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Rural electrification is now and will remain an
essential element for rural development in China and
other developing countries. With more than half of the
world’s population living in rural communities, les-
sons for rural renewable energy applications and
assessment from China can be very helpful in defining
a global sustainable development strategy. This paper
describes energy needs in rural China, examines the
resource availability of three provinces (Inner Mongo-
lia, Qinghai and Xinjiang in Western China), and eval-
uates rural energy options and the economics of stand-
alone off-grid renewable energy technologies for rural
application in this region. An eight-year collaborative
effort between several of China’s leading energy and
environmental research institutes and the Center for
Energy and Environmental Policy demonstrates the
existence of a viable renewable energy-based strategy
to address rural electricity needs in a socially and
environmentally sustainable manner.
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There is now worldwide recognition of the
unsustainability of current fossil fuel- and nuclear
power—based energy systems (e.g., see, Byrne & Rich,
1992; World Commission of Environment Develop-
ment, 1987). The environmental risks and uncertain-
ties associated with its operation include climate
change, air pollution, and acid rain from fossil fuel
combustion; the risks of nuclear reactor accidents; the
problem of waste disposal and dismantling of reactors
(after their service life is completed); and the danger of
weapons proliferation associated with the use of
nuclear energy. The common denominator of most
policy proposals to pursue a sustainable energy path is
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a shift from the current regime to one relying increas-
ingly on renewable energy.

The shift to renewable energy must address not only
urban but also rural energy needs. Presently, the major-
ity of the world’s citizens (53%) live in rural settings
(United Nations, 2001). Greater use of renewable
energy resources could provide electricity to more
than 2 billion rural people in developing countries who
currently lack reliable electricity service (Lenssen,
1993). Decentralized, renewables-based energy ser-
vice can bring tangible social and economic benefits to
rural populations that have been largely neglected by
current development patterns. These benefits include
the ability to refrigerate food and medicine, the provi-
sion of lighting for household needs, evening adult and
children’s education classes, and power for small elec-
tric motors (such as water pumps) to assist rural eco-
nomic development (Byrne, Shen, & Wallace, 1998;
Cabraal, Cosgrove-Davies, & Schaeffer, 1996).

The support of China, which is home to 21% of the
world’s population and one fourth of its rural residents,
will be essential to the success of any proposed strat-
egy for sustainable energy development (for popula-
tion information, see China Statistical Bureau, 2001).
Recent research in China indicates that substantial
opportunities exist for the pursuit of renewable energy
options in a manner that would be consistent with the
country’s development needs while also contributing
to a global effort to restore a sustainable relation with
our atmospheric commons.

China’s Rural Energy Needs
Over the past three decades, China has dramatically

expanded its power supply, including service to rural
areas. As a result of this expansion, the country has
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made significant progress in providing rural commu-
nities with reliable electricity service. Currently, 62%
of China’s citizens (or more than 800 million people)
live in rural areas, and most (more than 700 million) have
access to grid electricity (China Statistical Bureau,
2001). Nonetheless, 70 million rural people have no access
to electricity (Li, 2001), and perhaps an equal number
experience routine grid failure or other problems with
access and use of centralized energy systems. Approx-
imately 4.5 million of this vulnerable rural population
is located in the three-province area of Inner Mongolia
Autonomous Region (IMAR), Qinghai, and Xinjiang.
Because of the prohibitive cost of extending grid ser-
vices to remote locations, many communities in this
area continue to depend on wood burning or diesel/
gasoline generators for their daily energy needs. West-
ern China has low population density as well as a high
percentage of minority inhabitants with low incomes.
In fact, the great majority of the inhabitants in this area
of the country live below the national poverty level of
U.S.$100 per capita per year (Poverty-Alleviation
Office of State Council, World Bank, & UNDP, 1999).
China has a number of very attractive renewable
energy alternatives. According to the government (State
Planning and Development Commission & Ministry
of Science and Technology, 1994), the nation’s wind
power potential is approximately 1,600 gigawatts
(GW). This is more than 8 times greater than current
Chinese electricity generation capacity. Similarly, the
prospect for photovoltaic (PV) technology develop-
ment is strong. Most parts of China receive quite high
levels of solar insolation, averaging 1,668 kWh/m?
annually (1,200 kWh/m? is considered a reasonably
high level of insolation; see State Planning and Devel-
opment Commission & Ministry of Science and Tech-
nology, 1994). Both technologies can bring electricity
service to China’s non-grid-connected, agriculturally
based communities more quickly than conventional
grid power for these communities (Byrne et al., 1998).
Economic development is now and will remain a
major goal for China. However, is it possible to meet
the country’s economic needs in a sustainable way?
Pursuing an alternative energy path emphasizing
renewable energy may be in China’s long-term eco-
nomic and environmental interest. Developing renew-
able energy alternatives can help the country to spur
rural development without further depleting its limited
natural resources or harming the environment. At the
same time, this strategy enables rural communities to
use locally available resources and to create local
energy industries to serve their needs, thereby avoid-

ing the numerous social and economic disadvantages
of becoming an energy importer.

Western China: An Overview

There are 1 million households in IMAR, Qinghai,
and Xinjiang that do not receive grid-electric service
(China Statistical Bureau, 2000). An even larger
number of households have intermittent grid service.
These households include herdsmen, farming fami-
lies, and those with rural commercial businesses.
This region has a large population of dispersed house-
holds that are difficult to serve with electricity by any
means other than renewable energy. A brief descrip-
tion of the social, economic, and renewable energy
characteristics of the households and region is pro-
vided below.

IMAR

The IMAR of northwestern China was the first
national autonomous region established in the country.
It is one of the nation’s largest administrative regions,
with a total area of about 1.183 million km?, or one
eighth of China’s total land area (China Statistical
Bureau, 2000). The 1998 estimated population of
Inner Mongolia was 23.45 million (China Statistical
Bureau, 2000). Three fifths of the population lives on
the region’s famous grasslands. More than 6% of
IMAR’s households, representing a population of
nearly 1.6 million, lack electricity service. Tradi-
tionally, Inner Mongolia’s economy has been agricul-
tural, with animal husbandry and forest products pro-
viding most of the region’s agricultural income. A few
highways link Inner Mongolian cities with the rest of
China, and domestic air service is available between
its larger cities and Beijing. However, much of Inner
Mongolia remains isolated.

Per capita annual net income of farmers and herds-
men in IMAR in 1999 was about $241, and herder
families in IMAR had higher net incomes per capita
than farmers. For comparison, the per capita annual
net income of urban residents was about $574. In
IMAR, on average, rural households have 4.1 persons
and urban households have 3.2 persons (China Statisti-
cal Bureau, 2000).

IMAR is rich in both wind and solar resources.
Studies find that wind and solar resources are comple-
mentary: During winter months in IMAR when solar
energy is low, wind energy is high, whereas in summer
months when wind energy is low, solar energy is high



Table 1. Wind and Solar Energy Resources in Western China
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Wind Hours of Hours of Total Solar
Energy Wind Speeds Wind Speeds Insolation Hours of
Density Above 3 m/s Above 6 m/s per Year Sunshine
(W/m?) per Year per Year (KWh/m?) per Year
Resource-rich region as defined by the
Chinese Academy of Meteorological
Science (Qiu, 1991) > 150 > 4,000 > 1,500 > 1,500 > 2,800
Inner Mongolia 100-300 4,000-7,000 1,000-4,000 1,400-1,740 2,800-3,400
Qinghai — 1,168-5,912 184-1,304 1,829-2,014 4,386-4,476
Xinjiang — 906-2,700 18-876 1,708-2,006 4,406-4,704

Source: Ministry of Agriculture (1999); Qiu (1991).

(Byrne et al., 1998; Shen, 1998). This suggests that
wind-PV hybrid systems have the ability to provide
stable electricity supplies for rural users.

Qinghai Province

Located in China’s Qinghai-Tibetan Plateau,
Qinghai Province covers 1/13th of the nation’s land
area (about 721,000 km?) and is one of China’s least
populated provinces. Population in 1997 was about
4.96 million (China Statistical Bureau, 1999b), with
two thirds living in the countryside. More than 15% of
households, representing nearly a million people, are
without electricity. Coal, petroleum, and iron ore are
the leading natural resources sold by the province to
domestic and international markets. The agricultural
sector accounts for 17% of Qinghai’s gross domestic
product.

The per capita annual net income of farmers and
herdsmen in Qinghai in 1998 was about $176. For
comparison, the per capita annual net income of urban
residents was about $566. In Qinghai, average rural
household size is 5.8 persons, and the urban household
average is 3.4 persons (China Statistical Bureau,
1999b).

In Qinghai, only a few counties have rich wind
potential. For most parts of the province, the wind
resource i1s modest. However, the solar resource is
exceptional. The Chinese Academy of Meteorological
Science rates Qinghai’s radiation as among the best in
the country. Qinghai’s solar radiation is better than
IMAR (yearly sunshine hours are 20% longer than in
IMAR; see Qiu, 1991).

Xinjiang Uygur Autonomous Region

Xinjiang Uygur Autonomous Region is China’s
largest province, with a total area of about 1.647 mil-

lion km?, approximately one sixth of the nation’s total
land area. The 1995 estimated population of Xinjiang
was 16.6 million, with 9.0 million living in rural com-
munities (China Statistical Bureau, 1997). Approxi-
mately 11% of the region’s households, with 2 million
of its residents, have no electricity. Agriculture is the
traditional economic base of Xinjiang, but new indus-
tries have recently developed to exploit available local
resources, which include extensive oil, natural gas,
and coal deposits. Needless to say, the very low popu-
lation density of the region has precluded electrical
grid service to one fourth of the population.

Per capita annual net income of farmers and herds-
men in Xinjiang in 1996 was about $173. For compari-
son, the per capita annual net income of urban resi-
dents was about $640. In Xinjiang, rural households
average about 4.7 persons and urban households about
3.8 persons (China Statistical Bureau, 1997).

The wind resource in Xinjiang is less substantial
than in Qinghai or IMAR. However, its solar resource
is abundant. In fact, Xinjiang has more sunshine hours
than Qinghai on average. Details regarding renewable
energy resources in the three provinces are displayed
in Table 1.

Energy Performance and Reliability

Renewable energy systems need to be evaluated for
performance and reliability. But in rural contexts,
these criteria have meanings beyond standard defini-
tions. A broader perspective is required that takes into
account social, economic, and environmental factors
associated with rural life. The purely technical ques-
tions of reliability (e.g., loss of load probability) and
bulk energy production cannot be primary concerns
for communities whose livelihoods depend on raising
animals and farming the land. Rather, performance
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and reliability refer to the ability of energy production
to meet the needs of rural life in a manner that is con-
sistent with local social organization and economic
institutions and that does not harm key environmental
resources (such as soil and fresh water supplies) that
are essential to livelihoods. Thus, an energy system
based on technology that cannot be serviced locally
(such as large generators) and that requires fuels that
either reduce nutrient regeneration of soils (e.g., the
use of certain forms of biomass as energy sources)
and/or that reduce air and water quality (e.g., the rising
acid levels experienced recently in rural China from
the combustion of coal; see Smil, 1993) would be
incompatible with rural community needs. Relatedly,
an energy system whose service is frequently dis-
rupted because of parts failures that cannot be quickly
and locally repaired and that depends on long-distance
fuel supply that can be costly and slow (diesel genera-
tors in remote areas would be an example) can be
regarded as much less reliable than renewable energy
technologies, even though the energy sources for the
latter are intermittent (see Byrne et al., 1998; Kammen,
1999).

For energy resources to be evaluated in terms of
their contribution to sustainable rural development,
performance must incorporate local technical capac-
ity, natural resource availability, environmental
effects, and full (life-cycle) cost and social impacts as
well as energy supply characteristics. Renewable
energy options that can meet basic energy needs and
promote economic and social development without
threatening human health or environmental
sustainability will often receive positive evaluations
from rural households, especially in comparison to
conventional energy alternatives such as generators
(and even electrical grid service when supply interrup-
tions are common). Overall, although technical factors
of an energy system remain important, our surveys of
more than 500 rural Chinese households (see below
for details) indicate that social and environmental
dimensions of energy use receive at least equal and, in
some cases, higher priority.!

Evaluating Rural Energy Options

To evaluate solar and wind energy alternatives com-
pared to small gasoline and diesel generators (typi-
cally less than 500 watts) at the rural household and
community scale, the Center for Energy and Environ-
mental Policy (CEEP) constructed a computer simula-
tion model called the “Rural Renewable Energy Anal-

ysis and Design Tool” (RREAD). It is a multi-dimen-
sional simulation tool that evaluates decentralized
energy options for rural development in resource,
technical, and economic terms (Shen, 1998). RREAD
consists of three modules: a data input matrix, a calcu-
lation engine, and an output module. The input matrix
manipulates six sets of data: wind and solar resource
data; load data; system configurations (for solar elec-
tric technologies, small wind turbines, and small fos-
sil-fueled generators); full capital and operating costs
for all system configurations; financing data; and pol-
icy scenario information (e.g., the existence of tax
credits, subsidies, and program initiatives to internal-
ize social benefits/costs, etc.). Working through its cal-
culation engine, RREAD analyzes the performance of
both renewable energy systems and diesel generators
in technical, economic, and also social and environ-
mental terms. It estimates the output of an energy sys-
tem, assesses the storage requirements (typically satis-
fied by a battery bank), compares resource availability
with load requirements (for renewable energy
options), determines energy shortfalls, estimates
environmental impacts, characterizes social factors
(such as affordability and household energy manage-
ment challenges), and calculates each system’s
levelized economic costs (see Byrne et al., 1998; Shen,
1998).

To conduct a socioeconomic assessment of renew-
able energy utilization in Inner Mongolia, Qinghai,
and Xinjiang, CEEP designed a comprehensive survey
questionnaire and a sampling design statistically rep-
resenting the variety of rural energy users found in
western China. Working closely with its Chinese
research partners from China’s Ministry of Agricul-
ture, Academy of Science, and the Center for Renew-
able Energy Development (part of the country’s
Energy Research Institute), CEEP surveyed a total of
531 rural households spread over 22 counties through-
out western China (Byrne, Wang, Shen, & Zhou, 2001).
This survey resulted in a unique database for rural
China that for the first time characterized rural energy
users, uses, and technologies. The household survey
data, combined with socioeconomic information gath-
ered at the county and regional levels, was then evalu-
ated by means of statistical techniques (principally,
correlation and regression) to identify social, economic,
and technical factors that affect the use of renewable
energy options in these areas. Based on the sample
data, members of the research team identified key pre-
dictors for the purpose of estimating the potential of
off-grid renewable energy systems in western China.



The Economics of Stand-Alone Renewable
Energy Systems in Western China

Extensive economic analysis of small-scale renew-
able energy systems has been performed by the China-
CEEP research term for a wide array of configurations
in western China (see http://www.nrel.gov/china/
publications.html). Below, we have summarized only
a portion of the findings of this research. Two criteria
are emphasized: (a) affordability of renewable energy
systems for households with modest cash incomes and
(b) comparative cost of renewable and nonrenewable
energy options in meeting household needs.

Of course, many more criteria would be relevant to a
full evaluation. However, affordability and compara-
tive cost address basic constraints on rural households’
ability to choose energy options. When renewable
energy systems can satisfy these criteria, they are
likely to accrue additional benefits (compared to con-
ventional energy technologies). For example, impor-
tant concerns about compatibility with local traditions,
technical interest and skill, and political-economic
institutions should be positively addressed by small-
scale renewable energy systems. Similarly, adverse
environmental impacts are avoided with the uses of
solar and wind energy systems, and these technologies
can be deployed to support genuinely sustainable,
livelihoods-based development. Thus, the selective
focus of this section is intended to establish the viabil-
ity of renewable energy strategies under the relatively
less favorable criteria of affordability and comparative
cost in the belief that success on these grounds would
mean that an even stronger case is consequently avail-
able for a rural “soft path” (Lovins, 1977).

Affordability of Stand-Alone
Renewable Energy Systems

Typical stand-alone (i.e., not connected to an elec-
tric grid) renewable energy systems in use in rural
China include modestly sized PV and wind systems
intended to provide electricity service to individual
homes or small communities (less than 100 house-
holds). A common rural PV system involves a solar
panel that converts sunlight directly into electricity
using semiconductors. A rural wind turbine includes a
wind-driven electrical generator, which converts the
kinetic energy of wind into electricity through the rota-
tion of the turbine’s blades. In addition to electricity
generation via a PV panel or a wind turbine, stand-
alone renewable energy systems are also equipped
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with so-called balance-of-system (BOS) components
that include batteries, a charge controller, and an
inverter.

Because solar and wind energy are both intermittent
sources (i.e., they provide power only at certain times
of the day and only at usable rates during certain peri-
ods of the year), energy storage represents a critical
need. A usual form of storage is a battery bank, often of
a very simple type (such as series of car batteries
strung together). A PV panel or a wind turbine charges
the battery bank during times of resource availability
and the stored energy is then withdrawn (with losses)
to serve connected loads on demand. To protect the
battery bank from being overcharged by the PV panel
or wind turbine and to prevent discharging by electric
appliances at harmful rates to battery life, a charge
controller (also called a power regulator) is typically
installed to switch off the current when the battery
reaches its charging or discharging limits. Furthermore,
to feed regular alternating current (AC)—powered
appliances, a direct current (DC)/AC inverter is
installed so that the batteries’ DC power can be con-
verted to AC.?

A complete small-scale, stand-alone PV or wind
system typically has an electricity generation device (a
small PV panel or a wind turbine) equipped with a wir-
ing setup and supporting structure as well as the neces-
sary BOS components (i.e., the battery bank, the
charge controller, and the DC/AC inverter). Less com-
mon but of increasing interest are small-scale PV/wind
hybrid systems, which are equipped with both a PV
panel and a wind turbine. A typical stand-alone renew-
able energy system design is illustrated in Figure 1.

The appropriate size of rural PV, wind, and hybrid
systems was determined through extensive interviews
with households in western China. Broadly, three lev-
els of daily electricity demand were found to apply
among the highly diverse sample of households we
studied (see Figure 2). Audits of current energy-using
equipment in surveyed households and a questionnaire
administered in person by our research team asking
households about their expectations of future energy
needs enabled us to identify daily household energy
use patterns and loads. These information sources
yielded estimates of rural household daily electricity
needs of between 300 Wh and 1.6 kWh. Average rural
family size in the three provinces under study is 4.4
(average family size in China is 3.65 persons; see
China Statistical Bureau, 1999a).?

Some rural families—largely with young heads of
household and modest incomes—seek electricity
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Figure 1. Conceptual Drawing of a Stand-Alone Hybrid Renewable Energy System

Note: AC = alternating current; DC = direct current.
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Figure 2. Profile of Daily Household Electricity Demand in Western China

mainly for lightning and communications needs,
resulting in average daily loads of approximately 300
Wh. Large families and those with higher incomes
desire electricity to power certain farm tools (includ-
ing small pumps and dryers), reaching daily consump-
tion levels of 600 Wh or more. Upper income house-
holds (by rural Chinese standards, this would mean
more than U.S.$1,000 in yearly cash earnings) can
acquire small freezers (whose principal use is to refrig-
erate medicine and preserve certain foods).

More than 20 configurations of PV, wind, and hy-
brid systems can be suitable for rural households of the
scales depicted in Figure 2 above:

PV systems: 22Wp-120Wp;
Wind systems: 100W-300W;

Hybrid systems: 35Wp PV-100W Wind to 60Wp
PV-100W Wind; 35Wp PV-200W Wind to
100Wp PV-200W Wind; and 60Wp PV-300W
Wind to 120Wp PV-300W Wind.

All systems use Chinese-made PV arrays, except
for the 120Wp PV system, which is typically U.S.
technology. Wind systems are all made by local Chi-
nese manufacturers. We were unable to identify U.S.,
European, or Japanese companies that could offer
wind turbines at such small power ratings, which is an
indicator that rural energy needs are better known
technically in developing countries. Batteries and
charge controllers are also available from Chinese sup-
pliers, but DC/AC inverters are frequently imported. In
part because the bulk of the equipment for small-scale



Table 2. Levelized Costs for Photovoltaic (PV), Wind, and
Hybrid Systems in Inner Mongolia Autonomous
Region (IMAR), Xinjiang, and Qinghai

Output Levelized
Range Cost
System Province (kWh year™) ($ kWh™)
Wind only IMAR 196-640 0.25-0.37
Qinghai 27-342 0.31-1.51
Xinjiang 8-212 0.46-4.11
PV only IMAR 37-225 0.70-0.94
Qinghai 47-328 0.52-0.78
Xinjiang 55-400 0.45-0.68
PV-wind hybrids IMAR 256-860 0.30-0.50
Qinghai 102-663 0.36-1.02
Xinjiang 95-538 0.46-1.16
Gas/diesel GenSet  All 481-554 1.09-1.19

renewable energy systems can be made in China, sys-
tem costs average less than $7.39 to $7.55/Wp for PV
configurations, $1.70 to $2.78/W for wind generators,
and $2.28 to $3.54/W for hybrid systems. Although
the China-CEEP partnership was able to secure a U.S.
Department of Energy grant that created a revolving
loan fund for the pilot project, few financing options
exist for China’s rural communities.

Despite the absence of loan funds, our survey of
western Chinese communities indicates that most (but
not all) rural households believe they can afford small-
scale PV, wind, or hybrid systems. Stand-alone PV
systems range in cost from $150 to $900, wind systems
from $225 to $600, and hybrids from $450 to $1,300.
Household savings for 2 to 5 years (depending on
income level) would typically be required to accumu-
late sufficient funds for the purchase of the renewable
energy systems analyzed by the China-CEEP team.

Importantly, it is evident that development of a
renewable energy sector to meet rural needs is under-
way in China. Currently, there are more than 60,000
small wind turbines operating in IMAR, and approxi-
mately 400,000 small PV systems are in use across the
three provinces (Li, 2001). These systems have been
manufactured by a growing rural industry in western
China specializing in small-scale renewable energy
systems.

Comparative Cost Analysis

Cost comparisons of household-scale PV, wind,
PV-wind hybrid, and conventional fossil-fueled small
generators were prepared for 11 counties across the
three provinces. Assumptions and parameters needed
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for a cost analysis of these systems are extensive and
are described in the main report to National Renewable
Energy Laboratory (Byrne et al., 2001). Standard ana-
Iytical techniques were used to estimate levelized
costs.* This estimation procedure enables a full, life-
cycle cost comparison of systems. Each technology
was evaluated at its maximum energy (kWh) genera-
tion capacity. To compare the economics of different
technologies, we based our analysis on the combina-
tion of installed capital costs and operating, fuel, and
maintenance expenditures over the lifetimes of all
systems.’

Our analysis indicates that the least cost configura-
tion for household-scale, stand-alone generation dif-
fers among the counties and provinces (see Table 2).
Wind-only and hybrid systems are the least cost
options for IMAR, whereas PV-only and hybrid sys-
tems are the most cost-effective choice for Qinghai
and Xinjiang.

Importantly, in all three provinces, renewable
energy systems are economically superior to conven-
tional energy options, even before social and environ-
mental benefits are included (Byrne et al., 2001).

Scaling Up Rural Sustainability

To estimate the potential scale of a renewable
energy-based rural society, a logistic regression
model® was created that combined socioeconomic data
for western China with estimates of levelized costs of
renewable systems.

In this approach, household income and expressed
interest in purchasing small-scale renewable energy
systems are matched with resource and system output
data to identify the proportion of households in each
province who would prefer different configurations of
energy systems for their families. Based on this socio-
economic approach, the China-CEEP team estimated
the potential of a renewable energy-based rural devel-
opment sector for IMAR, Qinghai, and Xinjiang (see
Table 3).

The potential for local renewable energy systems
for stand-alone PV and wind systems in IMAR,
Xinjiang, and Qinghai appears to be substantial.

e The potential for PV systems: Our analysis sug-
gests that in the province of IMAR, about 93%
of rural, non-grid-connected households would
have an interest in and the ability to own a PV
system, whereas the figure for Xinjiang and
Qinghai is 92% and 95%, respectively.
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Table 3. Market Size of Renewable Energy System in Inner Mongolia Autonomous Region (IMAR), Xinjiang, and Qinghai

Total Units That Could Total Capacity That Could
Be Purchased Be Installed (megawatts)
Photovoltaic Wind Hybrid System Photovoltaic Wind
IMAR 195,793 200,867 136,234 9.79 20.09
Xinjiang 189,990 164,444 152,900 9.50 16.44
Qinghai 58,698 57,237 43,325 2.93 5.72

e The potential for wind systems: The interest in
and ability to own a wind system in IMAR is
about 95% of rural households without access
to grid electricity. In Xinjiang and Qinghai, ap-
proximately 79% and 93 %, respectively, of ru-
ral off-grid households can afford and have a
preference for small wind turbines.

e The potential for hybrid systems: The local
market for hybrid systems is smaller in the three
provinces than for stand-alone PV and wind
systems. Our research suggests that in IMAR,
Xinjiang, and Qinghai, 65%, 73%, and 70%, re-
spectively, of rural off-grid households would
have an interest in and ability to purchase hy-
brid systems.

Overall, the China-CEEP team estimates that more
than 850,000 rural households potentially would pur-
chase renewable energy systems with a three-province
scale of 22 MW of PV and 42 MW of wind installed
capacity—all as small, decentralized household and
community systems (Byrne et al., 2001). This would
mean that greater than 90% of the rural population cur-
rently without access to electricity in the three prov-
inces would be served. Obviously, at this rate of ser-
vice, renewable energy would constitute the core
means for meeting the electricity needs of rural life in
the region.

Conclusion

Rural electrification is now and will remain an
essential element for rural development in China and
other developing countries. The China-CEEP research
team’s 8-year effort demonstrates the existence of
available renewable energy options to address rural
electricity needs in western China in a socially and
environmentally sustainable manner.

China’s success in this regard offers valuable les-
sons for the pursuit of a sustainable rural development
strategy. However, the challenges of building a sus-
tainable rural energy future remain substantial. There
are important barriers preventing the local commer-
cialization of these decentralized technologies, espe-
cially the absence of well-developed, affordable loan
services that are sensitive to rural community needs.
Perhaps the most significant barrier, however, is the
entrenched bias toward industrial-urban models of
development that shape international and national pol-
icy. Without a paradigm shift in this regard, the poten-
tial for rural sustainability may go unmet.

Notes

1. Naturally, affordability is ranked high (see section
Affordability of Stand-Alone Renewable Energy Systems) be-
cause rural households rarely have significant cash incomes.

2. Although itis not always necessary to include an inverter, the
prevalence of alternating current—powered appliances and lighting
equipment makes this a practical necessity.

3. For comparison, the average American family of 3.14 per-
sons uses 30 to 50 kWh of electricity per day (U.S. Census Bureau,
2001).

4. Levelized costs are defined as the total discount costs of en-
ergy systems standardized over the evaluation period by obtaining
a levelized annual discount factor using the annuity concept in fi-
nancial analysis.

5. Photovoltaic (PV) systems have an expected lifetime of 15
years, whereas wind turbines normally last 10 years. Battery life-
time, as claimed by manufacturers, is 3 years for a wind-only or a
small PV/wind hybrid system, 4 years for a PV-only system, and 5
years for a large PV/wind hybrid system. Field experience, how-
ever, suggests that Chinese batteries normally last only 1 year for
wind and small hybrid systems and 2 years for PV and large hy-
brids. The charge controllers and the direct current/alternating cur-
rent inverters typically have lifetimes of 10 years.

6. A logistic regression model (LRM) is appropriate when a di-
chotomous dependent variable (such as household preference for a
renewable or nonrenewable energy system) is present. The proba-
bility of a dichotomous series of outcomes is treated as logarith-
mic. By using a mathematical method called maximum likelihood



estimation, an LRM can be created to produce accurate probability
estimates of dichotomous outcomes.
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