Climate Change and the Role of Photovoltaics in the Energy Mix
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The evidence for anthropogenic, i.e. man-made influence on the global climate, is rapidly becoming overwhelming, as has been summarized convincingly in the recent report of the Intergovernmental Panel on Climate Change (IPCC)  (1). The report describes in detail our current understanding and predictions for the global climate, based on an impressive accumulation of the currently available data and climate models. One of the most important conclusions is  that we need to keep the atmospheric concentration of CO2 below 500 ppm in order to limit the unavoidable increase of global average temperatures below 2°C, otherwise the earth might experience major and irreversible changes of climatic conditions.

Based on the predictions of the IPCC report governments started to initiate policies aimed at reducing the emission of climate gases such as of CO2, as was discussed at the recent G-8 summit in Heiligendamm, Germany. Simultaneously, a public debate started about the impact of the gradual global warming on the living conditions in the different regions of the earth. A recent article in a highly respected German newspaper stated that Germany has not much to fear, it might even profit from global warming (2). However, this kind of discussion might be missing a very important consequence of the unprecendeted change of atmospheric composition by human emission of climate gases, most notably of CO2.

 The detailed analysis of ice core samples such as the famous study by  Petit et al. (3) from 
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Fig. 1: The detailed analysis of ice core samples demonstrates that global climate has been very unstable in the last more than 400 kyrs. Shown here is a result of the famous study by  Petit et al. (3) from Vostock ice core samples, which shows a close correlation between temperature and atmospheric CO2 concentration in the last 400kyrs.
Vostock ice core samples demonstrates that global climate has been very unstable in the last more than 400 kyrs, see Fig. 1 (3). In these studies, the analysis of bubbles in the ice allows to determine the oxygen isotope ratio that yields the respective temperature when a specific layer of ice was deposited, and simultaneously the CO2 content of the atmosphere at that time. In this analysis a striking correlation between the average temperature and the CO2 content of the atmosphere is revealed: periods of high temperatures correspond to periods of high CO2 content, and vice versa. This observation alone does not allow to conclude whether times of increased CO2 content resulted in periods of high temperatures, or whether increases in average temperature resulted in higher CO2 content, but the correlation has been obviously strong within the last more than 400kyrs. It is worth to note for the later discussion that variations of the CO2 content between 200ppm and 290ppm corresponded to temperature changes between – 8oC and +2 oC, see Fig. 1. The major and often abrupt changes in temperature, including the last ice age about 30kyrs ago, are quite well understood. These so-called Milankovitch-cycles are caused by periodic changes of planetary parameters such as the tilt of the Earth’s spin axis to the orbital plane, the eccentricity of the orbit, and the season of Earth’s closest approach to the sun, see e.g. Muller et al. (4). 
The unstable earth climate in the last 400+ kyrs changed about 12kyrs ago to a sudden and quite unique stabilization of the global temperature, as evident from the landmark study of Ganopolski et al (5), see Fig. 2. This period of stable climate in the earth history is known as the Holocene. Before the Holocene, the temperature record shows many events of catastrophic global climate impact such as major volcanic eruptions and meteor impacts (events labelled with numbers in Fig. 2), but global climate models cannot explain this sudden stabilization of the earth temperature in the Holocene. One might just state that obviously in this period no major disruption of the earth climate occurred (6). 
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Fig. 2: Temperature record of the last 100kyrs, established by Ganopolsky and Rahmstorf (5). The unstable earth climate changed abruptly about 12kyrs ago to a quite unique stabilization of the global temperature. This period in the earth history is known as the Holocene. Before the Holocene, the temperature record shows many events of catastrophic global climate impact such as major volcanic eruptions and meteor impacts (events labelled with numbers).

It is worth noting that just in the Holocene a dramatic change of the human population occurred: whereas the human genome has been stable in the last ca. 1 Myrs, the human population had to struggle for survival during most of this time and increased in number only very slowly. However, in the Holocene this changed drastically, humans changed from a society of hunters and fruit collectors to farmers. First systematic agriculture occurs, followed by organized settlements and villages. Finally, in the last 7 kyrs, organization in cities and states can be observed, accompanied by the rapid advances in Materials Engineering that ultimately led to the technological and generally well-organized world we live in today. It has been argued that besides the stable climate the stabilization of the oceanic water level in the Holocene was crucial fort his development (7), but as this occured simultaneously it is difficult to argue which factor was ultimately responsible for the explosive development of humankind in the Holocene. However, there can be no doubt that the stable climate was a necessary condition for this process, as otherwise the development of organized societies might have occured much earlier within the last 1 Myrs. 

Within the last 120 years the content of the earth atmosphere of CO2 and other climate gases has drastically increased, see Fig. 3 (7). Today, the earth atmosphere contains more than 380ppm of CO2. For comparison, in the last more than 400kyrs this value varied between 200 and 290 ppm, accompanied by the drastic changes of average temperatures represented in Fig. 1.  Moreover, current climate models predict that due to the ever increasing human energy demand it will be almost unavoidable for global CO2 levels to exceed 500ppm, and even more if not drastic measures in increasing energy efficiency (EE) and production of CO2 -free, at best renewable energy (RE) are taken (1).

Our current global debate on climate change is generally focussed on the issue of global warming, i.e. a gradual increase in temperature and oceanic water levels, and it is hoped that the drastic measures currently discussed to increase EE and RE will limit and even decrease the global CO2 emissions so that the global temperature increase might be limited to only 2°C. Numerous studies are being conducted how this temperature change might affect the economies of different world regions, which might even result in the conclusion that countries in the North like Germany do not have to be afraid of the effects of global warming (2).

However, this type of consideration leaves out a major, maybe most threatening issue: the anthropogenic change of the composition of our atmosphere, most notably the CO2 content, might result in an end of the Holocene, the period of climate stability, and thus result in an irreversible change of the earth climate system from the stability we enjoyed in the last 10,000 years to the instable climate that was so typical for the earth in most of the last more than 400kyrs. With this, we might destroy the very basis of our highly developed, complex industrialized societies as the new kind of earth climate after the end of the Holocene might be characterized by storms of hitherto unknown strengths, rapid changes of temperatures humans will have difficulties to cope with, catastrophic, rapid melting of ice near the poles and on Greenland, changes of rain patterns such as the monsun that can be disastrous for billions of people, even a sudden ice age in Northern Europe cannot be excluded if the gulf stream stops due to a decrease of salinity caused by the amount of melting ice.

What can be done to avoid this frightening scenario? Obviously, a sustained, global effort is needed to limit and then even decrease global emissions of climate gases as soon as possible.The first task clearly is to increase energy efficiency and decrease waste of energy on all levels. Secondly, conventional energy production from fossil fuels should be changed to reduce CO2 emissions as much as possible. Efforts to control and sequester CO2 from such
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Fig. 3:  Since the industrial revolution the content of the earth atmosphere of CO2 and other greenhouse gases as CH4. N2O and CFCs has drastically increased (7). Today, the earth atmosphere contains more than 380ppm of CO2. 
power plans are promising, but will need decades till they can be implemeneted on a global level. Nuclear energy production requires only very little CO2 emissions from the plant manufacture  and the mining and preparation of the nuclear fuel, but it is non-renewable, the easily accessible world uranium is quite limited. In addition, the potential dangers of accidental release of radioactivity and highly toxic materials such as Plutonium, including the dangers of acts of terrorism, and the unsolved issue of the final, safe  storage of nuclear waste for several 10 millenniums make a scenario of solving the world energy problem by rapid production of 100s of new nuclear power plants very unlikely. 

Turning now to renewable energies (RE), biomass provides a very large source of RE. It can be directly converted to electric energy via biogas, or processed to methanol or other hydrocarbons to produce biodiesel for transportation.  However, the basic process of photosynthesis is very ineffective, so that this approach requires large acreage that has to compete with food production. The global sustainable energy potential has been estimated to be 100 EJ/a. (8). 

Wind energy is attractive as production costs already today are at or below grid parity. However, wind is a highly unpredictable source of energy, and the installation of a high density of modern wind mills faces public opposition. Off-shore wind parks in shallow ocean waters currently appear to be an attractive alternative to onshore solutions, but they still have to be tested in terms of productivity and reliability under the very harsh conditions of the ocean. For onshore wind, a global sustainable potential of 140 EJ/a has been estimated (8). 

Geothermal energy production has to be distinguished between shallow drilling for e.g. individual heat pumps, and deep drilling for power plants. The first is worth to optimize as part of increasing energy efficiency, the second is limited to favorable geological sites. For this, a sustainable capacity estimate of 30 EJ/a has been proposed (8).

The final, and virtually unlimited source of energy is direct solar energy: the 120 000 TW reaching the earth (9) have to be compared with the 13 TW currently consumed by humans. The sun brings to earth 3 780 000 EJ/a, i.e. in only one hour the current human energy need of 410 EJ/a can be supplied.
Therefore it appears to be obvious that in the long run, direct utilization of solar energy will become the dominant energy source. The question is only, how fast the energy mix will be changed: if the change is too slow, it will not help much to reduce global emissions of climate gases in order to avoid the disastrous climate change discussed above.

Solar energy can be harvested in two forms, as solar thermal energy that is very useful in low-temperature systems without concentration for the production of hot water and heat as well as cooling, e.g.  (10), and high-temperature concentrator systems for the generation of electricity by means of a thermal power plant. The widespread introduction of low-T solar thermal systems in sun-rich countries is well under way, and it is spreading even to temperate regions such as Germany. First high-T solar thermal plants have been constructed, the cost of electric energy produced this way is not far from grid parity, however, it remains to be seen how quickly further cost reductions in this industry will be realized in the future. 

Finally, direct photovoltaic (PV) energy conversion should be considered. This technology has experienced rapid growth in the last 5 years, with sustained global growth rates exceeding 30%. The result is a global PV market exceeding 2 GWp of newly produced PV modules in 2006 (11). The main driving force behind this development was the passage of favorable support laws for this technology in key countries, especially Japan and Germany. Especially the German feed-in law, obliging utility companies to offer a simple, very favorable purchase price for all PV-generated energyy without a cap on the total supported PV power, has proven to be highly effective in the rapid introduction and expansion of PV into the energy market. Other support systems, based e.g. on mandatory quotas for the amount of PV energy in the energy mix, have not shown a comparable impact on the PV market. Several countries in regions of higher sunshine than Germany are working on introducing similar laws based on a feed-in tariff, whereas the introduction of PV in the USA, where such a feed-in tariff is not yet available, has been comparatively slow.

About 90% of the current PV market is based on solar cells made out of crystalline silicon, see Fig. 4 (12), single crystal and multicrystalline Si. Single crystal Si cells from wafers like they are used in the general semiconductor industry generally yield a slightly higher energy conversion efficiency than cells made from multi-crystalline Si that can be crstallized unidirectional in big boules of 250kg and more. The increase in the total volume produced resulted in a reduction of costs that can be traced on a logarithmic learning curve (Fig. 5). The slope of this curve means that for each doubling of the accumulated total production volume the cost comes down by about 20%. Therefore it is essential to promote further global  expansion of PV production levels in order to reach true grid parity with conventional power sources. At this point, the availability of PV power will limit the price increase of electricity from the limited and rapidly diminishing fossil sources.
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Fig. 4: World’s current photovoltaics market is dominated by solar cells made out of crystalline silicone. Over 90% of the solar cells are made from mono- or multi-crystalline silicon  (12).

In the last three years, this cost reduction based on higher production volumes was not reflected in the sales price of PV modules. The rapid expansion of the need for high-purity silicon, that is as well used in the semiconductor industry for the production of integrated circuits for memory and processor chips, resulted in a shortage of high-purity silicon feedstock material. This started in the last three years to reduce the production volume of newly built PV plants based on crystalline Si to less than their technical capacity.

This shortage of Si feedstock material is expected to be overcome in the coming years through the introduction of additional ressources of high-purity silicon using the traditional Siemens process, e.g. (13), or modifications of this process still using trichlorosilane to produce so-called solar-grade silicon, or by the introduction of purified metallurgical silicon (pmg-Si). This pmg-Si contains either significantly higher amounts of metal than high-purity Si, or higher amounts of dopants, or both, and is therefore sometimes refered to as ’dirty Si’. In parallel, efforts are being conducted to further decrease the amount of Si used per Watt of PV peak power by further cutting down on the kerff loss obtained when sawing the wafers, and by transitioning to thinner wafers.
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Fig. 5: The price experience curve exhibits an impressive decrease in PV module costs. The increase in the total volume produced resulted in a reduction of costs that for each doubling of the accumulated total production volume the module costs come down by 20% (12).

The shortage of high-purity Si has as well renewed efforts in thin film PV technologies, using thin films of amorphous Si, or avoiding Si completely by using polycrystalline thin films of alternative semiconductors such as CdTe, CuInS (CIS) or CuInGaS (CIGS). All of these technologies have the advantage of inexpensive, rapid processing of large sheets of material deposited on rather inexpensive substrates. The key disadvantage, however, is based on the low efficiencies: a-Si modules cannot be produced on an industrial scale with long-term efficiencies above 8%, the other thin film techniques seem to have great difficulties exceeding a stable module efficiency above 10%. In addition, the thin film modules containing In, Cd and Te might never be able to be produced in the required GWp - quantities, due to the scarcity of these elements. In the current situation of a shortage of high-purity Si the PV modules based on thin film technologies are an attractive alternative PV technology, but it remains to be seen whether this can be sustained once the Si feedstock limitation is overcome.

A technological challenge of great potential relevance is the utilization of upgraded metallurgical Si for low-cost solar cells of good efficiency in the 14-16% range, as is typical for multi-crystalline Si. It is expected that this material can become available soon in large quantities at very favorable cost compared to the common high-purity feedstock material, so that this technology has indeed the potential to take a sizable share of the PV market in the future. 

Recent investigations of Buonassisi et al (14) have demonstrated that nano-defect engineering of metal clusters in Si can drastically improve the minority carrier diffusion length in Si with a high level of metal contaminants. The key result is that it is not just the metal concentration that determines the electrical properties, but the way the metal atoms are arranged: isolated metal atoms are effective recombination centers even in low concentration, but by converting them into large clusters separated by large distances the minority carrier diffusion length can improve considerably. This approach might make it possible to indeed process good solar cells out of purified metallurgical, comparatively ‘dirty’ Si.

In conclusion, the challenge of the impeding climate catastrophe caused by anthropogenic emissions of climate gases such as CO2, that might even end the geological period known as the Holocene, makes rapid introduction of energy saving and emission avoiding technologies unavoidable. Among all renewable energies available direct utilization of solar energy appears to be most promising. Among those technologies especially photovoltaics based on crystalline Si will most likely be the dominant technology for the near future as it can deliver unlimited amounts of energy without being dependent on the use of any scarce materials. 
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