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Introduction to Photovoltaic

1.1 Photovoltaic

Solar power resources are abundant, widely available, one of the major renewable energy
sources that have the greatest development potential. One important way to convert solar radiation
into electricity occurs by the photovoltaic effect which was first observed by Becquerel. It is quite
generally defined as the emergence of an electric voltage between two electrodes attached to a solid
or liquid system upon shining light onto this system. Practically all photovoltaic devices incorporate
a pn-junction in a semiconductor across which the photovoltage is developed. These devices are also
known as solar cells. A cross-section through a typical solar cell is shown in Fig. 1.1. The
semiconductor material has to be able to absorb a large part of the solar spectrum. Dependent on the
absorption properties of the material the light is absorbed in a region more or less close to the surface.
When light quanta are absorbed, electron hole pairs are generated and if their recombination is
prevented they can reach the junction where they are separated by an electric field. Even for weakly
absorbing semiconductors like silicon most carriers are generated near the surface. This leads to the
typical solar cell structure of Fig. 1.1: the pn-junction which separates the emitter and base layer is
very close to the surface in order to have a high collection probability for free carriers. The thin
emitter layer above the junction has a relatively high resistance which requires a well designed
contact grid also shown in the figure. The operating principles have been described in many
publications, and will not be addressed further here.

For practical use solar cells are packaged into modules containing either a number of crystalline
Si cells connected in series or a layer of thin-film material which is also internally series connected.
The module serves two purposes, it protects the solar cells from the ambient and it delivers a higher
voltage than a single cell which develops only a voltage of less than 1 V.
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Front Contact

Anti Reflection Layer
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Fig. 1.1 Typical solar cell

Photovoltaic market in 2000 is about 277 MW corresponding to a value of over US$ 1 billion.
This is a remarkable market but still far away from constituting a noticeable contribution to the
world energy consumption. Market growth from 1990 to 2001 was between 15% and 25%. This
market growth would be very satisfying for any conventional product but in the case of PV it is
entirely insufficient if we consider the goals. The main motivation for developing solar energy is the
desire to get away from depletable fossil fuels with their adverse effect on the environment. At the
present growth rate, it will take us far into the second half of this century get a relevant contribution
by PV to world energy demand. As will be pointed out below, support programs in several countries
are already accelerating market growth. Besides the terrestrial market there is also the space market
which has entirely different boundary conditions and also different materials requirements. In order
to keep the volume of this paper at a reasonable size, space solar cell materials will not be included.

There are two major market sectors, grid connected and so called stand alone systems. The
former delivers power directly to the grid. For this purpose the dc current from the solar modules is
converted into ac by an inverter. The latter supplies power to decentralized systems and small scale
consumer products. A major market currently being developed is in solar home systems supplying
basic electricity demand of rural population in developing countries. The magnitude of this task can
be appreciated if one is aware that about 2 billion persons are without access to electricity today. At
present, both markets need subsidies, the grid connected installations because PV is much more
costly than grid electricity, and solar home systems because the potential users lack the investment
capital. On the other hand, there is also a significant industrial stand alone market which is today
fully economical.

Because of its high potential the market is hotly contested and new companies are entering

constantly. It is significant that several large oil companies have now established firm footholds in
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photovoltaic. Indeed, a recent study of possible future energy scenarios up to the year 2060 that was
published by the Shell company predicts a multi-gigawatt energy production by renewable energies
including photovoltaic. On the other hand, the strong competition leads to very low profit margins of
most participants of this market.

In 2000, the market showed an accelerated growth of more than 30%. There are good chances
that this growth will continue for at least some years because some countries have adopted
aggressive measures to stimulate the grid connected market. Japan’s very ambitious 70,000 roof
program caused an astonishing increase by 63% of Japanese production in 1999. In Germany, a
feed-back law was passed which sets a rebate rate of 0.5/kWh of PV generated electricity. If this rate
is combined with the already existing 100,000 roof program, PV becomes (only moderately)
economical. It can be expected that other countries will follow these examples. In order to meet the
growing demand, many PV companies are in the process of setting up substantial new cell and
module production capacities.

From Materials Science and Engineering R, by Adolf Goetzberger, 2003.

New Words and Expressions

1. photovoltaic [fovtauvol'tenk] adj. [FLF] JeHARFTHI, HHM

2. resource [r'so:s] n. BEUR, W77 IMEs BE

3. renewable [r'njuiabol] adj. PIFEAER; FIERTAD; AT4RZEM n. FAEPEREUR

4. radiation [rerdr'erf(e)n] n. FEGF: KOt U

5. voltage ['voultidz] n.[H] HJE

6. incorporate [in'ko:parert] vt. B F, WRUL; ARIR; fteeeee HH vio BIF: RE: H
AF] adj. AIFH —ERH) AR AR

7. semiconductor [;semikan'dakta] n. [HLFI[#] Tk

8. resistance [m'zist(o)ns] n. FHJ7; REPH; #EbU &P BN

9. grid[grid] n. W& &, W% M

10. module ['modju:l] n. [i+] #EH, A4, B

11. crystalline ['krist(e)lain] adj. ZEIART; AERMET; 7K &Y

12. ambient ['embiont] adj. AR SMAE: HEEH n FEME

13. depletable adj. AJFEJR

14. boundary ['bavnd(e)r1] n. iA5t; JERE; 4 FE S boundaries

15. current ['kar(e)nt] adj. BAERT: WM, EHM; BEK; 50 o OK, A
B L #%; W n. (Current) A% (FRBHF

16. magnitude ['meegnitju:d] n. K/ B [HE] B HE; LE




FAR B 2 iE

17. appreciate [o'pri;fiert] vt. R¥{: EBG ML R vio HE; FKN

18. stimulate ['stimjolert] vt. B S8, b vi. EREEIEH: EEHEH
it 25 stimulated it Z:43d stimulated BAFE4}id stimulating

19. ambitious [em'bifas] adj. FF-OFhFhE; AHEOK; BEER); ZREM
tb# 4% more ambitious 52} the most ambitious

20. astonishing [o'stonifin] adj. BEAMI: 2 AR v, - PEs (oo &7
(astonish 1Y ing JE30)

Notes

1. It is quite generally defined as the emergence of an electric voltage between two electrodes
attached to a solid or liquid system upon shining light onto this system.

SHEF . XIEFE W E O RERAN RG LR, ERA R T B A R G
ez 1) 7= A2 ) L

2. This is a remarkable market but still far away from constituting a noticeable contribution to
the world energy consumption.

SERL: XR—AGIAEH T, (B2 8t 5 6e IR H 77 1) E A R o e R .

3. There are good chances that this growth will continue for at least some years because some
countries have adopted aggressive measures to stimulate the grid connected market.

ZHEF N BMMRKRFEEDHE, ZIRMREFMHLE, Ry —SEKCE R T K
A3 T LA R P i 2 T 3

1.2 Development of Photovoltaic in China

According to the China Meteorological Administration, China has abundant solar energy
resources. The total potential for solar radiant energy of 1.7x10' tce (tons of standard coal
equivalent) per year for the entire country. More than two-third of the country has over 2000 h of

- sunshine each year, which provides an equivalent annual solar radiation of over 5.02~10°kJ/m’.
China’s solar energy resource distribution is shown in Table 1.1. This illustrates the amount of solar
radiation available. Compared with other countries in similar latitude, the solar radiant energy in
China is superior to those in Europe and Japan, and similar to those in the United States. As can be
seen in Table 1.1, provinces located in different latitudes and longitudes have different levels of
solar irradiations. The country can be divided into five different regions from I to V. The distribution
of China’s solar energy resources in different areas varies significantly. In general, the solar
resources in the western region (such as Ningxia, Gansu, Xinjiang, Qinghai, and Tibet) are higher
than that in the eastern region (such as Guangdong, Shaanxi, Anhui, Heilongjiang, Zhejiang, Fujian,

—
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Hunan, and Hubei), and the resources in the northern region (such as Hebei, Shanxi, Inner Mongolia,
Shandong, He nan, Jilin, Liaoning, and Shaanxi) are higher than in the southern region (such as
Sichuan, Guizhou, Chongqing, Guangxi, and Jiangxi). This does not, however, correlate with the
demand for energy. China’s electricity loads are concentrated in the eastern and the southern regions,
unfortunately, the solar resource-rich regions in the Qinghai-Tibet Plateau, North China and
Northwest China are far from the regions which consume the greatest electrical power load.

Table 1.1 Solar energy resources in different regions of China

Type Annual Total annual Total annual solar energy per m? Provinces
sunshine solar radiation expressed in units of energy
hours (h/a) (M)/m?a) produced
by kg of standard coal (kg)
1 3200-3300 6680-8400 225-285 Northern bfingxia. Northern Gansu, Southeastern Xinjiang, Western Qinghai, and
Western Tibet
000 Northwestern Hebei, Northern Shanxi, Southern Inner Mongolia, Southern Ningxia,
4 2 3200: 3852-6680 2H0=2 Central Gansu, Eastern Qinghai, Southeastern Tibet, and Southern Xinjiang
Southeastern Shandong, Southeastern Henan, Northwestern Hebei, Southern
Shanxi, Northern Xinjiang, Jilin, Liaoning, Yunnan, Northern Shaanxi, Southeastern
it 2200-3000: 3016-5852 el Gansu, Southern Guangdong, Southern Fujian, Northern Jiangsu, Northern Anhui,
Tianjin, Beijing, and Southwestern Taiwan
" Hunan, Hubei, Guangxi, Jiangxi, Zhejiang, Northern Fujian, Northern Guangdong,
o 1400-2000 “aad=5010 1Ad=120 Southern Shaanxi, Southern Anhui, Heilongjiang, and Northeastern Taiwan
A\ 1000-1400 3344-4190 115-140

Sichuan, Guizhou, and Chonggqing

Since the 1990s, China’s PV power is developing rapidly and the installed capacity is
increasing constantly. Fig. 1.2 shows the annual installed capacity and the cumulative installed
capacity from 1976 to 2009. Based on current trends, the cumulative PV power installations will
reach 1.8 GWp by 2020 and 1000 GWp by 2050 nationwide in China.

350 ~
s 300} —e— Annual installed capacity/kWp
< 250 f -+~ cumulative installed capacitykW
R 200}
§ 150
2 100
i) I~ k"
£ 50 _..‘r""" ------ it
4 A e A--""W Ty 1 |

To encourage the development of renewable energy such as solar PV power, China has
promulgated a series of laws, regulations and financial incentive policies, and has invested
significant funds in PV power generation projects. The result of this investment is that China has a
number of the world’s leading PV companies as well as the successful establishment of research and

Fig. 1.2

Installed capacity of the solar PV power in China (1976-2009)

0 " N 3
1976 1980 1985 1990 1995 2000 2002 2004 2005 2006 2007 2008 2009

Year
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development centers.

Table 1.2 Electricity sales in China from 2004 to 2010

Year Sales (10'*kW h)  Annual growth

rate (%)

2004 17,384

2005 19,554 12.5
2006 22,825 16.7
2007 26,430 15.8
2008 28,418 7:5
2009 30,586 7.6
2010 35,289 133

Another factor that will increase the market for the solar PV power industry is China’s demand
for electricity, which continues to grow rapidly. The consumption of electricity in China from 2004
to 2010 is shown in Table 1.2. According to the statistics, the electricity sales value in China in 2010
is twice as much as that in 2004, and the average annual growth rate from 2004 to 2010 was more
than 12%. This increasing demand for electricity, in addition to the shortage of fossil fuels and the
negative impact of environmental pollution caused by the burning of fossil fuels, and the demand for
renewable energy will increase which will create opportunities for the solar PV power industry.

In recent years, China has actively supported the development of PV power, and has
constructed a series of PV power generation projects, mainly in China’s western and northern
provinces. Table 1.3 lists the main large-scale PV power generation projects in China from 2004 to
2010. The installed capacities of these projects are in the range of 5-200 MW. However, most of
these projects are located in developing regions (such as Qinghai, Gansu and Ningxia) where the
grid structure is relatively weak and the distance to the load centers is significant. This poses a
challenge to use the generated solar power fully and efficiently.

Table 1.3 The main large-scale PV power generation projects in China (2004-2010)

Year Sales (10'* kW h)  Annual growth

rate (%)
2004 17,384
2005 19,554 12.5
2006 22,825 16.7
2007 26,430 15.8
2008 28,418 7.5
2009 30,586 7.6

2010 35,289 133
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The solar PV power supply chain consists of silicon materials, wafers, cells, components, and
applications industries that utilize the power created by the solar PV power. The solar PV power
industry has a close link with the raw material producers, power generating plants, and power supply
companies. China’s solar PV power industry chain and its influencing factors are shown in Fig. 1.3.

Technolog) Industr\ Plans Laws . Policies
Development Reguhtions

[ Silicon H Wafer l._>l Solar Cell l_.l Components |y PV Power Projects

Power Supply
I Companies
N Other Types l
s '"‘“‘\\_‘ Power !
{ On-grid Price } 4| Generation - Users
e - Companies

Fig. 1.3 Diagram of the solar PV power generation industry

In China, the main factors that affect the PV power industry are the technology, the industry
plan, the laws, the price and the incentive policies. Technology is a key factor that affects the
competitiveness of the PV power industry, especially the cost of solar PV power generation. The
government plays a key role by regulating the renewable power market, especially since the current
industrial environment is not mature. The Chinese government has formulated a series of industry
plans for the PV power development. These industry plans serve as a strategic and directional guide
to the development of PV power industry. In order to encourage the solar photovoltaic power, China
also released supporting laws, policies and regulations. These laws, policies and regulations have an
important impact and ensure a framework to sustain the stable, healthy and orderly operation of the
PV power industry. Related policies, such as electricity price policies, tariff subsidy policies and
project incentive policies, provide various advantages and favorable conditions that greatly improve
the competitiveness of the industry. Therefore, this paper will review and examine the factors
affecting the growth of the solar photovoltaic power industry in China based on the following five
aspects: (1) the technology development, (2) the industry development plans, (3) the laws and
regulations, (4) the electricity price policies, (5) the project incentive policies.

-
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Since the successful development of the first crystalline silicon PV cell in 1958, China’s PV
power has evolved, going from small to large in scale, from single arrays to multiple arrays in type,
from low to high in conversion efficiency. Milestone events in the development of China’s solar
energy technology, and in the growth, research and development of the solar PV power technology
are shown in Fig. 1.4.
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Fig. 1.4 Milestones in the development of the solar PV power technology development in China

In China, the technology development of solar PV power can be divided into three stages,
germination stage, seedling stage and growth stage.

In the germination stage (from 1958 to 1970s), the development and manufacture of the solar
cells was the key goal. In 1968, an institute in Tianjin developed and manufactured the first solar cell
in China using satellite technologies. In the 1970s, a few solar cell factories were set up in the cities

- of Shanghai, Ningbo and Kaifeng.

In the seedling stage (from 1980s to 1990s), the State Scientific and Technological Commission
set up China Optics and Electronics Technology Centre, which started the study of monocrystalline
silicon solar cells, polysilicon silicon solar cells and the application of PV systems. In 1986, China’s
first 0.56 kW wind and solar hybrid system was established in Inner Mongolia. In 1989, China’s first
10 kW PV power station began operation in Tibet. In the 1990s, the Institute of Electrical
Engineering at the Chinese Academy of Sciences developed and constructed an independent PV
station. A few production bases were formed in the Pearl River Delta areas and China began to

export various PV products.
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