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Abstract 
Historically, the growth and prosperity of human civilization have mainly been propelled by fossil energy (coal and petroleum) usage. Decades of tested and proven technologies have led to a continuous increase in demand for fossil-based fuels. As a result, we are now finding ourselves at the threshold of a critical tipping point where environmental consequences and global climate can be irreversibly affected and hence cannot be ignored. More than ever before, our unending and rapidly growing need for energy has necessitated urgent action on efforts to examine alternative forms of energy sources that are eco-friendly, sustainable, and economical. 
There are several alternatives to fossil-based fuels. These include biomass, solar, wind, geothermal, and nuclear options as prominent and possible sources. All these options can assist us with reducing our dependence on fossil fuels. Solar energy, being one of them, has the unique potential to meet a broad gamut of current global energy demand. These include domestic applications such as solar-assisted cooking, space, heating, as well as industrial processes such as drying. Solar energy utilization in several key areas such as electricity generation (photovoltaics), clean fuel production (hydrogen), environmental remediation (photocatalytic degradation of pollutants), and reduction of greenhouse gases (CO 2 conversion to value-added chemicals) is also of great interest. A key challenge that must be addressed to boost commercialization of solar energy technologies, and common to these applications, is material properties and solar energy utilization efficiency. To realize large-scale and efficient solar energy utilization, application-based materials with a unique combination of properties have to be developed. The material has to absorb visible light and be cost competitive, composed of earth-abundant elements, and nontoxic, all at the same time. 
This chapter consists of ten sections. The first introduction section consists of a detailed discussion on the importance of energy in human activity, the effects of fossil fuels on climate and human lifestyle, and materials that meet many of the above criteria. The second section provides a short and critical comparison of solar energy with other alternatives. The third section provides a quick review of the basic concepts of solar energy. The commonly employed toolkits used in the characterization of materials for solar energy conversion are discussed in section four. Some of these tools can be used to evaluate specific optical, electronic, and catalytic properties of materials. Section five discusses the main categories of materials that are either commercialized or under development. The challenges to developing new materials for solar energy conversion are addressed in section Materials for Solar Energy Utilization. Section seven outlines some of the main strategies to test the promising materials before a large-scale commercialization attempt is initiated. Section eight profiles companies and institutions that are engaged in efforts to evaluate, improve, and commercialize solar energy technologies. This segment provides information about the product from a few representative companies around the world and their niche in the commercial market. Section nine provides a general outlook into the trend in solar energy utilization, commercialization, and its future. Finally, section ten provides the authors’ concluding perspective about the solar energy as a pathway for reducing our dependence on fossil fuels. At the conclusion of this chapter, we have also provided over 100 references that are highly recommended for further in-depth study into various aspects of solar energy. 
Introduction
Importance of Energy in Human History 
Energy has been one of the basic requirements for human activity and has played a pivotal role in human history. Research has been undertaken that correlates the increased availability of energy within a society to its citizens to an increase in the standard of living conditions. The nineteenth century saw the ushering of a technology revolution, a period in time that contributed to a significant improvement in the quality of human life while witnessing an increasing demand for energy in order to maintain these improved standard living conditions. Fossil fuels were critical to the industrial revolution that accompanied technological development during this era. The latter twentieth century saw a rapid increase in the demand for various other forms of energy in different parts of the world. Moreover, it is anticipated that this voracious demand for energy will only increase in the foreseeable future as many more countries of the world strive to improve quality of life for their citizenry (Hultman 2007; Weiss et al. 2009; Rotmans and Swart 1990). 
Present Sources of Large-Scale Energy
The US Department of Energy’s 2003 Annual Energy Report divides US energy usage into four main categories with a percentage of the total US 98.3 QBtu/year usage: residential usage (21.23 %), commercial (17.55 %), industrial (32.52 %), and transportation (26.86 %). This same report then proceeds to break down the 2003 US energy consumption which is shown in Table 1. 
Table 1 
2003 US energy consumption 
	Source 
	Amount 
	QBtu 
	Percent 

	Coal 
	1.08 × 10 9 t 
	22.6 
	23.0 

	Natural gas 
	21.8 × 10 12 ft 3 
	22.5 
	22.9 

	Petroleum 
	6.72 × 10 9 bbl 
	39.1 
	39.8 

	Nuclear 
	757 × 10 9 kWh 
	7.97 
	8.1 

	Renewable 
	578 × 10 9 kWh 
	6.15 
	6.3 

	Total 
	98.3 
	100 


As is evident from Table 1, fossil fuels (coal, petroleum, and natural gas) make up 85.7 % of the US energy consumption, making them the first and by far the predominantly used sources (Danielsen 1978). The reason for a predominantly fossil-fuel-based economy is that (1) the technologies and infrastructure using fossil-based fuels have been well developed over several decades and (2) the comparatively lower cost of fossil fuels in relation to other types of energy sources. 
The next highest US energy consumption after the fossil fuel is nuclear energy. Nuclear energy has been extensively exploited as an energy source in several developed countries as an alternate to fossil fuels and is a promising eco-friendly energy source for large-scale applications (Lenzen 2008; Germogenova 2002). However, nuclear energy has a high capital cost, vulnerability to man-made disruption, and the potential to be used for destructive purposes. Furthermore, a tremendous challenge lies in changing negative public perception about nuclear technology, stemming from perceived danger due to prior unfortunate nuclear-related incidents in Chernobyl, USSR, and Three Mile Island, USA. It is to be noted that the trend in the United States’ energy consumption has been reflected in several developed countries as well. 
Issues with Large-Scale Usage of Fossil Fuels
In spite of the availability of several energy sources for large-scale usage, fossil fuels have been one of the most cost competitive, easily accessible, widely available, and therefore a more attractive option. It continues to be the primary form of cheap energy source in many countries with wide-ranging economic portfolios. However, with the continued use of fossil fuels coupled with a demand, their detrimental impact on climate and environment has forced us to reexamine the viability of relying further on this form of energy as mankind’s primary resource for the future. Speculated major concerns are climate change, health hazards, and potential for economic chaos. The details of some leading concerns regarding continued dependence on fossil fuel as a primary resource are listed in Table 2. 
Table 2 
Issues with continued reliance on fossil fuels as a primary resource for mankind’s energy needs 
	Problem areas for fossil fuels 
	Specifics 
	Description 

	Climate change issues 
	Global warming 
	Emission of greenhouse gases such as CO 2 traps solar heat which raises atmospheric temperature 

	
	Sea level rise 
	Rise in sea levels due to global warming can lead to flooding of low-lying areas 

	
	Alternation of weather pattern resulting from temperature change 
	Draughts, floods, hurricanes, and tornados can critically impair local/regional economic activities such as agriculture and even lead to displacement of the population 

	Health hazard 
	Tailpipe/stack emissions 
	SO x, NO x, and particulates in emissions can reduce air quality by promoting smog formation which may lead to health hazards such as lung cancer 

	Economic risks 
	Unsteady supply of increasingly finite resources 
	Increasing demand for finite resources can lead to spiraling prices (price fluctuations) that can hurt or even stunt economic growth 

	Others 
	Geopolitical instability 
	Extreme reliance on very few sources where political situation can become unfavorable 

	
	Man-made disruption 
	Disruption of stable supply of energy due to activities such as terrorism 

	
	Land destruction 
	Environmental impact on local animal and plant life 


Need for an Alternate Energy Focus 
A closer look at other alternatives to meet mankind’s demand for energy is urgently needed. The reasons cited in Table 2 highlight the need for a serious reexamination of mankind’s approach to identifying, researching, and implementing possible options of energy resources. The key criteria for choosing an alternative energy form are: (a) sustainability, (b) eco-friendliness, (c) availability, (d) cost (capital and operating), (e) political will to change status quo by modifying governmental public policies, (f) population support, (g) technological reliability, and (h) safety aspects. It has to be first understood that no single form of energy can offset fossil-fuel usage completely and continue to meet the rising demands globally. It is also perhaps a smart decision to avoid focusing on just one form of alternate energy, but explore a diversified energy portfolio. It is generally agreed that an energy portfolio containing a mix of various forms of non-fossil-based alternative ranked using the above criteria should be tailored based on region- or country-specific needs. 
Options Available to Us
There are several non-fossil-fuel-based alternatives that have been examined as possible energy sources (Tester et al. 2005). The United States and Europe are leading the effort in examining the induction of non-fossil alternatives into mainstream energy sector. However, there is still a long way to go in this direction. For example, current US consumption of renewable energy forms – wind, biomass, geothermal, and solar – is 6.3 %, a very small fraction of the total 98.3 QBtu of energy used by the United States. Some of the pros and cons of these green alternatives are discussed next. 
Wind Energy
Wind power is broadly defined as the conversion of wind energy into a useful form of energy-utilizing machinery such as sailing vessels, windmills, and wind turbines (Scheme 1). Wind energy shows promise as a replacement for fossil fuels as an energy source; theoretical estimates indicate that global output from wind can be the equivalent of ∼5,800 quads of energy per year (AWEA 2010) (1 quad = 172 million barrels of oil =425 million tons of coal). Moreover, wind power has certain advantages over other renewable forms of energy such as solar energy, for the wind can blow day and night, sunny or cloudy, and often is strongest during dark, overcast winter storms when energy is needed for heating and getting solar energy is not possible. 
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Scheme 1 
Green energy options that have potential to meet global energy needs 
However, wind power also has its limitations. Many devices that convert wind energy need specific wind velocities to work efficiently, and as a result, these specific wind velocities are often location specific, limiting the areas in which wind energy conversion devices can be used. Furthermore, contentious issues such as potential harm to endangered birds due to the rotating blades, noise concerns, health concerns, and the effects on aesthetics of the landscape due to the presence of several hundred windmills in a farm need to be resolved. Countries such as the United States (Knoll and Klink 2009) and England (Price et al. 1996) are seriously considering or have projects underway to harvest wind energy. The data from such case study locations should be carefully examined and appropriate changes have to be made to address the aforementioned concerns to exploit wind energy on a larger scale. 
Biomass Energy 
Biomass is a renewable energy source because the energy it contains comes from the sun. Plants capture the sun’s energy via the process of photosynthesis. Photosynthesis converts carbon dioxide from the air and water from the ground into carbohydrates, complex compounds composed of carbon, hydrogen, and oxygen. Later when these carbohydrates are combusted, fermented, or gasified for energy utilization, they turn back into carbon dioxide and water and release the sun’s energy that they contain. Through this cyclic process, biomass functions as a sort of natural and potentially infinite battery for storing solar energy. Depending on the biomass source and method used for releasing the captured energy, biomass energy can have the potential to supply 79 QBtu of energy (this is 80 % of the US energy consumption). However, in order to reach this output, the current 350 × 10 6 acres of land being harvested in the United States would have to be used solely for biomass production. This leads to the main disadvantage of biomass – the land needed to produce the biomass often leads to competition with land for food, destruction of forests, and with some biomass technologies, such as ethanol, food crops are used directly (Sanderson 2007). However, biomass from solid maniple waste and new research investigating biomass produced from nontraditional sources such as coffee waste or algae-based biofuel production possibly positively influence technological and commercial advances within this field (Oliveira et al. 2008; Kondamudi et al. 2008). 
Geothermal Power
Geothermal power utilizes the continuous flow of heat energy from the hot interior of the earth to its surface, by means of space heating and the generation of electricity. Unlike fossil fuels, biomass, wind, and solar, geothermal has the capacity to sustain itself in a continuous closed-loop system using heat from the earth’s crust. 
Moreover, the world’s geothermal energy reserve is recorded at 10 8 QBtu, a million times the total yearly US energy consumption. Unfortunately, current geothermal energy is limited by locations where natural reserves occur and the heat energy can be tapped in a commercially viable manner; however, there are new technologies being researched, such as the Normal Geothermal Gradient and Hot Dry Rock technologies, which would expand geothermal usage tremendously. 
Solar Power 
It is to be noted that solar energy can be considered as the indirect source for wind (solar-driven temperature changes cause wind movement) and biomass (chlorophyll pigments absorbing sunlight to grow plants/biomass). However, we do not focus on that aspect often when we talk about solar power. Solar power harnesses the radiant light and heat given off by the sun and is unquestionably the most universally available and least utilized form of renewable energy resource. It is estimated that the earth receives 162,000 TW of energy from the sun (Ginley et al. 2008). If one assumes that earth has a land mass of approximately 20 %, the fraction of energy reaching land is ∼32,400 TW, a fraction of the world’s yearly energy consumption! If it is possible to build systems that can harness this solar energy, it could solve mankind’s energy problems. However, the biggest challenge is the development of materials that can economically and efficiently convert solar energy into useful forms at a commercially viable efficiency. This chapter focuses on solar energy and some of the factors that are pivotal to using solar energy as a resource for meeting global energy needs. 
For further details on these topical areas, the readers are referred to four chapters on biomass and one chapter on wind energy in this text. 
Solar Energy
The following sections assume that the reader already has a fundamental knowledge of solar energy. For a review of these concepts, there are numerous publications in circulation that cover these fundamentals in greater detail. 
What Is Solar Energy?
Solar radiation consists of light of different wavelengths (energy). The energy associated with each wavelength can be estimated using the equation \( E=h\frac{c}{\lambda } \), where E = energy (eV), h = Planck’s constant (6.6 × 10 −34 J s), λ = wavelength of light (nm), and c = velocity of light (3 × 10 8 m/s). As the wavelength of light increases, the energy associated with that wavelength decreases. Solar energy received at the surface of the earth also depends on the location (zenith angle) and effects of atmospheric interference (pollution or turbidity). In general, the irradiance at the surface reduces toward the poles and increases with atmospheric pollution. The solar spectrum can be divided into several regions. These include far-UV (<200 nm), UV (200–400 nm), visible (400–700 nm), infrared (700–1,400 nm), and far-infrared (>1,400 nm). The distribution of energy associated with sunlight can be identified to different regions and may be approximated as UV <5 %, visible ∼40–50 %, and the rest being infrared. The heat associated with the solar energy can be attributed to the infrared part of the solar spectrum. Photoactive materials involved in solar energy conversion respond to the irradiation by absorbing solar energy and undergoing electronic and/or chemical transformations. The primary step is a process of generating oppositely charged species called excitons or electrons and holes (Bahnemann 2004; Mills et al. 1993). A secondary process may involve production of electricity (flow of electrons) or initiation of chemical reactions that result in product(s) that have energy applications. 
Advantages/Disadvantages of Solar Energy 
Just as the other forms of energy resources have advantages and limitations, solar energy has its own set of benefits as well as drawbacks. These points are compared in Table 3. 
Table 3 
Advantages and disadvantages of solar energy 
	Advantages 
	Disadvantages 

	1. Universally available, infinite energy source, and free. Complementary technologies ensure continuous availability 
	Large area required to produce sizeable power (may not be possible to harvest solar energy in densely populated areas) 

	2. Clean eco-friendly, very low maintenance, supports local economy “ green jobs,” and does not contribute to global warming 
	Some materials used currently in solar energy conversion can be expensive and toxic and may require carefully planned disposal protocols 

	3. Sustainable and free of geopolitical instabilities. No security issues 
	Weather patterns can be a source of unpredictable interference 

	4. Political support and incentives to switch to solar energy systems are favored in many countries 
	Public awareness about incentives (rebates) and education is still low and needs a significant boost 

	5. Solar energy usages range from food processing (solar cookers) to large-scale electricity generation 
	Solar conversion efficiencies in most applications are low. Efficiency improvement via materials development is a key challenge 


Applications of Solar Energy
Traditionally, the most common forms of solar energy usage have been harvesting the heat associated with the solar radiation, which is later utilized in applications such as cooking, space heating, and drying. Many of these applications have undergone technical refinement over time leading to cost competitive, efficient, and wide-scale usage. A brief discussion on some of these applications is presented in section “ Principles of Solar Energy Utilization.” Figure 1 shows the breadth of applications that employ various aspects of solar power. Since the 1900s, efforts to use solar energy for energy generation involved focusing on the direct production of electricity, liquid, and gaseous fuels utilizing solar energy. Of particular interest, and also a great challenge, is using solar energy to sequester CO 2 for producing value-added products such as fuels and control its emissions into the environment at the same time. The objective is to address two of mankind’s fundamental challenges: provide sustainable energy and reduce impact on climate. Due to the criticality of these challenges, CO 2 control using solar energy is an emerging area of research. 
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Fig. 1 
Solar energy can be utilized in a wide range of applications from processing of agricultural precuts to energy generation to environmental remediation 
From an environmental perspective, the applications of solar energy in waste treatment cannot be ignored. Photocatalytic degradation of a wide variety of gas-phase and liquid-phase pollutants assists in keeping the atmosphere and water bodies clean. This process involves the destruction of potentially toxic materials through a series of steps into relatively benign intermediates and later into CO 2 and water. Depending on the nature of the pollutant(s), the application of solar energy for environmental protection can therefore be a simple and cost-effective method to treat recalcitrant materials. A limited discussion of this aspect of solar energy utilization is provided later (Sections “ CO2 Conversion,” “ Example 1: Integrated Organic Waste Treatment and Fuel Cell System,” and “ Example 3: Bioprocesses to Convert Waste to Energy Using Algae”). 
Principles of Solar Energy Utilization
This section discusses the principles of solar energy utilization in commonly used applications such as water purification, residential heating, food processing, biofuel production, photovoltaics, water splitting, and CO 2 conversion to hydrocarbons. 
Space and Water Heating
Space heating is often used in residential and commercial areas (Bezdek et al. 1979; Sakai et al. 1976; Kulkarni et al. 2007; Kalogirou 2009; García-Valladares et al. 2008; Han et al. 2010). The process involves utilizing heat from the sun in order to provide comfortable living conditions in an eco-friendly manner. Space heating involves careful planning of the design of structures based on the orientation of the sun. The differences in the densities of warm and cold air are exploited to cause an artificially induced circulation in a confined space. The roof can be slanting or flat and made of partially transparent glass, permitting natural illumination. The principle design of one form of a well-designed space heating system, including the general steps involved, is schematically illustrated in Fig. 2a. A slight variation of this concept can also be used in heating water. A typical setup may include off-the-shelf metallic heat-conducting tubes that carry water through a blackened enclosure exposed on one side to solar radiation. This produces water fit for domestic use. Figure 2b shows the pictures of solar water heating apparatus on the roofs of buildings in China. Benefits of employing such eco-friendly approaches may include significant cost savings in utility bills, reduced illumination costs, reduced dependence on fossil-based fuels, and protected earth’s climate by minimization of carbon footprint. 
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Fig. 2 
The use of solar energy in several applications has been studied extensively. Here are some examples where solar energy is utilized in ( a) large-scale and ( b) small-scale portable water heater, ( c) solar still, and ( d, e) solar cooker. Refer to section “ Principles of Solar Energy Utilization” for details (Reprinted with permission from Elsevier) 
Water Purification Using Solar Stills
Solar stills (or solar distillation) are used for producing portable water from impure and/or scarce water resources (Kaushal and Varun 2010; Tiwari et al. 1996, 2003; Khalifa and Hamood 2009). A solar still can be used in places with little or no infrastructure such as deserts, regions with mines that have potential ground water contamination, in areas that have frequent disruptions in utilities (power and water supply), and as an emergency survival kit. The principle of operation of a solar still is shown in Fig. 2c. Heat energy from the sun facilitates evaporation followed by condensation of water. The still consists of a lower darkened region with a transparent cover (glass or polymer) placed at an inclination that allows solar radiation to pass through. The bottom of the still often houses the impure water and can be maintained dark if needed to maximize absorption of heat from the sun. The source of this water can be groundwater, industrial effluents, agricultural runoffs, wastes from poultry/diary, or other sources. The absorbed heat is transferred to the water which evaporates and then condenses on the inner side of the cover. The condensate trickles down along the slope of the cover and collects in a separate reservoir, providing water fit for consumption. Since water has to be boiled to kill microorganisms such as bacteria, a solar still may not be able to do this effectively as boiling is not always achieved at the still operating temperatures. One can fabricate a crude still using materials such as transparent plastic, a water-resistant darkened polystyrene sheet, and stones. 
Food Processing 
Solar energy can be used in cooking, drying of organic matter, and in the elimination of pests that threaten crops (Sharma et al. 2009a, b; Tiwari et al. 1994; Harmim et al. 2008). Solar cookers are the simplest form of food processing equipment. The concept is similar to a solar still or solar water heater. Incident as well as reflected sunlight is absorbed by a dark vessel that contains the food material that has to be cooked. A simple solar cooker can be made of a wooden box, with a glass wool liner and aluminum reflector sheets. A schematic representation of a solar cooker is shown in Fig. 2d. Figure 2e shows a photograph of a household solar cooker. Solar cookers can be especially effective in countries along the equator since they receive significant amounts of solar radiation for a better part of the day peaking right around the midday periods. Therefore, solar radiation can be easily used to cook a midday lunch in a reasonable time. Larger area solar dryers consist of wooden boxes with ventilation holes in the sides. These holes assist in air circulation. Dry air carries the moisture generated from the organic matter outside. The top of the box is covered with glass or flexible polymeric materials at a latitude-based angle to allow maximum sunlight. These boxes can be used to dry organic matter: fruits, vegetables, or fish. 
Solar-Assisted Biofuel Production 
Fuels obtained from a biological source such as an organic matter (plants and waste matter) are called biofuels: (Hou and Zheng 2009; Vorayos et al. 2006; De Falco et al. 2009) vegetable oil (biodiesel), bioalcohols (ethanol), and biogas (methane) are common examples (Hou and Zheng 2009; Vorayos et al. 2006; De Falco et al. 2009; Peterson and Hustrulid 1998). The principles involved in the production of these biofuels vary vastly depending on the type of approach used for the biofuel production. However, common to all these processes is the (1) cyclic nature of CO 2 from the sunlight being utilized by a plant to the utilization of this stored energy and (2) the requirement that a catalyst drives this reaction. Figure 3 illustrates the different types of catalyst-driven reactions. Among the four pathways shown in Fig. 3, pathways I and II are benefited due to solar energy usage in the left side. Solar energy is absorbed by catalysts such as chlorophyll to form chemical energy in vegetables and plants. This in turn can be converted using appropriate catalysts to biodiesel and/or ethanol. The carbon cycle for an energy crop produced from the rape plant is shown in Fig. 4a. Solar energy is utilized in pathways III and IV to drive products in the right side. Path III utilizes microorganisms such as algae which drive the photoconversion of CO 2 to value-added fuels. In pathway IV, redox chemistry at the photocatalyst surface is central to the conversion of CO 2 to value-added chemicals. The development of biofuels using solar energy is very promising, and this approach to solar energy conversion can be a major player in the energy mix for the future. 
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Fig. 3 
The production of biofuels can be carried out using different raw materials in the presence of a catalyst 
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Fig. 4 
( a) Schematic of the steps involved in biofuel cycle, ( b) the process of solar energy conversion to electricity using a PV device, ( c) the exploded view of a dye-sensitized solar cell, ( d) mechanism of redox processes in a photocatalyst, and ( e) CO 2 photocatalytic reduction using solar energy over a semiconductor oxide photocatalyst (Reprinted with permission from Elsevier) 
Solar Photovoltaics (PV) 
A photovoltaic device converts solar energy to electricity through two main steps: the energy from the solar radiation is absorbed by the photoactive material(s) to produce excited electrons, and these electrons then tunnel through the material to the external circuit to generate a photocurrent (Bube 1990; Server 2010; Takeda et al. 2009; Landi et al. 2005; Ito et al. 2008). Figure 4b shows the operating principle of a solar cell based on a combination of an inorganic material called titanium dioxide (TiO 2) and a visible light-absorbing dye. Figure 4c shows the parts of a dye-sensitized solar cell. In this system, electron–hole pairs are generated due to the light absorbed by the dye, and it tunnels though an underlying TiO 2 layer to a collecting conducting glass substrate. An electrolyte is present between the anode (conducting glass) and the cathode of a PV device. The role of the electrolyte is to function as a redox couple and facilitate replenishing of the charges at the photoanode. Composite systems are often used to (1) improve light absorbance, (2) promote charge separation, and (3) increase the overall performance efficiency of the solar cell. Tandem cells, inorganic composite-based solar cells, and dye-sensitized solar cells are some examples of popular photovoltaic devices. An ideal solar cell is one which is able to absorb most of the solar radiation (usable parts of the solar radiation are ultraviolet, visible, and infrared) and generate electricity with a high level of solar-to-electric power conversion efficiency (η). Investments in the area of solar photovoltaics have been growing at an incredible rate in the last decade (REN21-Secretariat 2010). Improvement in technology, low material and processing costs, and political incentives have been identified as the major factors contributing to solar PV growth in developed as well as developing countries. 
Photocatalytic Oxidative (Water Splitting) and Reductive (CO2 → Fuel) Reactions 
Solar energy can be used to drive different types of chemical reactions yielding many value-added products (Kudo and Miseki 2009; Aroutiounian et al. 2005; Matsuoka et al. 2007; Teramura et al. 2010; Anpo et al. 1995; Qin et al. 2011). Water splitting, CO 2 control, and environmental remediation are popular examples of such solar-driven reactions. The principle behind these different reactions is essentially the same. In a photocatalyst surface, both oxidative (electron liberating) and reductive (electron gaining) reactions can occur simultaneously as shown in Fig. 4d. In either type, the photocatalyst driving the reaction has to straddle the reaction of interest if it were to be performed without the application of an external electric field or bias. In photooxidative reactions such as water splitting and environmental remediation using oxidation, hole or hydroxyl radicals generated at the valence band of the semiconductor are often the main participating agents. Photocatalytic water splitting involves the hydrogen formation at the cathode and oxygen formation at the anode. Reduction reactions are performed by the electrons at the conduction band. Examples of reductive reactions include CO 2 reduction to hydrocarbons such as methane, methanol, or methyl formate (Fig. 4e) and reductive precipitation of toxic heavy metals such as mercury and cadmium from waste streams. For a detailed discussion on the mechanistic aspects of the redox reactions on a photocatalyst surface, readers are referred to a few representative reviews in the literature (Bahnemann 2004; Mills et al. 1993; Hoffmann et al. 1995; Linsebigler et al. 1995; Fujishima et al. 2000; Gogate and Pandit 2004; Mor et al. 2006; Rajeshwar et al. 2001). 
Toolkit for Characterization of Photoactive Materials (PMs)
Photoactive materials or PMs for solar-to-energy conversion can be simple (consisting of one element or compound) or complex (consisting of several materials in the form of a composite). Often, synthesis procedures for complex PMs employ preformed materials as building blocks. To improve the performance of the PMs, one has to examine surface, optical, electronic, and catalytic properties of the material(s) as they start to take the desired shape or form. There are several tools that can be employed to evaluate material properties at various stages of synthesis. Some of these stages include formation, phase transformation, growth, photoactivity before and after integration with other materials, and performance after the entire device has been fabricated. Table 4 is a list of some common tools used to evaluate material performance. A detailed description of some of these tools is also provided below. (Note: For brevity, only commonly used tools representing each of the three categories below are discussed.) 
Table 4 
Optical, surface, and electrochemical measurements that can be performed to determine the properties of photoactive materials 
	Category 
	Instrument 
	Purpose 

	Optical 
	Spectrometer 
	UV–vis absorption 

	
	FT IR 
	Interaction with other materials (composite formation), synthesis progress 

	Surface 
	SEM, TEM, HRTEM 
	Surface morphology (shape, size, aspect ratio), crystallinity, size distribution 

	
	BET 
	Surface area 

	
	TGA-DSC 
	Thermal stability, phase transition properties 

	
	XRD 
	Crystallinity, compound formation 

	
	AFM 
	Surface properties (morphology, roughness) of films 

	Electronic 
	V OC, I/t, V/t, I/V 
	Photoelectrochemical properties (of interest in, e.g., PV, photoelectrocatalytic water splitting), Mott–Schottky, band edges 

	
	Incident photon to current efficiency 
	Effectiveness of materials to convert solar to electric energy 


FT IR Fourier transform infrared spectrometer, SEM scanning electron microscope, HR(TEM) high-resolution (transmission electron microscope), TGA-DSC thermogravimetric analyzer-differential scanning calorimeter, XRD X-ray diffraction, AFM atomic force microscope, V oc open circuit potential, I/t current–time, V/t voltage–time, I/V current–voltage 
Photoelectrochemical Measurements
PMs produce charge carriers such as electrons and holes on photoillumination. These charge carriers are the basis of any activity involving the PMs. A knowledge of electron–hole transport in photoelectrochemical systems is critical to designing nanostructured materials (especially composites) with high efficiency. Factors that may contribute to altering this efficiency of charge generation are the composition of the nanostructure, film thickness (if it is a film), light intensity, electrolyte, and its concentration. An essential requirement in a photoactive system is the need to maximize the separation between the photogenerated charges. Careful consideration of other aspects such as mode of illumination (front and back faces for films), which depends on the film thickness, decides the extent of light conversion. Photoelectrochemical techniques provide the necessary means for the evaluation of a nanostructured photoactive composite to maximize light energy conversion and its application in energy production. In the case of films, the commonly used setup for the electrochemical measurements involves a light source (solar simulator), appropriate filters to control light intensity and wavelength, and a cell consisting of three electrodes. The PM to be analyzed is deposited as a film on a conducting medium and is called the working electrode . It is flanked with a reference and counter-electrode. The activity of the PM can be determined in the presence of white light and/or light of different wavelengths. Electrochemical measurements typically involve the estimation of the open circuit potential (V oc), current–voltage characteristics (cyclic voltammetry), and the estimation of efficiency. These measurements can provide information on the effectiveness of the photoelectrode to perform solar-to-electric power conversion, water splitting, or fuel production (CO 2 to value-added chemical). Efficiency is calculated in the form of incident photon to current conversion efficiency (IPCE). IPCE and other optical tools can provide information about what material is contributing to photoactivity and which region of the solar spectrum is effectively utilized. Further details of these types of analysis and the features of the plots obtained in these measurements are discussed in an earlier work (Subramanian 2007). 
Spectroscopy
Spectroscopy chiefly involves absorption and fluorescence measurements (Lakowicz 2006; Workman 1998). Most of the materials participating in solar-assisted energy production can include metals, semiconductors, insulators, polymers, organic dyes, and composites of materials from these groups. These materials can exhibit absorption to varying degrees and in different regions of the light spectrum. Absorption spectroscopy is therefore an invaluable tool to probe the optical properties of the photoactive material. In the nanometer size, materials demonstrate interesting optical properties. For example, noble metals exhibit unique properties due to the development of plasmon band. Semiconductors exhibit size-dependent optoelectronic properties called quantization effect. While most of the materials exhibit absorbance, a few materials demonstrate fluorescence. Fluorescence involves energy liberated by a photoactive system when charge/energy exchange between a material and surroundings leads to the material transitioning to a steady base (unexcited state). If a material is fluorescent, conventionally both fluorescence and absorption spectroscopy is used. The layout of a fluorescence measurement system is shown in Scheme 2. Typically, the material absorbs light of a higher energy, and the emission from the material, usually of lower energy, is probed at an angle of 90° to the incident beam. Complementary usage of fluorescence and absorption for probing interactions in composites (such as TiO 2–Au) is generally applied for photoactive materials and enables a deeper understanding of the interactions in the composite. Charge transfer processes, ground and excited state interactions’ bonding, and complexations between interacting molecules are some of the aspects studied using these optical techniques. 
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Scheme 2 
Simplified layout of a general spectrofluorometer 
Transient Studies 
Several composites can display interactions in the sub-second time domain. These interactions usually take place by charge and energy transfer and could be in the order of micro-, nano-, pico-, and femtosecond time domains. A flash photolysis study which is primarily carried out to elucidate this mechanism involves an elaborate setup consisting of an array of optics (lens, filters, photomultipliers, and monochromators) and a light source. While the source is a laser beam of known wavelength which initiates the materials in the composite to excited state, a probe beam (usually from a xenon lamp) is used to investigate the changes due to the incident monochromatic light. Scheme 3 shows a typical laser flash photolysis setup. Transient study plots are designated as difference absorption spectra (Kamat et al. 2002; Bahnemann et al. 1997) and help one to shed light on the dynamics occurring in the sub-second timescales. Pulse radiolysis (for steady state one can use γ-radiolysis) is employed to observe the effect of highly reactive species such as hydroxyl radicals and aqueous electrons on a composite system. Bombardment of water with high-energy ionizing radiation produces reductive and oxidizing species as shown below. 
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Scheme 3 
Schematic of the laser flash photolysis setup for probing charge transport dynamics in the sub-second timescale using a nitrogen excitation laser (337 nm) 
$$ {\mathrm{H}}_2\mathrm{O}\to {\mathrm{e}}_{\mathrm{aq}}^{-}{\mathrm{H}}^{\bullet },{\mathrm{H}}^{\bullet },{\mathrm{H}}_2,{\mathrm{H}}_2{\mathrm{O}}_2,{\mathrm{H}}_3{\mathrm{O}}^{+},{\mathrm{O}\mathrm{H}}^{-} $$ 
Reactivity of a certain radical with the semiconductor–metal composite can be observed by selectively scavenging out other radicals from the system using different agents. 
The above section provides an overview of different techniques that can be used to determine the photoelectrochemical properties of materials. Several of these techniques can be performed by a reasonably well-trained student. These techniques can be used as a screening step to determine the use of a material for a certain application. 
Materials for Solar Energy Utilization
Photoactive compounds or composites have to pass a set of very stringent criteria to qualify as a material for solar energy utilization . This section discusses some of these criteria. A brief overview of the methods that can be used for the synthesis of photoactive materials and device fabrication is discussed. This is followed by a summary of the state of various popular photoactive materials and their limitations. The materials used in PV, water splitting, and CO 2 conversion applications are discussed in detail toward the end of this section. 
What Is the Holy Grail in Photocatalysis?
The properties that one has to look for in materials for photocatalytic applications include: solar response, availability, toxicity, processability, compatibility, stability, cost, and recyclability. Specific details of these aspects are listed below: 
· Response to wide range of wavelengths in solar radiation (ability to effectively utilize maximum parts of the solar spectrum). 
· Availability (large supply of materials). 
· Process ability (amenable to large processing techniques and preferably cost-effective). 
· Absence of any toxic effects (preference is minimally environmental and/or health hazard). 
· Compatibility (flexibility to couple with other materials with the intent to improve optical, electronic, and/or catalytic properties). 
· Stability (providing consistent performance without significant deterioration over time). 
· Cost competitive (this is directly related to availability). 
These are the major criteria that a material must fulfill to be considered as a promising candidate in photocatalysis. 
It is not possible to rank all known materials based on all these aspects. In this work, the authors have therefore focused on a select few materials based on applications and which meet several of the aforementioned selection criteria. 
Review of Synthesis Procedures for Photocatalysts
There are several methods that can be used for the synthesis of materials for solar energy conversion. These include wet chemical methods (such as sol–gel and reverse micelle techniques) and chamber-based methods (such as chemical vapor deposition and atomic layer deposition). Wet chemical methods usually involve using precursors of the materials that form the photoactive material, agents that participate in the transformation of the precursor to the desired final product (this may include complexing agents, stabilizers, and initiators). Detailed description of the merits of different wet chemical methods can be found in reviews by several authors (Best and Dunstan 2009; Wang et al. 2009; Cui et al. 2008; Strobel et al. 2006) including one from the authors’ group (Kar et al. 2008). Chamber-based methods can be expensive initially due to higher capital cost and the need for possible sophisticated materials handling. In contrast to the wet chain methods, they do not require several agents and can oftentimes lead to a product that is much purer. Anodization and layer-by-layer self-assembly (or successive ionic layer adsorption and reaction – SILAR) process are often used to prepare composite particles using preformed materials as building blocks. They are rather simple, generic protocols customizable to the synthesis of different materials. Oftentimes these methods are used to prepare the anode and/or the cathode of a solar energy harvesting device separately, and then a different method has to be used to integrate these elements to form the device (PV or photoelectrochemical (PEC) cell). 
System Integration 
The fabricated materials have to be integrated to form a device prior to its application in solar energy conversion. A film-based PEC device is often used in water splitting reactions. A PEC system consists of an anode, cathode, and an electrolyte. The electrolyte is often the source of the fuel (e.g., aqueous solution of an alcohol produces hydrogen by splitting water in the electrolyte). A slurry-based PEC system does not have a clear separation of the anode and cathode since the catalyst acts as a center where both redox activities occur simultaneously, whereas a dye-sensitized solar cell device consists of an anode, cathode, and electrolyte that are clearly separate from one another. On the other hand, a slurry system has no distinct anode–cathode; the particles itself act as PEC, as referred to in Bard’s concept (Bard 1979). 
Previous Attempts in Materials Development
A list of different materials that can be used as a photocatalyst is provided in sect. “ Materials for Photovoltaics, Water Splitting, and CO2 Reduction.” Titanium dioxide (TiO 2) has been the most popular and extensively studied photocatalyst for its ability to harvest solar energy, and hence it is first discussed here (Zach et al. 2006). It demonstrates good stability over a wide pH range, compatibility with other materials, environmental friendliness, and low cost. Its applications include solar energy conversion (photovoltaics) (Gratzel 1991, 2001) and hydrogen production (by photocatalytic water splitting) (Aroutiounian et al. 2005). However, TiO 2 has some significant limitations. For example, TiO 2, by itself, has high charge recombination rates compared to its combination with other materials such as dyes or semiconductors. TiO 2 alone has very limited light-harvesting ability (it only absorbs UV light) (Ni et al. 2007). Several reviews have discussed the photoactivity of TiO 2 and its composites for different applications (Rajeshwar et al. 2001; Kalyanasundaram and Gratzel 1997; Cheng et al. 2005; Cozzoli et al. 2004; Robel et al. 2006; Frank et al. 2004). The photoactivity of TiO 2 can be significantly improved by dye sensitization (Kalyanasundaram and Gratzel 1997), altering its composition (such as doping) (Cheng et al. 2005; Choi et al. 1994) and/or combining TiO 2 with other materials (Rajeshwar et al. 2001; Cozzoli et al. 2004; Robel et al. 2006). These efforts have been reasonably successful in improving the performance of TiO 2 composites. With respect to photovoltaic applications, the efficiency of light absorbance and improvement in charge separation of TiO 2-based nanocomposites still remain low (∼10–12 %). The limitations of TiO 2-based materials can be attributed to the absence of flexibility for altering the inherent photoactivity of TiO 2 itself (because there is just one cation site (Ti) available for manipulation of electronic properties). In this context, a photoactive material, whose inherent electronic properties can be altered with greater flexibility, is needed. 
Silicon-based solar cells are probably the most reliable, with proven high efficiencies ( η = 10–20 %) based on the nature of crystallite size and manufacturing methods (Perezalbuerne and Tyan 1980; Kurtz et al. 2007; Schropp 2004; Kazmerski 2006). However, silicon for high-efficiency applications is becoming increasingly expensive. Complex processing routines also drive manufacturing costs high. Chalcogenide films made of various combinations of Cu, In, Ga, As, Cd, Se, and Te can be tuned to absorb significant visible light and show near optimal photovoltaic performance ( η ∼ 20 %) (Goetzberger et al. 2003) but pose toxicity concerns to environment and can require expensive reagents, and processing cost is high (Bube 1990; Dhere et al. 2005). Multijunction devices can produce very high efficiencies (>35 %) (Baur et al. 2007), but one of the issues is the transparency required to activate underlying layers. Photoactive polymers with fullerenes as the electron transport agent are significantly simple to process compared to Si-based devices but are limited in their stability during long-term operations (Cravino 2007; Liang et al. 2008). 
Materials for Photovoltaics, Water Splitting, and CO2 Reduction
The following section provides a list of materials for photovoltaic, water splitting, and CO 2 reduction applications. The selection of materials is based on meeting one or more of the following criteria: cost effectiveness, eco-friendly, and ease of synthesis. 
Photovoltaics 
Solar cells can be distinguished on the basis of their overall solar-to-electric conversion efficiency into several categories. Several reviews have discussed different aspects of PV (Bube 1990; Gratzel 2005; Thomas et al. 1999; Green 2007; Guenes and Sariciftci 2008; Catchpole et al. 2001). Table 5 provides a comparison of the different technologies available today and how these technologies rank with respect to each other. Many of the materials identified here either have been commercialized or offer promise for commercialization due to aspects such as cost competitiveness or eco-friendliness or ease of process ability. In general, all solar cell technologies known today are designed for niche applications and come with advantages and disadvantages. Therefore, the choice of a solar cell technology is usually made based on the type of application and the length of time the cell is expected to be in service. A summary of the advantages and disadvantages of the different types of cells is provided in the following sections. (Chemical formulas are shown in the table for brevity. Readers are referred to citations for details.) 
Table 5 
Materials for photovoltaic applications 
	Material 
	Reason 
	Refs. 

	CdTe 
	Low-cost preparation technique, high conductivity, appropriate band gap, recycling methods developed 
	Oktik ( 1988), Bosio et al. ( 2006), Miles et al. ( 2005) 

	CuInSe 2 
	Low-cost, non-vacuum preparation technique 
	Oktik ( 1988), Kaelin et al. ( 2004), Eberspacher et al. ( 2001) 

	TiO 2 
	Continuous non-vacuum process by simple printing techniques 
	Kay and Gratzel ( 1996) 

	
	Combination rapid thermal process and layer-by-layer spin coating preparation 
	Tao et al. ( 2010) 

	
	TiO 2 nanotube array in ionic liquid electrolyte cell 
	Kuang et al. ( 2008) 

	
	TiO 2 nanorod assembly 
	Wei et al. ( 2006) 

	a-Si 
	Low-cost encapsulation method 
	Kondo et al. ( 1997) 

	CuInS 2 
	Low-cost vapor deposition preparation 
	Hou and Choy ( 2005) 

	
	Low-cost, non-vacuum preparation technique with solution coating and reduction-sulfurication technique 
	Todorov et al. ( 2006) 

	
	Synthesized hollow nanospheres from common inorganic metal salts using surfactant-assisted chemical route 
	Zhang et al. ( 2008) 

	Thin crystalline silicon 
	Thin-film reduced cost 
	Catchpole et al. ( 2001), Shah et al. ( 2006) 

	ZnO/Al 2O 3 
	Cheaper hybrid PV cells 
	Damonte et al. ( 2010) 

	CuGaInSe 2 
	High-efficiency, low-cost thin film 
	Miles et al. ( 2005) 

	Nafion 
	Charge transport material to be used with ZnO or CdTe 
	Feng et al. ( 2009) 

	ZnPc/C 60 
	Organic PV cell, low-cost, experiment with rubrene doping 
	Taima et al. ( 2009) 

	PbSe 
	Lower-cost, high-efficiency semiconductor material 
	Hanrath et al. ( 2009) 

	Carbon nanotube (w/TiO 2) 
	Alternative to platinum as a counter-electrode in DSSCs 
	Muduli et al. ( 2009), Lee et al. ( 2009) 

	P3HT/PCBM 
	BJH cell that is lightweight, flexible, low-cost production 
	Honda et al. ( 2009) 

	
	Preparation by low-cost quick-drying technique, improved efficiency over other techniques 
	Ouyang and Xia ( 2009) 

	FeS 2 
	P3HT nanowires and PC 61BM or PC 71CM 
	Xin et al. ( 2010) 

	
	Lower cost due to abundance and production than silicon and > or = efficiency 
	Wadia et al. ( 2009) 

	FeS and FeS 2 
	Nanosheet films from reaction of iron foil and sulfur powder, for photocathodes in tandem solar cell with TiO 2 as photoanode 
	Hu et al. ( 2008) 


Water Splitting
Water splitting can be performed in the presence or absence of sacrificial agents. Based on the approach employed, several reviews have discussed the materials (Kudo and Miseki 2009; Aroutiounian et al. 2005; Best and Dunstan 2009; Wang et al. 2009; Rajeshwar 2007; Woodhouse and Parkinson 2009). The following segments list some of the popular materials that have been used successfully for water splitting. Properties of the materials are listed in column 2. Oxides, oxide composites, and non-oxides are common materials for driving water splitting reactions. Other materials such as perovskites, sillenites, and pyrochlores are also promising families of compounds that demonstrate water splitting. However, these materials may be difficult to synthesize, and more research has to be performed to determine the applicability of such materials for water splitting reactions (Table 6). 
Table 6 
Materials for photocatalytic water splitting to produce hydrogen 
	Material 
	Properties 
	Refs. 

	a-Si 
	Relatively high conversion efficiency, no catalyst degradation, low-cost hydrogen production 
	Rocheleau et al. ( 1998) 

	
	Inexpensive, efficient, and renewable hydrogen source 
	Kelly and Gibson ( 2006) 

	TiO 2 
	Surface engineering to increase active sites for reaction 
	Nowotny et al. ( 2006) 

	
	Carbon-doped TiO 2 increases efficiency of water splitting 
	Park et al. ( 2006) 

	
	Nano-size photocatalyst, low-cost, environmentally friendly 
	Ni et al. ( 2007) 

	
	Nanostructured photocatalyst to reduce material cost 
	Hu et al. ( 2010) 

	
	Nanotube and nanowire arrays for improved efficiency 
	Shankar et al. ( 2009) 

	
	Carbon modified n-type TiO 2 photoelectrodes to increase conversion efficiency 
	(Shaban and Khan 2008) 

	
	Efficient photocatalyst prepared by environmentally friendly microwave-assisted hydrothermal process 
	Somasundaram et al. ( 2007) 

	Si/TiO 2 
	Si doping improves efficiency, low-cost solar-to-chemical conversion 
	Takabayashi et al. ( 2004) 

	Fe 2O 3 
	Require smaller overpotential to oxidize water, single solar cell power, lower production costs 
	Nowotny et al. ( 2006) 

	
	Ag-Fe 2O 3 nanocomposite photocatalyst as efficient, low-cost PEC 
	Jang et al. ( 2009a) 

	
	Doping to improve efficiency 
	Jang et al. ( 2009b) 

	
	Thin layer of Fe 2O 3 using nanostructured host scaffold of WO 3 
	Sivula et al. ( 2009) 

	ZnO 
	Low-cost oxide semiconductor 
	Aroutiounian et al. ( 2005) 

	SrTiO 3 
	Low-cost oxide semiconductor 
	Aroutiounian et al. ( 2005) 

	WO 3 
	Fe 3+/Fe 2+ redox over WO 3, efficient photocatalyst, low-cost option 
	Miseki et al. ( 2010) 

	
	Nanoporous WO 3 for improved efficiency 
	Guo et al. ( 2007) 

	CuInS 2 
	High H 2 evolution in presence Na 2S/Na 2SO 3 as sacrificial electron donors under visible light radiation 
	Zheng et al. ( 2009) 

	Cu 2O 
	Cheaper synthesis than similar photocatalyst 
	Ma et al. ( 2008) 

	
	Cu 2O powders in coupled with WO 3 in suspension had good H 2 evolution 
	Kawai et al. ( 1992) 

	
	High absorption efficiency, nontoxic, elements abundant 
	Somasundaram et al. ( 2007) 

	In 2O 3 
	Nitrogen doping shows better photoelectrochemical activity for water splitting than N-doped TiO 2 
	Reyes-Gil et al. ( 2007) 

	SnO 2/α-Fe 2O 3 
	High purity, low-cost, environmentally friendly production 
	Niu et al. ( 2010) 

	CdS 
	CdS glass composite to reduce photocorrosion of powder form 
	Liu et al. ( 2010) 

	(CdS/TiO 2) 
	CdS/TiO 2 nanotubes showed greater efficiency than either material alone 
	Li et al. ( 2010) 


CO2 Conversion
Due to global environmental concern, the research in utilization of solar energy for CO 2 conversion and/or control is gaining momentum. Several articles (Hinogami et al. 1998; Koci et al. 2009; Li et al. 2008; Wang et al. 2010; Tseng et al. 2004; Wu et al. 2005) have addressed this topic, and readers are directed to these articles for further information. Table 7 lists some of the articles that demonstrate the application of a few leading and representative materials for CO 2 conversion. 
Table 7 
Materials for photocatalytic reduction of CO 2 
	Material 
	Reason 
	Refs. 

	TiO 2 
	TiO 2 anchored on glass act as active photocatalyst for reduction of CO 2 with H 2O 
	Anpo ( 1995) 

	
	Highly dispersed anchored TiO 2 to reduce CO 2 to CH 4, Cu loading increased CH 3OH 
	Anpo et al. ( 1995) 

	
	TiO 2 nanoparticles, found 14 nm to be optimum photocatalyst 
	Koci et al. ( 2009) 

	
	Simple synthesis methods to form highly active nanocomposite photocatalyst 
	Li et al. ( 2008) 

	
	TiO 2 pellets reduced CO 2 in the presence of water vapor under UV irradiation 
	Tan et al. ( 2006) 

	
	Cu-loaded TiO 2 increases photoreduction CO 2, shown Cu(I) as primary active site 
	Tseng et al. ( 2004) 

	
	Cu–TiO 2 optical fibers transform CO 2 to hydrocarbons at higher efficiencies 
	Wu et al. ( 2005) 

	
	Highly dispersed TiO 2 within zeolite cavities for efficient CO 2 reduction 
	Yamashita et al. ( 1998) 

	
	TiO 2 on a SnO 2 glass substrate to form bilayer catalyst, high photocatalytic activity 
	Tada et al. ( 2000) 

	
	Effect of metal depositing on TiO 2, improved efficiency 
	Xie et al. ( 2001) 

	CdSe 
	CdSe/Pt/TiO 2 photocatalyst producing high yield of CH 4 with CH 3OH, H 2, and CO as minor products 
	Wang et al. ( 2010) 

	CdS 
	Effective photocatalytic reduction, increased efficiency with excess Cd 2+ 
	Fujiwara et al. ( 1997) 

	Ti-Si 
	Ti-containing silicon thin films higher reduction than powdered photocatalyst 
	Ikeue et al. ( 2002) 

	Titanium silicalite 
	UV irradiation reduction of CO 2 with H 2 to CH 4, Ti believed to provide active site 
	Yamagata et al. ( 1995) 

	Poly(3-alkylthiophene) 
	Photocatalyst in the presence of phenol to produce salicylic acid 
	Kawai et al. ( 1992) 

	BiVO 4 
	Photocatalytic ethanol production under visible light 
	Liu et al. ( 2009) 

	CaFe 2O 4 
	Nonpoisonous, cheap, p-type semiconductor with small band gap 
	Matsumoto et al. ( 1994) 

	Ga 2O 3 
	Photoreduction of CO 2 with H 2 at room temperature and ambient pressure 
	Teramura et al. ( 2008) 

	InTaO 4 
	Common water splitting semiconductor, now tested CO 2 reduction. Reduction potential increased by adding NiO cocatalyst 
	Pan and Chen ( 2007) 

	(K, Na, Li)TaO 3 
	Photocatalytic reduction of CO 2 to CO in presence of H 2 
	Teramura et al. ( 2010) 


Challenges and Limitations to Materials
Mathematical models that consider thermodynamic limits and the near impossibility to convert solar energy to other forms of energy without generating entropy pins the maximum attainable theoretical efficiency of conversion of solar energy at 85 % (Wurfel 2002). Specific to photovoltaics, silicon (Si) solar cells (both single and polycrystalline) have been by far the most studied devices with the greatest market penetration and demonstrate the highest efficiencies (10–25 % for wafers, 4–20 % for modules) (Green 2007; Miles et al. 2007). However, increasing demand for Si, material processing, and device manufacturing costs have led to the opportunity for other non-Si-based technologies to enter the commercial market (Green 2007; Guenes and Sariciftci 2008). Thin-film processing technologies that use amorphous silicon (a-Si) is less expensive if single junction solar cells are of interest. However, single junction a-Si solar cells have low efficiencies (3–4 %), and employing amorphous thin films in a multijunction type cell (e.g., using a-Si and a-Si xGe 1−x) can improve efficiencies up to 6–8 % (Green 2007) and make them commercially viable (Guha and Yang 2006) but again increases cost. Comparative efficiencies of silicon-based and non-silicon-based solar cells are discussed at length in literature (Goetzberger et al. 2003). 
Alternate to Si cells are compound semiconductor solar cells; GaAs, InGaP, and copper indium gallium selenides (CIGS) are popular examples that have tremendous commercial potential but are presently limited by processing cost and hence used only in niche areas such as space applications (Bosi and Pelosi 2007). Using these in a multijunction format to boost efficiencies to the order of 6–8 % and possibly reducing processing cost could bring the technology for terrestrial use (application in on-demand and on-site power generation) (Bosi and Pelosi 2007). Alternate concepts on how to overcome efficiency limitations using tandem cells, intermediate band gap solar cells, and quantum dot (QD) solar cells as discussed in this review have to be explored (Solanki and Beaucarne 2007). Dye-sensitized solar cells (DSSC) may be a cost-effective option, a significant limitation being dye cost and stability and corrosion of metal components of the cell due to the usage of the popular iodine–iodide-based, charge shuttling electrolyte (Toivola et al. 2009). Recombination of photogenerated charges, mainly due to irregularity in the periodicity of the materials, has to be addressed or the performance of a solar cell improved (Frank et al. 2004). 
To improve the application of low-cost, high-efficiency solar cells, low-cost ink technologies need to be developed to make it possible to develop a sort of spray paint methodologies to prepare bulk high-efficiency solar cells (Hillhouse and Beard 2009). International standardization of cost for solar cell fabrication is being developed and tested (Chamberlain 1980). Organic material-based solar cells are relatively new and far from becoming state-of-the-art devices. However, they are gaining popularity and there is some market activity with devices offering efficiencies of 4–6 % (Hoppe and Sariciftci 2004). Due to the fact that solar systems are open to the elements and the moving nature of the sun, issues such as tracking to maintain efficiency of the system and protection against dust and minimizing the impact of cloud interference have to be considered for reliable operation of the system. One has to explore the development of new materials and applications for solar energy utilization and minimize the use of environmentally toxic materials such as Cd (Bauer 1993). Other emerging areas such as band gap engineering and multilayered systems (high-efficiency tandem cells) for solar energy utilization have to be examined as well (Khaselev and Turner 1998; Goswami et al. 2004). 
Integrating Tested Concepts of Solar Energy Utilization to Produce Fuels in an Effective Way
One method to improve solar energy utilization is to develop “smart and integrated systems” that can perform several solar-driven processes that are complementary in nature. The benefits of such an approach are as follows: 
1. 
Maximizing solar energy utilization 
  
2. 
A one-stop system for multiple applications 
  
3. 
Improved utilization of land (this benefit can be a significant advantage in places with costly real estate and where limited land may be available for solar energy) 
  
4. 
Potential for improved energy efficiency, reduced ecological impact, and greater benefits for human activity 
  
Three examples are presented below that illustrate these aspects. 
Example 1: Integrated Organic Waste Treatment and Fuel Cell System 
An interesting concept that combines two traditional applications of photocatalysis, environmental remediation and energy generation, to form a photo-fuel cell device is discussed below (Antoniadou et al. 2010). Photocatalytic degradation of organic environmental waste results in the formation of hydrogen ions which can be tapped to produce hydrogen molecules in order to use them as a clean fuel. The organic “fuel” wastes can be a part of a photoelectrochemical device that is comprised of two electrodes, (1) a photoanode that essentially consists of the photocatalyst where holes oxidize the organics to liberate H + ions, (2) a cathode where the ions are reduced to form hydrogen, and (3) an electrolyte consisting of water, organics, and some salt (essential for ionic conductivity). A schematic of the setup and a prototype of the device are shown in Fig. 5; TiO 2 coated on a fluorine-doped tin oxide (FTO) substrate is used as a photoanode for oxidation of organics. One can expand on this concept a step further by (1) matching the pollutants in a manner that maximizes photooxidation on the basis of redox properties of the materials involved, (2) mechanism of degradation, or (3) potential for H + ion generation to improve the yield of hydrogen. 
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Fig. 5 
Schematic representation of a two-compartment PEC cell. The openings at the upper part represent gas inlets and outlets. The chemical reactions shown are only indicative examples. The system can be used with other combination of pollutants to produce energy (Reprinted with permission from Elsevier) 
Example 2: A Hybrid Photocatalytic-Photovoltaic System (HPPS) 
A research group from Switzerland has pioneered the development of an autonomous eco-friendly HPPS system which utilizes solar energy to perform photodegradation of pollutants and a PV system to generate power for operating the system simultaneously (Sarria et al. 2005). This three-tiered system consists of (1) a sun-facing top layer where UV-assisted photodegradation of pollutants is performed, (2) an intermediate water layer which functions as an IR filter to regulate temperature, and (3) a visible light-absorbing PV device that produces electricity at the bottom to power a recirculation pump associated with the system. A schematic of the system is shown in Fig. 6. The system thus does not draw any external power for performing the waste treatment. The system consists of four PV modules and has an overall volume of 25 L. This is an example of a smart integrated system that utilizes UV, visible, and IR parts of the solar spectrum to combining photodegradation of pollutants and producing electricity. A possible direction to further improve the efficiency of such systems may be to focus on trying to harvesting IR photons to produce electricity using new photocatalysts. 
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Fig. 6 
Schematic representation of a hybrid photocatalytic-photovoltaic system powered using internally generated energy (Reprinted with permission from Elsevier) 
Example 3: Bioprocesses to Convert Waste to Energy Using Algae
Man-made emissions such as CO 2 from industries have adverse effects on the environment; the realization of the negative effects of such emissions has led to international protocol and policy changes such as cap-and-trade agreements to control environmental impact (Kunjapur and Eldridge 2010; Pittman et al. 2011; Walke 2009). On the other hand, the shortage of transportation fuels has necessitated the need to develop alternate sources of energy. These two challenges can potentially be addressed simultaneously using algae. 
Algae-based systems can assist in green house gas control by consuming CO 2 to produce a variety of useful products. Algae in the presence of sunlight, water, and CO 2 nutrients produce biofuels (for transportation), solid biomass (burned to produce heat or electricity), hydrogen, or oxygen. A schematic of the pathway for some of these products is shown in Fig. 7. This approach is considered a promising solution to global environmental and energy needs. Photobioreactors or raceway ponds are two common methods to contact algae with light, CO 2, and nutrients. An example of a raceway pond is shown in Fig. 7. 
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Fig. 7 
The steps involved in biodiesel production using waste water, solar energy, and CO 2, and the picture of an actual raceway facility implementing about process (Top) (Reprinted with permission from Elsevier and ACS) 
In a generic parlance, these examples help reinforce the old adage – One man’s junk is another man’s treasure. 
Example 4: Solar-Powered Biomass Gasification
Biomass gasification is the process of converting organic material to syngas, primarily carbon monoxide and hydrogen, which can be used to produce various forms of energy and fuels (Sundrop Fuels Inc 2010; In Biomassmaganzine.com 2010). Organic biomass is reacted at high temperatures with a specific amount of oxygen and water to produce syngas. The syngas is then purified and can be used for electricity generation, production of liquid fuels, or production of hydrogen gas. The problem with traditional gasification processes is that a large amount of energy is required to generate the high temperatures necessary for gasification. This energy is typically supplied by coal-fired power plants or by burning part of the biomass feedstock. Researchers at several Colorado universities in collaboration with the National Renewable Energy Laboratory have developed a rapid solar-thermal reactor that can be used for biomass gasification. In this process, a number of mirrors are used to concentrate solar energy to a single point producing extremely high reactor temperatures, in excess of 2,000 °C. Sundrop Fuels has applied this technology at their solar-driven biomass gasification facility in Louisville, Colorado. Sundrop Fuels uses thousands of solar heliostat mirrors on the ground to direct concentrated solar energy to a thermochemical reactor atop a high tower. Feedstock entering the reactor is converted to syngas at 1,300 °C. Figure 8 shows a schematic representation of the solar-driven gasification process. The syngas is then cleaned and processed to create “green” gasoline, diesel, and aviation fuels. Biomass gasification is a promising technology for producing a number of fuels, and the use of concentrated solar energy eliminates traditional energy losses during thermal energy generation. 
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Fig. 8 
Schematic of Sundrop Fuels® system to concentrate solar energy onto the thermochemical reactor for gasification and the ground view of heliostat mirrors used to concentrate solar energy 
Commercial Ventures
The progress in the development of materials for solar energy utilization in the last few decades has permitted a wide variety of solar cell-based commercial ventures to fulfill contemporary specific niches and markets. Furthermore, solar companies are constantly researching and refining their manufacturing processes to discover more economical and eco-friendly solar cells that will satisfy emerging markets and cliental needs. Within this section, we will profile three solar companies: Konarka Technologies, Dyesol, and Inventux Technologies. Table 8 briefly introduces these companies. 
Table 8 
Commercial companies involved in the design of solar energy conversion systems 
	Company 
	Headquarter’s location 
	Solar cell technology 
	Website 

	Konarka Technologies 
	Lowell, MA 
	Power plastics 
	http://​www.​konaraka.​com 

	Dyesol 
	Queanbeyan, NSW, Australia 
	High purity dye solar cell 
	http://​www.​dyesol.​com 

	Inventux Technologies 
	Berlin, Germany 
	Solar micromorph thin-film modules 
	http://​www.​inventux.​com 


Konarka® Technologies
Konarka Technologies is an international solar company receiving recognition worldwide for developing a third-generation organic photovoltaic technology-based solar cell (Konarka 2009). An organic photovoltaic cell utilizes conductive polymers or small carbon-based molecules for light absorption and charge transport, respectively, while traditional electronics use inorganic conductors such as copper. Konarka’s chief technology, Power Plastic, was invented by the company’s cofounder and Nobel Prize laureate, Dr. Alan Heeger. Power Plastic is a photoreactive polymer material and can be printed or coated inexpensively onto flexible substrates using roll-to-roll manufacturing; it is comprised of several thin layers: a photoreactive printed layer, a transparent electrode layer, a plastic substrate, and a protective packaging layer, as illustrated in Fig. 9. 
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Fig. 9 
Illustration of power plastic layers (modified from the Konarka® website) 
Unique Features
Konarka’s Power Plastic has several advantages over other organic photovoltaic technologies. These include: 
· Tunable cell chemistry to absorb specific wavelengths of light as well as broad spectrum 
· To capture both indoor and outdoor light and convert it into direct energy in the form of electric current 
· To perform its function using all recyclable materials 
· Being thin, lightweight, and flexible 
Applications
Konarka’s Power Plastic has four major end-product applications. These include: 
· Microelectronics: powering sensors, smart cards, and low-power applications 
· Portable power: solar-powered sensors, backpacks, and cell phone chargers 
· Remote power: accessing renewable power at stadiums, carports, and airports 
· Building integrated applications (BIPV): custom-manufactured applications roof, windows, and walls 
Cost per Watt
Konarka’s Power Plastic technology has already reduced the cost of manufacturing solar cell so that it is less than $1 per watt; moreover, Konarka states that through mass production, this cost will be further reduced to approximately $0.10/W. 
Future Plans
Konarka is currently developing two future applications for Power Plastic which are under development by Konarka and Arch Aluminum %26 Glass: 
· Manufacturing transparent and opaque solar cells for integrated curtain walls and windows components 
· The ability for this technology to work off-angle permitting the technology to expand to other niches 
Konarka’s ongoing research involves conducting advanced research in power fibers, bifacial cells, and tandem architecture. The resulting products of this ongoing research would permit Konarka to expand solar power technology to woven textiles via power fibers. Bifacial cells being transparent in nature would permit the solar cells to generate electricity from inside and outside light while allowing the technology to double as a see-through window. Tandem architecture would increase the efficiency of organic photovoltaic devices to 15 % through the process of stacking series-connected subcells. 
Dyesol®
Dyesol manufactures and sells high purity dye solar cell (DCS) materials, titania pastes, sensitizing dyes, electrolytes, and electrode catalysts (Dyesol 2010). As seen in Fig. 10, the DSC structure consists of a layer of nanoparticulate titania (titanium dioxide) which is formed on a transparent electrically conducting substrate and photosensitized via a single ruthenium (Ru)-based dye layer. An iodide-tri-iodide-based electrolyte redox system is placed between a layer of photosensitized titania and a second electrically conducting catalytic substrate. 
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Fig. 10 
The fundamental DSC structure design consideration (taken from the Dyesol® website) 
Unique Features
Some advantages of using DSC technology versus other contemporary silicon-based photovoltaic technology are that they: 
· Are much less sensitive to angle of incidence of radiation – it is a “light sponge” soaked with dye. 
· Perform over a wide range of light conditions. 
· Have low sensitivity to ambient temperature changes. 
· Are much less sensitive to shadowing and can be diode-free. 
· Are an option for transparent modules, thus enabling wider applications. 
· Are truly bifacial: They absorb light from both faces and can be inverted. 
· Are versatile: DSC power can be amplified by tandem and optical techniques without the use of concentrators. 
The resulting DSC panels are more versatile because they are less sensitive to the angle of the solar radiation, allowing them to be installed on vertical walls and in low-light areas; moreover, they can be transparent and can be designed in various color schemes permitting more attractive architectural integration options than those available for silicon. 
Applications
Dyesol’s patented products and their applications are listed below: 
· Interconnected Glass Module: This design is for applications where longest lifetime is needed for exposed mounting and to be isostructural to and replacing the existing structure. Electrical interface can be typically via a short DC bus to a local area network for distribution or inversion to AC. 
· SureVolt Solar Range: Maintain voltage at all light levels, having high resistance to damage through impact, bending, tension, torsion, and compression. The range is ideally suited for use in portable consumer electronics, military, and indoor applications, as well as developed landscape infrastructure. 
Dyesol’s dye solar cells (DSC) are marketed to low light, dappled light, and indoor light markets, a market that only DSC can address. 
Cost per Watt
The Photovoltaic World May/June 2009 magazine stated at the anticipated 7 % Dyesol efficiency the resulting cost of DSC technology was $1.00/W. 
Future Plans
Dyesol appears to have two major future goals: 
1. 
To outsource to working in collaboration with wireless technology and tandem products 
  
2. 
To enhance power out devices to direct chemical production and complete building solutions 
  
Inventux Technologies
Inventux is a solar energy company that specializes in the development, production, and marketing of environmentally friendly, silicon-based thin-film solar (micromorph thin-film) modules (Inventux 2010). The combination of an amorphous with a microcrystalline cell is termed a micromorph cell. Micromorph cells thus represent the most consistent advancement of amorphous silicon-based tandem cell technology. Figure 11 illustrates the thin-film photovoltaic modules layer composition. The glass serves both as a substrate for the thin-film PV cell and a component of the later encapsulation of the element. The various layers are successively deposited on the front glass. To produce the absorber layers, the plasma-enhanced chemical vapor deposition (PECVD) using gaseous silicon hydrogen compounds became generally accepted. The production of the front and back contact layers (transparent conductive oxide – TCO) takes place by applying low-pressure chemical vapor deposition (LPCVD). 
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Fig. 11 
Thin-film photovoltaic modules layer composition (taken from the Inventux® website) 
Unique Features
Inventux’ solar modules contain absorbers made of amorphous and microcrystalline silicon. Amorphous and microcrystalline silicon are suitable to be combined in a tandem solar cell, since the different band gaps facilitate an enhanced utilization of solar radiation and manufacturing can be done using the same technology. Several of the advantages and benefits of using Inventux Solar Technologies PV modules are: 
· The extremely thin 0.002-mm absorber layer requires only a minimum amount of raw material (silicon); the layer thickness is just one-hundredth of that of conventional photovoltaic technology. 
· Exploitation of a broader light spectrum as well as fewer shading losses as with crystalline modules, up to 30 % higher yield during inhomogeneous light conditions compared to crystalline modules and a wider range of applications possible. 
· By far better temperature behavior at good solar radiation conditions as with crystalline technology, higher yields at full load conditions. 
· Monolithic module configuration, as opposed to crystalline cell configuration – with its electrically required spacing, only very little inactive module surface exists. 
· Monolithic wiring during the process makes subsequent manual production steps superfluous. 
· Series connection of solar cells leads to a relatively high open circuit voltage of the modules, minimized conduction losses, and reduced cabling work. 
· Due to the very high spectral acceptance, they have the highest efficiency potential in the area of silicon-based thin-film photovoltaics. 
Applications
Inventux thin-film photovoltaic modules are particularly suitable for large, grid-connect photovoltaic systems; moreover due to the micromorph tandem structure wide light spectrum absorption capabilities, Inventux technologies can be used during inhomogeneous light conditions and climate conditions. 
Cost per Watt
Inventux Solar Technologies implements Oerlikon Solar’s micromorph technology in the company’s manufacturing processes. Oerlikon claims that through the incorporation of advanced fabrication designs, the company’s turnkey tandem junction technology would be capable of producing modules for $0.70/W by the end of 2010. 
Commercial Venture that Employs Tested Concepts of Solar Energy Utilization to Produce Fuels in an Effective Way
Algenol® ( 2010) is a US-based firm that proposes sequestering CO 2 from power plant exhausts and producing transportation fuel from it. The company plans to use water and sunlight to produce value ethanol (an additive to gasoline). A schematic of their proposed flow sheet is shown in Fig. 12. The firm focuses on the production of ethanol from algae without destroying the algae. A unique highlight of their system is the possibility of growing the algae in land areas that may be deemed unfit for agricultural activities, for example, a desert-like environment. They are planning to build commercial facilities in the United States and Mexico in the near term for large-scale ethanol production. The company plans to sell ethanol at a price of $3.00/gal and is expected to be a major player in the value ethanol market in the near future. 
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Fig. 12 
An artistic rendition of a plant showing CO 2 capture from exhaust of a power plant and its utilization in a biofuel production facility. http://​www.​treehugger.​com/​files/​2008/​06/​algenol-algae-biofuel-race-process-economics-advantage.​php 
Other Types of Solar Companies
A list of other solar companies from different regions around the world is provided next. These companies are involved in manufacturing products that utilize solar energy in different processes. The reader is referred to the links provided for further information. 
	Company 
	Headquarter’s location 
	Solar cell technology 
	Website 

	Auria Solar 
	Taiwan 
	Amorphous silicon thin film 
	http://​www.​auriasolar.​com/​ 

	First Solar 
	Phoenix, AZ 
	Cadmium telluride 
	http://​www.​firstsolar.​com 

	Evergreen Solar Inc 
	Marlboro, MA 
	String ribbon crystalline silicon 
	http://​evergreensolar.​com/​en/​ 

	OriginOil 
	Los Angeles, CA 
	Biofuel with solar 
	http://​www.​originoil.​com/​ 

	Schüco 
	US location 
	Solar cooling 
	http://​www.​schueco.​com/​web/​com 

	
	Union City, CA 
	Solar hot water 
	

	Solar Biofuels 
	Queensland, Australia 
	Solar biofuels (biomass) 
	http://​www.​solarbiofuels.​org/​ 

	Northern Lights Solar Solutions 
	Winnipeg, MB Canada 
	Solar heating 
	http://​www.​solartubs.​com/​ 

	Silicon Solar 
	Ithaca, NY 
	Portable solar power solutions 
	http://​www.​siliconsolar.​com/​index.​html 

	DesignLine 
	Christchurch, New Zealand 
	Solar-powered bus (Tindo in Adelaide, Australia) 
	http://​www.​designlinecorpor​ation.​com/​ 


Future Work 
Solar research is no longer considered as a small blimp in the energy field. The last three decades of work has in fact brought it to a position where it has been accepted as a serious competitor to many traditional/nontraditional sources of energy. This is evident from the skyrocketing growth rate for solar-based technologies in the world. 
However, much needs to be done. Several critical areas require further development to cement the status of solar as a reliable, large-scale, and everlasting source of energy for mankind. To make solar commercial, economical, and lasting, development has to be simultaneously realized along three fronts: scientific, pilot-scale testing and processing, and rapid evaluation and commercialization of promising technologies. A brief insight into future directions along these lines is provided. The scientific step is the most important aspect of all the three stages. Material properties, or rather constraints, are an area that clearly is the limiting factor and greatest challenge to solar energy commercialization. Since solar energy harvesting requires a close interaction of materials with elements and in some instances requires operation under extreme conditions, materials stability is of paramount importance. Solar-to-electric conversion technologies have the potential to transform mankind’s energy needs. However, materials that demonstrate stable performance without undergoing chemical transformations and consisting of earth-abundant elements are urgently needed. Researchers have to focus on developing low-cost, wide-spectrum solar energy harvesters. The improvement of solar conversion or utilization efficiency is critical. To achieve efficiency improvements, fundamental understating of material properties such as charge transport, recombination dynamics, and thermal management is needed. One approach to accelerate materials identification and its testing is to employ a combinatorial analysis method. There have been some efforts in this direction, but more is needed. Past research has abundantly shown that multi-element/multi-compound systems as light harvesters are the correct way to move toward realizing efficient solar harvesters. Stacking different materials built on-site or assembling prefabricated compound(s) is required to improve light absorbance as well as efficient transformation of absorbed energy. Combinatorial techniques have to be developed to analyze libraries of possible compounds and to expedite the identification of formulations for maximizing light absorbance and its testing. In stage II, one really needs to focus on the techniques to synthesize solar energy harvesters and convertors on a large scale. Issues such as reliable scale-up material properties (identical and reproducible product) and cost competitiveness have to be addressed at the pilot scale. Approaches such as screen or ink-jet printing have been considered to be very promising techniques to reproduce lab-scale results on a commercial scale. These techniques have to be tested and perfected before further large-scale ventures. Performance data of extended use of solar energy convertors is still limited. Therefore, such data along with weather patterns and its influence on solar energy transformation has to be obtained. Realistic modeling predictions and long-term solar energy outputs have to be generated before using solar as the alternative source of energy for human activity. Stage III will require a large-scale effort on the part of governments (policy makers), green technology companies (research entities and venture capitalists), and public at large to come together to make solar energy a lasting and impacting form of alternate energy source. There are several evidences of governments getting sensitized to such needs, and short-term incentives are provided to test the people’s acceptance of the technologies and market reactions. However, there is still no leading technology within the solar energy conversion technologies that can be considered as the one solution for mankind’s energy needs. Therefore, the search has to go on. 
Conclusion
Solar energy utilization has immense potential due to the range of applications in which it can be utilized. The core issue with solar energy is materials development. There has been significant progress in this area thanks to cutting-edge research in different parts of the world. Market penetration-driven favorable incentives now have to drive the commercialization of promising technologies. The authors are of the opinion that it is no longer necessary to follow a wait and watch approach for solar energy systems as many of these systems have passed that stage. One has to take concerted efforts to (1) customize systems based on geographical needs, (2) cost considerations, (3) long-term goals, and (4) institutional support. Solar energy systems are going to play a significant role in future energy portfolios regardless of the applications. 
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