%)
	Number of Installations

	Solar PV

Wind

Nuclear
	17.5

17.5

35.0
	25

25

50
	1.7 billion

1.2 million

3500


The accelerating growth rate in energy consumption per capita probably cannot be sustained worldwide over the forthcoming 50-year period.  Regulated and technical conservations will be required to reduce the “business-as-usual” rate of per capita consumption.  But, clearly, with a 50% increase in world population and continued human quest for a “better life”, the values in Table 4 could be approached.  The conclusion may be that the world governments must plan for an energy future farther into the future than the present 5 to 20 years in view of the long lead times (20 to 50 years) that new and improved technologies need to become significant in the world economy.
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