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Ensuring quality power in rural India.

s the Leisang village in Manipur
received electricity in April 2018, the prime
minister of India announced that every
Indian village is now electrified. A village is
considered electrified in India when 10% of
its homes receive electricity. However, the number of village homes that have electricity has now reached 84%,
with some 41 million households still without power. This
village-electrification program has been going on for
many years. Until a few years back, there was a large
shortage of power with power demand exceeding supply,
leading to no/a weak push to extend the grid to the village.
Over the last few years, when more coal power plants
became operational, the supply strengthened. At the same
time, the energy costs for the solar and wind powerattained grid parity, enabling the addition of significant
renewable power. Simultaneously, the power grid was

a

Digital Object Identifier 10.1109/MELE.2018.2871277
Date of publication: 16 November 2018

32

I EEE E l e c t r i f i c a t i on M a gaz ine / DECember 2018

strengthened, and India attained a single national grid on
31 December 2013, such that power generated in surplus
areas could be transported to deficit regions. All of this
helped in surplus power generation because the demand
did not pick up much in recent years. The social obligation
to extend the electric grid to each village and then to at
least 10% of its homes no longer had a fundamental bottleneck. The target-driven approach of the prime minister’s office helped to expedite the effort.
However, the power grid could not reach a significant
number of villages, especially in far-flung areas, deserts,
mountains, and difficult terrains. A rooftop solar system
to provide electricity to these off-grid homes was a viable
solution. Early efforts to put a solar light in each home
were not acceptable to many villagers as means of electrification. They wanted a minimum of several lights, a fan, a
cell phone charger, and a TV point. A conventional rooftop
solar system with ac output was too lossy and expensive.
Furthermore, these systems would not connect to the grid
if and when the grid could reach the village. A solar-dc
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system evolved in India, which will be discussed later.
Such solar-dc systems became the basis of powering these
remote villages where the grid could not be extended.
This article begins with stories of how the solar-dc
systems were deployed in deserts and mountains to provide electric power, describes the next frontier of such
home systems, and discusses the limitations of such offgrid systems as well as the existing grid-connected systems in rural areas in India. Village-level microgrids
appear to have some answers to these limitations. The
article concludes with a discussion on efforts to build
such microgrids and the importance of distributed energy resources (DERs).

Off-Grid Homes in Difficult Terrain
India has a few million homes for which grid connections
will be very difficult and expensive. The villages are on
mountains, in deserts, located remotely on islands, and
across rivers. The best immediate option is to provide distributed solar-dc systems.

The Indian Institute of Technology, Madras (IIT Madras),
had taken up the development of a 48-V solar-dc system
catering to not only off-grid homes but also to the ones
with grid connection. Because power outages (power cuts)
are still common, varying from 30 min/day to 14 h/day in
many rural areas, many homes use a battery-backed system known as an inverter. IIT Madras developed a solar
system called Inverterless-500, with output power supplied
in dc form rather than converting it to an ac form. The system interfaces directly with a solar panel varying in size
between 125 and 500 watt peak [W(p)]. The grid input
(when the grid is available) is also up to 500 W, converted to
48 Vdc, and combined with solar output. The combined
output can charge a battery and provide a 48-Vdc distribution line within homes. When solar energy or the grid cannot supply the power output required, the battery output
pitches in. The system is designed to minimize conversion
losses. When solar energy directly powers the load, losses
are approximately 3%, whereas losses rise to 10% when
solar power is first stored in the battery and later supplied
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Table 1. Energy consumption for a typical rural household
with essential dc appliances and fixtures.
Appliance

Number

Average Power
Consumption (W)

Daytime (h)

Nighttime (h)

Day Energy (Wh) Night Energy (Wh)

Fan

1

25

6

6

150

150

Lights

5

5

2

8

50

200

Cell phone

2

5

1

1

10

10

TV

1

25

5

5

125

125

Induction stove

1

400

1

1

400

400

Refrigerator

1

25

14

10

350

250

Mixer/churner

1

100

0.5

0

50

0

Cooler

1

50

8

4

400

200

1,535

1,335

Total
The daytime is assumed to be 14 h (5 a.m.–7 p.m.), and the night is assumed to be 10 h (7 p.m.–5 a.m.).

Figure 1. The solar systems deployed in the villages of the 16 districts of Assam: Barpeta, Bongaigon, Cachar, Dhemaji, Dhubri, Dibrugarh, Dima Hasao, Goalpara, Hailakandi, Jorhat, Kamrup,
Karbi Anglong, Lakhimpur, Nalbar, Sonitpur, and Tinsukia. (Image courtesy of Bing Maps.)
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to the load. The grid-to-load losses
are limited to 6% and through the
battery it goes up to 15% when lithium (Li)-ion battery storage is used.
Furthermore, as shown in Table 1 in
the article “Solar-dc Microgrid for
Indian Homes” (IEEE Electrification
Magazine, June 2016), the power
usage goes down significantly when
dc-powered dc appliances are used.
The net result is that a 125-W solar
panel can power a small home in
cluding multiple lights, a fan, a
TV, and a cell phone charger when
used with a battery of 1.25 kWh.
The solar systems become relatively inexpensive, each costing approximately US$400, and includes solar
panels, the Inverterless-500, a battery, fans, lights, and a cell phone
charger. The size and weight are
small too. The systems can be carried to difficult terrain and have
been used to provide power in homes
in remote areas in some of the states
of India including Assam, Manipur,
Jammu and Kashmir, Rajasthan,
and Madhya Pradesh.
The transportation and deployment of these solar-dc systems
were nevertheless a challenge. The
state of Rajasthan had desert areas
with scattered homes. Normal
vehicles could not be taken to those
areas; tractors and camels were

used in these instances. The challenge of Assam
was its villages scattered across the length and
breadth of the state, as shown in Figure 1. The terrain was either hilly (the Himalayan mountain
region) or contained river banks (Brahmaputra
regions). Multiple modes of transportation were
required to reach a village. Roads are mud with no
tarring, making it difficult to travel during rains
because they become muddy and slushy. Trucks
could get stuck in the slush, slide, and fall off the
mountain. Material was moved in small trucks,
and tractors were used where the incline was very
steep. The last lap almost always involved head
loading/hand carrying of material. This part sometimes took up to four days. Manipur involved similar challenges. Figure 2 shows the poles to mount
solar panels being carried up the mountains in
Manipur, and Figure 3 includes the transportation
Figure 2. Workers carrying the poles to install the solar panels in off-grid village
of solar panels and the Inverterless-500 system.
homes in Meghalaya.
River bank terrains required multiple modes
of transportation to reach villages, including
small trucks to the river bank, buffalo carts from small
Despite all the difficulties involved in taking the matetrucks to the ferry, and the ferry to across the river. When
rial to the villages, there is a great joy when a home is
the river depth becomes very shallow or the bed dries up in
electrified and fans and cell phone chargers are enabled.
the summer, material is hand-carried across the river. All of
Beneficiaries are identified, and their eligibility for electricthis involves multiple loading/unloading of materials. In
ity connections along with applicant photographs and
Figure 4, the material is being carried across the river and
identity proof are registered on the spot, as shown in Figon buffalo carts in Assam. Multiple loading/unloading of
ure 5. The great reward is changing the lives of the people
solar materials makes the work proceed very slowly.
getting electricity.

Figure 3. The solar panels and inverterless system being transported to villages through the hills of the Himalayas.
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(b)

(a)

(c)

Figure 4. The materials being transported by river to remote villages in Assam on boats and buffalo carts: (a) being loaded onto the boat,
(b) shipped to destinations, and (c) unloaded.

The Approach Has Some Limitations

is as important as the ability to provide power. The challenge now will be uninterrupted electricity supply at
affordable tariffs.
Even though India has surplus power, the power distribution companies (DISCOMs) of most states experience
losses and have a large debt. Writing off debt in the past has
not helped, as the losses quickly
build back up. Power theft contributes to a significant extent toward
the Indian DISCOMs large transmission and distribution losses. Conversely, the income of a large section
of the Indian population is rather
low. Even though the political compulsion keeps the tariffs low, most
low-income homes consume very
little as they cannot afford higher
power bills. The problem becomes
more severe in rural areas, where
most people have low incomes.
Transmission losses are higher, the
voltage in the rural grid often falls to
an unacceptable level, and people
often default on their power bills.
Therefore, the DISCOMs limit the
power they provide on the rural grid
(a)
(b)
using power cuts as high as 14 h/
day. The quality of the power supply
Figure 5. (a) The delivered materials at a village home and (b) the installed system in a home.
to rural areas is severely limited.
There is little doubt that this combined approach of taking
the grid to the villages and using decentralized solar systems, where taking the grid becomes very difficult, is
an important milestone in electrifying India. But the
approach has its limitations. The quality of power-supply
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The poor quality and low affordability implies that
1) rural households cannot expand the use of electricity
and 2) rural industry cannot prosper. The off-grid rooftop
deployment using solar-dc has similar dilemmas. A 125-W
solar panel may give effective energy (taking into account
all losses) of little more than 500 Wh/day. This may be adequate for home lighting, a fan, cell phone charging, and TV
usage for a limited time when low-power dc appliances
and fixtures are used. Let us look at these in more detail.

Next Frontier for Rural Household
Rural households in India are looking forward to some of
the conveniences that urban India enjoys. They would
like to have a small refrigerator, a mixer, a butter churner
(in many parts of the country), and an air cooler. Al
though it is not on the radar of most homes, a very
important need is having an electric cooker. Today, most
low-income rural households cook using biomass combustion. The smoke emitted is a serious health hazard
and impacts mostly women and children. Their lives
would be very different if a pollution-free electric cook
stove was available. The cost of the appliance may not be
a serious bottleneck but the cost of quality and reliable
electricity limits the usage.

Rural Industry
Most people practice agriculture in rural areas. The productivity is not very high, and the number of people
employed is large. No other employment is available
because there is hardly any industry in rural India. Young
men are migrating to urban areas but, the rest of the population continue to be highly underemployed in agriculture. For rural industry to take off, the buying and selling
of goods and raw materials, transportation, and electricity
are the biggest problems. With mobile phones reaching
most rural areas, the buying and selling problem has
been eased. As roads to villages increasingly improve,
auto-rickshaws are taking care of the transportation
need. The biggest bottleneck is quality electricity. The low
voltage and power cuts make the electricity-dependent
rural industry unviable. Low affordability adds to the
problem. Rural industry depends on a diesel generator for
electricity, costing about four to five times that of gridbased electricity.

Highly Energy-Efficient Appliances and Fixtures
Reducing the power consumed by an appliance is essential
to help reduce the electricity costs for a rural low-income
consumer. Making the equipment dc powered is an important step, as most appliances inherently need only dc
power. An induction motor-based ceiling fan, widely used in
India and deployed in off-grid homes, would consume
72 W of ac power at full speed. The power consumption of
the fans was reduced to merely 30 W at full speed, when a
48-Vdc-powered brushless dc motor (BLDC) motor-based fan
was used. In a similar manner, a dc-powered dc motor-based
refrigerator is being developed, so that the average power
consumed will go down substantially. An air cooler is a big
blower of air through a wet honeycomb or wood-wool
sheet into a home; it works very well in a dry and hot climate. The company Zazen has developed a dc-powered
BLDC air cooler, which consumes only 60 W at peak speed,
as opposed to 125 W for the equivalent ac air cooler. A
switched-reluctance motor-based 48-Vdc food mixer/
grinder consumes a peak power of 150 W, as opposed to
350 W for an equivalent ac mixer. A similar butter churner is also being developed. Pictures of some dc appliances
used in our system package are shown in Figure 6.
An induction cooker is one of the most important dc
equipment used in rural areas. A 48-Vdc-powered, energyefficient dc induction stove is being developed that, even
at 500-W peak power, can do most of the cooking. If the
power is increased to 700 W, the induction stove becomes
an excellent cooking stove. Of course, the energy consumed for cooking is not going to be too small. It may take
approximately 700–1,000 Wh/day to cook for four people
in a rural home. Also, the cooking is not limited to daytime
when the sun is present. Therefore, at least a part of this
energy may have to be stored. Another type of equipment
that would be highly relevant to rural India is a water
pump. There are several BLDC motor pumps today. But
even the induction motor pumps with a variable frequency drive yield excellent result.

dc Fan
14 in

dc Tubelight

An Alternative Approach: Solar-dc to Microgrids
To make electricity economically viable for low-income
people in rural India, both for home usage as well as rural
industry, a different approach is required. It would include
the following:
xx
development of highly energy-efficient appliances
and fixtures
xx
connecting the solar-dc system to the electric grid
xx
a new kind of rural microgrid enabling the sharing of
power.
Let us look at these in more details.

dc Induction Stove
dc Air Cooler
dc Refrigerator
dc Bulb

dc TV

Figure 6. The dc appliances.
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The importance of such energy-efficient appliances and
fixtures cannot be understated. They will quite often be
used when grid power is not there and would depend on
solar power and power through batteries. The latter power
source is quite expensive and needs to be minimized. The
best way to do this is via dc-powered appliances/fixtures.
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during the day (e.g., 14 h) and at night (10 h). The energy
required in this example is 1,535 Wh during the day and
1,335 Wh at night. A 375-W(p) solar panel will deliver
1,500 Wh of energy in most of India, considering the conversion and cable losses. Thus, a 375-W(p) solar panel and
close to 1.4 kWh taken from the grid would adequately
meet the requirement. A 1.25-kWh battery will be enough
Grid-Connected Solar-dc Systems
even with 14-h power cut. If the 250-W(p) solar panel is
As appliances/fixtures get added to homes, and especially
used, the consumption from the grid would be larger, and
the induction stove, 125- or 200-W solar panels will not be
a larger battery may have to be used.
sufficient to provide the required energy. Fortunately, the
The second option can be used when the grid is absent
Inverterless-500 can use up to a 500-W solar panel. Increasin the location. One of the limitations of the stand-alone
ing the size of the solar panel would increase the cost but
solar-dc system at individual homes is that the home has
not be too large an amount. The 1.25-kWh Li-ion battery
to consume all the energy, minus the losses, that the solar
that was used with the system would not be enough. One
system generates. It has a battery to store excess energy or
could use a larger battery (e.g., 2.5 kWh) but that would add
take deficit energy on some specific days but, the small
substantially to the costs. What are the options?
storage will overflow or underflow quickly. If one home has
The first option would be to connect the solar-dc sysexcess energy on most days and a nearby home has deficit
tem to the grid. Even if the grid is unreliable and available
energy, the two cannot share. If the nearby homes are cononly for about 10 h/day, the 250- to 375-W(p) solar-dc sysnected to each other, the excess energy can be shared with
tem with the 1.25-kWh battery may be adequate to provide
a deficit-energy home whenever required. This will also
all the power required by the home. Table 1 provides the
reduce the storage required at each home and, therefore,
power consumed by different appliances and fixtures
reduce the costs. Microgrids that provide such connections
become important.
Here, we present two types of
rural microgrids. Figure 7 illustrates
the first one. Here, solar-dc systems
in individual homes are connected to
each other on a 380-Vdc microgrid.
The 380-Vdc connection is bidirectional. The solar-dc system at the
homes can take in energy from or
give out energy to the microgrid, thus
sharing energy between homes. If a
380 Vdc
home uses an appliance on some
days for a longer time, it can draw
power from other homes in the grid
Figure 7. A 380-Vdc microgrid connecting the solar-dc system at each home.
that have excess stored power. The
control for such a system is decentralized. Based on the state of the
battery, the home is placed in a surplus mode, when power can be
drawn from it, or in a deficit mode,
when it can draw power from the
microgrid. The state surplus or deficit can be changed by the local controller any time. The controller can
also limit the maximum current
that a home can draw or deliver
380 Vdc
dynamically. When a home in the
deficit state attempts to draw power
from the microgrid, all homes in the
Storage
surplus state will contribute. If none
of the homes are in the surplus
state, the home will not be able to
Figure 8. The microgrid with centralized power-generation sources like wind and solar and centralized storage.
draw power.

The second type of microgrid does much more than
sharing. Although it connects the solar-dc systems of each
home to a 380-Vdc microgrid that enables power sharing
between homes, this microgrid has power generation
sources and storage. As shown in Figure 8, the centralized
power generation sources could be wind and/or solar. The
centralized storage can be large and store excess energy from a home or from centralized sources. Also, it is possible to connect the power grid to this microgrid when
available. The grid itself is 380 Vdc.
It is envisaged that the solar-dc system in each home as
well as the centralized power generation and power
storage has communication capability [e.g., General Packet Radio Service (GPRS)]. Through this, each source, storage,
and consumption point share the data with a centralized
power management system (PMS). The PMS can decide on
the extent of power to be stored at any time at each home
and centralized storage as well as which node will transmit
and which will receive the power, while sharing power. If
there is an overall shortage of power, the PMS can inform
the individual node to restrict usage.

Microgrid in Jharkhand Using the DERs
A microgrid with the DERs, like that described in Figure 8, is
being built in the state of Jharkhand in India jointly by IIT
Madras and ABB India Pvt Limited and is supported by the
Ministry of Human Resources and Development. The current
power supply to all homes, industries, and water pumps in
the village is provided by such a microgrid. The only difference is that the village grid is not 380 Vdc but three-phase
440 Vac, commonly used in India. The centralized source of
power is solar. The electric grid is also connected to the
microgrid with a two-way power transfer capability between
them. The electric grid today is highly unreliable and has
power cuts in excess of 10 h/day. The distribution at each
home and industry is a combination of 48 Vdc and 230 Vac
(on two separate circuits). There is a provision of homes
shutting down their ac supply, in case of an overall power
shortage. With the new microgrid, many homes will have
their own solar system and battery, making the power generation distributed. As mentioned previously, the load management is an inherent part of this experiment.
Yet another pilot is likely to occur at Andaman and
Nicobar Island of India as an Indo-Sweden project, supported by the Department of Science and Technology,
Government of India. This pilot will use a 380-Vdc microgrid
for the village and 48 Vdc for power distribution within
homes and industries. It will have centralized wind and
solar generation, in addition to centralized storage. Each
home and centralized resource will be manageable. The
strategy of managing the DER and loads will evolve to
provide optimal utilization.

Conclusion
The rooftop solar-dc systems for homes and small offices
was a departure from the 100-year-old practice of using ac

within homes. There was, however, a strong logic: the solar
photovoltaic system produces dc power, storage (batteries)
takes in and out only dc power, and most appliances and
fixtures are dc powered. The ac-to-dc conversion, and vice
versa, amounted to large losses, especially when the power
levels used were small. The dc distribution at homes
reduced the losses and, therefore, reduced the size of the
solar panel and batteries used as well as the overall costs.
The solar-dc system contributed significantly to getting
electricity to every village in India by last April.
While this met the immediate needs of low-income
rural homes, it was not enough to provide quality power
for rural homes or rural industry in the future. The power
grid is nonexistent or highly unreliable in several places.
The dc standalone homes do not share power with each
other, and rural industry still depends on expensive
power from a diesel generator. A different approach was
needed to provide reliable power to India’s remote and
rural areas. In this article, two novel microgrids are proposed to connect the decentralized resources and loads
as possible means to overcome this issue. The first is a
simple 380-V microgrid so that solar-dc homes can share
the excess power with each other when needed. The second type of microgrid does more than sharing, as the dc
microgrid itself has power-generation sources and storage. These robust solutions are expected to provide power
to rural India. These microgrids are being installed in
Jharkhand and the Andaman Islands over the coming
year and will help pave the way for future solutions for
rural India.
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