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This paper examines recent modeling efforts and case studies to evaluate the economic viability of off-
grid renewable energy technologies for rural application in developing countries. Case studies have been
conducted for a representative sample of 41 households from the Inner Mongolia Autonomous Region of
China, who have operating experience of at least one year with small, off-grid wind (less than 400 W) and
photovoltaic (less than 150 W ) systems. Our analyses indicate that levelized costs of off-grid, household-
scale renewable energy systems are cost-competitive with conventional gasoline gen-sets and PV/wind
hybrid systems appear to be an economic means of providing year-round electricity service and meeting
the rising energy demands of remote households in Inner Mongolia. Policy recommendations for spurring
the market development of renewable energy technologies in developing countries are provided in the final
section of the paper. © 1997 Elsevier Science Ltd. All rights reserved.
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Developing countries have dramatically expanded their power
sectors during the last three decades. However, more than 2
billion people living in rural areas still lack the option of
grid-based electricity service. Given the high cost of grid
extension to utilities throughout the developing world, progress
in expanding electricity service to unserved rural areas remains
slower than population growth (Lenssen, 1993). Off-grid
renewable energy systems represent an important option for
narrowing the electricity gap in rural parts of the developing
world.

To be successful, rural renewable energy systems will have
to compete with small-scale generator sets fueled by gasoline
or diesel which have often been used to supply electricity to
remote households. The use of gen-sets by rural households
has, to a great extent, been limited by the high costs of
delivered fuel and maintenance, and the lack of reliable
spare parts supply to remote areas. As alternatives, stand-
alone renewable energy home systems such as photovoltaic
(PV), wind, and PV/wind hybrid technology can meet the
growing electricity needs of rural households. Studies of
off-grid renewable energy systems in developing countries
have shown that these technologies can provide reliable and
comparatively low cost electricity services to rural households
and communities (Byrne et al., 1997; Cabraal et al., 1996;
Hammad, 1995; Liebenthal et al., 1994). The supply of electric-

ity from such systems brings tangible social and economic
benefits to rural populations in developing countries that
include the ability to refrigerate food and medicine, lighting
for households, power for small electric motors (such as
water pumps), and provision of education and communica-
tion opportunities for isolated rural populations (Acker and
Kammen, 1996; Byrne et al., 1997; Cabraal et al., 1996). In
addition, wind and PV systems offer an environmentally
sustainable means of supporting rural economic develop-
ment (Lenssen, 1993).

This paper summarizes our analysis of small-scale renew-
able energy systems supplying electricity to a representative
sample of 41 households in the Inner Mongolia Autonomous
Region of China.! It examines the economics of small-scale
PV (60 W, to 120 W), wind (100 W to 300 W) and PV/wind
hybrid systems (300 W wind turbine with 35 W 60 W, PV
for small hybrids and 100 W,-120 W, PV for large hybrids)
for the region’s remote herder families. A newly developed
spreadsheet model used for this analysis is introduced. Our
evaluation of energy performance and system reliability of

'The 41 household sample was drawn in co-operation with a research
team of scientists, and energy and social planners from the Chinese
Academy of Sciences, the provincial government of Inner Mongolia,
and Inner Mongolia University. Selection was based on criteria of
geographic and socioeconomic representativeness of the Region.
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household-scale renewable energy systems and calculations
of the levelized costs for these household systems are discussed.
The paper concludes with policy recommendations for spur-
ring market development of small-scale, off-grid renewable
energy technologies in developing countries.

The economics of household-scale renewable
energy systems

Typical stand-alone, household-scale renewable energy systems
include photovoltaic (PV) and small wind turbine systems.
Less common, but of increased interest, are small-scale
PV/wind hybrid systems. The major components of a stand-
alone household renewable energy system are an energy conver-
sion device (a small PV array or a wind turbine) with necessary
support structures and the balance-of-system (BOS)
components. The BOS includes a battery bank to store energy,
a charge controller to prevent overcharging of the battery
and an inverter to convert direct current (DC) to alternating
current (AC).2 A hybrid system has both a PV array and a
wind turbine, as well as the other components just described.
A stand-alone PV/wind hybrid household system design is
illustrated in Figure 1.

Economic modeling of off-grid renewable energy systems

To evaluate the energy and economic performance of
three renewable energy technologies — photovoltaics
(PV), wind turbine, and PV/wind hybrids - for off-grid
applications in rural settings, we developed a spreadsheet-
based computer model called Rural Renewable Energy
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Conceptual drawing of a household-scale hybrid renewable energy system

Analysis and Design (RREAD). The model consists of
three modules: a data input module, a calculation engine
and an output module (see Figure 2). RREAD proc-
esses resource, economic and financial data, in combina-
tion with inputs on technology configurations and
relevant policy factors, to provide the user with an
analysis of the energy output and economic value of
user-specified renewable energy applications.

The data input module consists of six sets of data: a
renewable energy resource profile, household load data, techni-
cal specification of system configuration, system costs, financial
data and policy scenario information.® The resource, load
and system configuration data are used to evaluate system
performance and energy output, and to conduct analyses of
the reliability of power supply for the user-defined system.
Economic, financial and policy data are used to evaluate the
economic viability of the system.

System performance and reliability analysis

To determine the amount of electricity available for household
or village daily use, RREAD estimates hourly energy output
of a PV array and/or wind turbine for an entire year. For PV
output, global horizontal irradiance (a measure of solar
energy in watts per square meter), DC conversion efficiency
of a PV array, the size of the array, and ambient temperatures
are used in an algorithm found within the model to estimate
hourly production values during a year. A site’s hourly global
horizontal irradiance and ambient temperature can be obtained
from a typical meteorological year (TMY) data file of the

2Although it is not necessary to include an inverter, the prevalence of
AC-powered appliances and lighting make this the most practical system
configuration.

YFor example, the existence of taxes, credits, or subsidies to capture
social and environmental externalities of electricity supply that are
otherwise not reflected in fuel and technology prices.
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Figure 2 Diagram of RREAD

site under investigation.# Global horizontal irradiance is
adjusted to plane of array (POA) insolation values using site
latitude and array angle.

For wind turbine output, hourly wind speeds measured at
hub height and the turbine’s power curve are used to estimate
hourly production values throughout an entire year. Since
significant variations in wind speed can occur from one year
to the next, a multiple-year wind database is needed to produce
an accurate wind profile.

Once the energy values of a household-scale renewable
energy system are estimated, the model aggregates, after

4A typical meteorological year (TMY) data file is compiled to represent
a ‘typical’ year of weather for the site based on a multiple-year data
record. Most TMY databases are constructed from 30-year weather
records.

SA wind turbine’s power curve specifies the unit’s capacity to generate
power at varying wind speeds. The reported output should take into
account the incident energy lost from the turbine.
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subtracting out energy losses® from the balance-of-system
components (ie battery bank,” charge controller® and DC/AC

6Power losses will occur in BOS components when charging and discharg-
ing the battery bank and in converting DC supply to AC. Since power
losses may vary due to component quality and age, this model allows
the user to input component efficiency values.

TRREAD automatically calculates the size of the battery bank based on
the system configuration or load requirement. The battery bank is sized in
two different ways. From a system perspective, daily battery storage capac-
ity can be determined by dividing battery rated voltage into the system’s
average daily energy output. From a customer perspective, daily battery
storage capacity can be determined by dividing battery rated voltage into
the maximum household daily coincident electricity consumption (ie the
level of consumption if all household appliances are operated during a
common use interval). The total capacity of a battery bank is the product
of the daily battery storage and number of reserve days (due to consecu-
tive supply shortfalls). The battery bank’s average depth of discharge
(DOD) is also important in sizing. DOD is the ratio of the daily amount
of discharged energy to total capacity of the battery bank. In our study,
the DOD is set at 40% to maximize battery lifetime.

SRREAD sets the size of the charge controller equal to the rated output
of the generation equipment.
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inverter®), the hourly energy production to an annual value.
Annual energy production is used to calculate levelized costs
of energy supply (described below).!¢

Economic analysis

System performance results are utilized in this model, in
conjunction with financial, economic and policy data, to
conduct levelized cost and other economic analyses for dif-
ferent system configurations. The model estimates costs
incurred over the span of the evaluation period for renew-
able energy systems and competing technologies such as
gasoline or diesel generators. Discounted cost streams,
combined with energy values, are used to calculate levelized
costs in order to compare various energy options.

To perform a levelized cost analysis, all capital and operat-
ing expenditures incurred over the span of the evaluation
period must be taken into account. The expenditure stream
includes generation equipment costs, BOS component costs,
and annual operating and maintenance (O&M) expenses.
Generation equipment costs include hardware costs and cost
for delivery and installation of the PV array, wind turbine,
hybrid or gen-set. The BOS component costs reflect the costs
of purchasing, delivering and installing the power condition-
ing systems. Both generation equipment and BOS component
cost streams include initial and replacement costs. Since
some hardware may still have usable value beyond the evalu-
ation period, this model employs a straight line depreciation
method to credit the system for the remaining useful life of
equipment. Hardware scrap values at the end of each piece
of equipment’s useful lifetime are also taken into account.
The O&M expenses cover regular service, maintenance and
repair costs (eg lubrication and bushing repairs are included
for gen-sets and array surface washing and electrical connec-
tion inspection are included for PV systems). For gen-sets,
delivered fuel costs must also be included. These are based
on fuel prices in the local market and the average cost per
unit of delivered fuel to the site.

After the spreadsheet model estimates all expenditures, it
discounts them to their present values over the evaluation
period and sums all discounted costs to arrive at a net present
value (NPV). The total NPV cost, the length (in years) of the
evaluation period, and the discount rate are used to obtain
a levelized cost which is then divided by an annual energy
value to obtain a levelized unit (kWh) cost. In this model, the
annual energy value is determined in two ways. Using a
supply or production perspective, RREAD sets the annual
energy value equal to the system net production (ie net of
losses due to storage, power conversion, etc.). For a renew-

9The size of the DC/AC inverter can be set equal to the rated output of
a household’s total appliance stock (a demand perspective), or to the
rated output of the generation equipment (a supply perspective).

1OR READ stores monthly values which can be used to evaluate a system’s
seasonal performance, and daily values which can be used to evaluate
the system’s ability to meet household or village daily energy needs on
a reliable basis. RREAD can calculate the number of ‘shortfall days’ in
each month for different system configurations. Shortfall days are those
days when the available solar and/or wind resource, plus the energy
delivered from the battery bank, are not sufficient to meet household or
village peak load demand.

able energy system, this largely depends on the availability
and energy density of the resource. For gen-sets, the major
determinant is operating hours. A second approach adopts
a demand or end-use perspective in which annual energy
value equals actual household energy consumption. This
consumption is determined from appliance inventories and
household reports of average daily use. However, since resource
availability establishes a cap on household consumption level
in the case of renewable energy technologies, system net
production is used as the annual energy value if potential
household demand exceeds the generation capacity of the
system.

Sensitivity analysis

RREAD can conduct sensitivity studies that allow the user
to examine the impacts of technical, economic and policy
changes on the performance of off-grid renewable energy
systems. Reliability of a system can be tested by adjusting
household demand levels. Change in the system’s levelized
costs can be reviewed when system prices, subsidy levels and
system configurations change. The economics of a renew-
able energy system can be compared to those of a gen-set
when changes in fuel costs and operating schedule are
introduced. Comparisons can also be made between renew-
able energy technologies and gen-sets when continuous duty
cycle equipment (such as refrigerators and pumps) must be
served.'!

The user can employ RREAD to evaluate changes in
existing or new policy strategies (energy, tax, financial,
environmental and other policies). Advances in the efficiency
of technology used in off-grid systems can be considered as
well.

This spreadsheet mode] was employed to prepare a series
of comparative cost studies for various household systems
operating in China’s Inner Mongolia Autonomous Region
(IMAR). In subsequent sections of the paper, we summarize
energy supply and economic analyses performed for the
Region’s installed household renewable energy systems.
However, before reporting the results of our analyses, some
basic information on the IMAR is provided.

Profile of the Inner Mongolia autonomous
region

The IMAR is one of five minority jurisdictions with
autonomous administrative authority in China. It is located
in the northern part of the country, sharing a border with
the Republic of Mongolia. The IMAR encompasses 1.18
million km? and accounts for one-eighth of the total area of
China. Three-quarters of the Region’s territory is grassland.

'To serve continuous duty cycle equipment (such as refrigerators),
gen-sets can be run continuously on a 24-hour-a-day basis. It is, however,
more practical and efficient for a gen-set to provide the energy required
by such equipment through a battery bank. A charge controller and
DC/AC inverter need to be installed if a battery bank is used. RREAD
can calculate both cases for gen-sets: serving or not serving continuous
duty cycle equipment.
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Its population is approximately 22.5 million and 63 percent
live in rural areas. The per capita annual net income of the
Region is ¥2000 (about $241 at current exchange rates),!2
with the rural population averaging ¥970 ($117). While per
capita income is modest, the earnings of rural IMAR
households are among the highest in the nation’s 10
underdeveloped provinces (China State Statistical Bureau,
1995). The average population density in the Region is 19
persons km™2, one of the lowest densities in China. In the
Region’s vast pastoral areas, the density is less than three
persons km™ (Li, 1991). Due to the high cost of extending
the electrical grid to remote herder families of the IMAR,
there are still 300,000 households in 1100 villages and 198
townships without electricity today.

According to researchers at the Chinese Academy of
Meteorological Science (CAMS), both wind and solar
resources in the IMAR are some of the richest in China
(Zhu, 1988; see also He and Shi, 1995 and Yan, 1994). The
CAMS study divides different regions throughout China
into three resource potential categories: rich, marginal and
poor. Based on CAMS definition, resources are rich in those
areas with 150 W m™2 of wind energy density and
1510 kWh m~2 of annual solar insolation. Both wind and
solar resources in the IMAR, despite large variation across
the Region, are rich using the CAMS definition.!3

Development of the Region’s abundant wind and solar
resources began in earnest in the late 1970s. Since then,
remarkable progress has been made. With financial incen-
tives from the Region’s government, 4 over 120,000 household-
scale wind turbines and 3800 PV systems with a total capacity
of 11.2 MW and 100 kWp, respectively, have been installed.
By the end of 1995, about a half million herdsmen received
electricity from one or both of these renewable energy sources
(People’s Daily, 1996, Oversea Edition, Oct 28). This makes
the IMAR one of the largest rural users of wind and PV
systems in the world.

The development of renewable energy in Inner Mongolia
has helped the Region to build up a relatively complete
manufacturing capacity from design to production, installa-
tion and maintenance of wind and PV home systems. To
date, there are ten wind turbine manufacturers and one PV
assembly line operating in Inner Mongolia. Local service
stations, as well as technical support and training sites, have
spread out to over 60 of the Region’s 88 counties (China
Electric Power, 1996). This well-established infrastructure,

"2The exchange rate used for this paper is: $1.00 (US)=¥8.30 (Chinese
Yuan).

3The Region is undeniably rich in solar and wind resources, but varia-
tions in both are significant enough that local assessments are essential
to good project designs. Thus, the Inner Mongolia New Energy Office
reports that wind energy density in the IMAR ranges from 100 W m™
in the southern part of the Region to 300 W m™ in the north. The
Region’s annual solar insolation is reported to be between 1400-
1740 kWh m™2 (Inner Mongolia New Energy Office, 1995).

4Between 1986 and 1990, the IMAR Government provided 16 million
Chinese Yuan (about $2 million) in subsidies to promote the Region’s
use of household renewable energy systems. While data for recent years
were not available, officials of the IMAR indicated that approximately
the same level of subsidy continues to be provided.
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Figure 3 PV/wind output ratios by month for Su Ni Te You

coupled with abundant wind and solar resources, has laid a
solid foundation for development of a large scale renewable
energy market in Inner Mongolia.

Case studies

Four counties of the IMAR were chosen in consultation
with the Chinese Academy of Sciences, the Region’s New
Energy Office and the IMAR Planning Commission, as sites
for our case studies. The four counties, located in the central
and northern parts of Inner Mongolia, are Su Ni Te You, Si
Zi Wang, A Ba Ga and Dong Wu Zhu Mu Qin.

Resource evaluation

Su Ni Te You has the best combined solar and wind resource!*
among the four counties. Si Zi Wang has the best measured
solar resource and second best wind resource. A Ba Ga has
significant solar insolation and a good but variable wind
resource. Dong Wu Zhu Wu Qin has modest solar and wind
resources, compared to the other three counties.

The four counties under evaluation not only have attrac-
tive solar and wind resources, the availability of the two
resources exhibits significant complementarity. Strong winds
experienced in the spring and autumn months diminish while
solar radiation is most intense during the summer. Figure 3
depicts the seasonal complementarity of solar and wind
resources in Su Ni Te You.!¢ The seasonal complementarity
of PV and wind systems indicates that a PV/wind hybrid
system can offer stable energy service throughout the entire
year.

Levelized cost analysis

Levelized cost analyses were performed for existing household-
scale renewable energy systems used by 41 herder families
located in the four counties, There are five sizes of PV systems
under evaluation: 60 W, 75 W, 85 W, 100 W and 120 W,,.

SHourly solar and wind resource profiles were obtained from the IMAR
Government for each county.

1A 200 W wind system and a 300 W PV system are used to conduct this
output ratio analysis because these two systems provide equivalent
annual energy service in this particular county.
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Table 1 Assumptions and parameters used in the analysis of household systems

Parameters Wind PV PV/wind hybrid Gasoline gen-set”
System types 100 W-300 W 60 W ~120 W, 35 W,—120 W, PV with 450 W-500 W
300 W wind turbine
Systenll total capital cost $1.70-$2.78 $7.39-$7.55 $2.28-83.54 $1.10-$1.57
W™
Wind turbine or PV array 43%-61% 83%-85% 60%-77% —
as% of total cost
System lifetime 10 yrs 15 yrs 10 yrs 8000 h
Discount rate (%) 12% 12% 12% 12%
NPV evaluation period 10 10 10 10
(years)
Battery cost ($ kWh™") $36 $36 $36 $36
Battery lifetime® (yrs) 3 yrs 4 yrs 5 yrs S yrs
Battery depth of discharge 40% 40% 40% 40%
(%)
Inverter cost (S kW™") $140-$320 $140-8320 $140-$320 $140-$320
Inverter lifetime (yrs) 10 yrs 10 yrs 10 yrs 10 yrs
Controller cost ($ kW) $82-8116 $82-$116 $82-$116 $82-$116
Controller lifetime (yrs) 10 yrs 10 yrs 10 yrs 10 yrs
Energy losses from BOS (%) 325% 32.5% 32.5% 325%
Annual O&M cost ($ yr™) $2.50 $2.50 $5.00 $18
Unit cost for delivered fuel — — — $3.07

($ gallon™")

“Includes both cases of serving and not serving continuous duty cycle equipment such as refrigetrators and pumps.

PActual lifetimes based on field experience are one year for wind-only and

All systems utilize Chinese-made PV arrays, except for the
120 W,, system which uses American technology. The wind
systems in the case study are all made by local wind
manufacturers and deployed in three sizes: 100 W, 200 W
and 300 W. All PV-wind hybrid systems include 300 W wind
turbines, which are complemented with 35 W_-60 W, PV
for small hybrids and 100 W,~120 W, PV for large hybrids.
All systems are wired for AC loads and utilize specially-
designed, locally-made lead acid batteries, charge control-
lers and DC/AC inverters.

The PV systems have an expected lifetime of 15 years
while the wind turbines normally last 10 years. Battery lifetime,
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 experi-
ence, however, suggests that these batteries normally last
only one year for wind and small hybrid systems and two
years for PV and large hybrids.!8 The charge controllers and
the DC/AC inverters have a lifetime of 10 years.

Two sizes of gasoline gen-sets suitable for household use
(450 W and 500 W) are examined for comparison. These
gen-sets are made in Japan and are available in the local
market. Gen-sets were assumed to operate at their full capac-
ity for four hours per day. This schedule of operating hours
is based on the experience of local users in the four counties
who have found that operation of these systems in excess of
this amount significantly increases the likelihood of parts

"Due to the fluctuations in power supply from a wind turbine, batter-
ies are more likely to experience deeper discharges in the cases of wind-
only or small hybrid systems. For this reason, battery lifetimes are
shorter for these configurations.

®Site visits by researchers of the Chinese Academy of Sciences
co-operating in this study found that, without knowledge about the
batteries and adequate training on their usage, households do not properly
utilize and maintain batteries, thus leading to shorter litetimes.

small hybrid systems and two years for PV-only, large hybrids and gen-sets.

failure and added repair needs. Because these counties are
remotely located, increased parts failures and repairs may
result in long stretches of non-use. Our review of case stud-
ies on the performance of off-grid, remote gen-sets supports
the use of this operating schedule (see, for example, Berdner
et al., 1994).

The market price for gasoline in Inner Mongolia is
approximately $1.65 gallon™! (¥3.56 I™'). The price for lubricant
used by gen-sets is approximately $0.60 quart™ (¥8 I"'). The
delivery cost for these two items to remote areas varies by
distance. For the counties under study, an average delivery
cost for fuel and lubricant is $1.42 gallon™ (¥3.1217"). This
cost is added to the market price of gasoline and lubricant to
obtain a delivered price for these items.

Levelized cost comparisons for household-scale PV, wind,
PV/wind hybrid and gasoline gen-set systems were conducted
for the four counties. Assumptions and parameters used for
our levelized cost analysis are described in Table 1. Our
analysis evaluates household-scale systems currently installed
in the 41 herder families. Each system was evaluated at its
maximum energy (kWh) generation capacity. In order to
compare the economics of different technologies, we based
our analysis on installed costs of all systems.!?

The PV systems under evaluation can serve only small
household loads, from 120 kWh to 240 kWh yr~! (depend-
ing on the county). Wind turbines can serve modestly larger
loads — from 200 kWh to 640 kWh yr~!. Gasoline gen-sets
can serve annual loads of 480 kWh to 730 kWh, depending

YThe analysis excluded a government subsidy of ¥200 ($24) provided in
the IMAR to manufacturers of household-scale systems for each addi-
tion of 100 W capacity of wind or 16 W PV sold. The IMAR subsidy
represents a 20% discount for wind systems and up to 24% for PV
systems.






