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system in India and to establish how space-based solar power is one of the
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Introduction

The word sustainable means the utilization of the natural products and energy in a way that does not
cause loss to the environment as well as maintaining it at a certain level so that the future generation
can avail the same opportunities as we are (J & Majid, 2020). Sustainable energy development states
the utilization of innovations and technological developments in amalgamation with the concept of
sustainability for a better future. One of such interesting developments in the process is the concept
of using Space-Based Solar Power for generating electricity in large quantities. With the increase in
human population and demands of human beings, sustainable energy development is the dire need of
the hour.

The conventional use of solar panels has become common now. The countries in the tropical region
have already adapted to it. A photo-voltaic (PV) module captures sunlight in the form of solar energy
which is used to generate direct current electricity. There are few problems associated with traditional
solar panels which are in use at present that need improvements. Few such problems are, it can be
used to capture sunlight only during daytime as seen in the Duck Curve. A Duck Curve depicts the
power production over the course of a day including the timing imbalance between peak demand
and renewable energy production graphically. (Mankins J. C., 1997). During cloudy and rainy days
there is an effective drop in the amount of solar energy received. About 30% of the total solar energy
is lost due to scattering and by the reflection of clouds and the earth’s atmosphere. More than 23% is
absorbed by the different gases present in the atmosphere. The need for producing a large quantity of
electricity requires more solar panels which would require a lot of space. Such big rooftops and yards
are hard to build. There are some percentages of emission of greenhouse gases in the environment
while transportation and installation of solar systems.

To overcome these issues, the alternative answer is the use of space-based solar panels. Our Sun is
the largest known and unlimited (for the time being) energy resource in the entire solar system. In
the vicinity of Earth, every square meter of space gets about 1.366 kilowatts of solar radiation, but
when it touches the surface of the earth, it reduces because of atmospheric absorption and scattering;
weather; and summer, winter, and day-night cycles to less than an average of 250 watts per square
meter (National Security Space Office, 2010). Many pieces of research are being conducted every year
to know about the feasibility of space -based solar power and the time required to make it a success.
Moreover, as mentioned before, the World energy demand is significantly increasing and to satisfy
this demand, it is important to move on to a source that would generate the required amount of energy
needed for the increasing population. Sun radiates about 2.3 billion times more energy than what hits
the periphery of the Earth, which itself is more energy in an hour than all human civilization directly
uses in a year, also it will carry on producing free energy for billions of years in future. Space-Based
Solar Power is the use of solar panels which would be set up in the lower orbit of the earth or in GEO
(geosynchronous Earth orbit) to collect this solar energy in space and then transmit it wirelessly to the
receiving station on the earth. Space-based solar energy has the potential to address the global energy
security and greenhouse gas emissions challenges. According to the National Security Space Office’s
Advanced Concepts, space-based solar power has the potential to provide not just energy security but
economic, intellectual, environmental, and space security as well. The electromagnetic beam of light
will be dispersed over a huge array thus, the birds and aircrafts will not be affected from it (Wood,
2012). There have not been many studies done on the concept yet, but ISRO found it as an important
mission to start working on in near future. The concept is still on papers in case of India which needs
effective practical probing as mentioned by Sivan, Chairman, Indian Space Research Organization
and Secretary, Department of Space, in 2018. India lacks in terms of practical work when compared
to other countries like China, Russia and the USA. Many people are still unaware of the concept, thus
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this paper will throw some light on the concept and its importance which would interest the readers to
gather more information on the same. This is mainly since the concept is not frequently talked on. The
concept shows good prospects keeping in mind about the depleting energy resources and the problems
of using other forms of resources in the country. The objectives of this research can be summarized as
to establish the limitations of ground based solar panels simultaneously introducing the idea of space
based solar power as an alternative and the challenges and opportunities of space based solar power
in India.

Further part of this study is organized as: second section review the literature followed by research
methods in section three, data analysis and results are made in section four and section five concludes
the study.

Review of Literature

What has been done till date?

The concept was first published in the year 1941 by a science fiction writer Isaac Asimov in a short
story named “Reason”. The serious work was done by Peter Edward Glaser, a Czechoslovakian-born
American scientist, in this paper “Method and Apparatus for Converting Solar Radiation to Electrical
Power” for which he received a patent (Patent Number — 3,781,647) in the year 1973. In his paper, he
stated the transmission of solar power over long distances with the use of microwaves to large earth-
based receivers called Rectenna (U.S Patent No. 3781647, 1973). In the 1970s, NASA along with the
US Department of Energy (DoE) spent about $20M to study the feasibility of the project which resulted
in the establishment of the concept and a reference SGW architecture was proposed. The design did
not pass the economic requirements due to the availability of cheaper alternatives present at that time.
In 1995-97 NASA again started studies on the concept under the initiative named “Fresh Look™. It
was concluded from the study that Space solar power would become a vital candidate among the other
options for facing the energy demands of the 21st century (Mankins J. C., 1997). In the year 2007 US
National Security Space Office even conducted a thorough study on the feasibility of the concept. In
2008, Japan put forwarded its Basic Space Law which developed space solar power as a national goal,
and in the year 2009, Pacific Gas & Electric and the Japan Aerospace Exploration Agency (JAXA)
proceeded ambitious plans for the development of the project. In 2010, the Indian Space Research
Organisation jointly with the US National Space Society laid the preliminaries for the space-based
solar power program named Kalam — NSS Initiative. In the year 2011 the International Academy
of Astronautics (IAA) came up with its highly detailed study under the name “First International
Assessment of Space Solar Power”. They stated that “There are no fundamental technical barriers that
would prevent the realization of large—scale SPS platforms during the coming decades” (Mankins &
Kaya, The First International Assessment of Space Solar Power: Opportunities, Issues and Potential
Pathways Forward, 2011). They also highlighted the most viable the architectures that will be discussed
in this paper as well.

Performances by other countries

In the year 2012, China proposed collaboration with India in the field of space for the mission of Space-
Based Solar Power initiative that could be done through long-term bonding with appropriate funding.
On 12th March 2015 JAXA declared that they have wirelessly transmitted 1.8 kilowatts to a small
receiver for 50 meters by converting electricity to microwave and again back to electricity (Tarantola,
2015). China has planned to launch small solar satellites into the stratosphere between 2021 and 2025.
The country has even planned to generate 1 megawatt (MW) of energy by 2030. By 2050 they have
planned to develop commercially viable solar-based power plants (Goswami, 2019).
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United States, at first, suspended the proposed SPS in the 1980s due to the massive initial investment to
be incurred by the government and the technology was not so advance during that time. Later, in 1990s
NASA restarted the study under the guidance of J.C Mankins (Oda, 2004). At present the country has
been researching developing a reusable launch system to lower the costs and improve the SBSP system.
Even Space X plays an important part here in the development. They have gone into partnership with
Northrop Grumman to advance the technology. The Space Solar Power Initiative having a fund of $17.5
million aims to develop space-based solar power at a cheaper cost with improved technology. NASA
has already developed a model named SPS ALPHA 2012 version (Mankins J. , SPS-ALPHA: The
First Practical Solar Power Satellite via Arbitrarily Large PHased Array, 2012) in order to determine
the feasibility of the project. Japan has done experiments to state that the transmission of electricity
using a microwave is possible. They have made space-based solar an important upcoming project in
their future space exploration portfolio. They have included two conceptual designs — SPS2000: a low
Earth orbit (LEO)-based constellation providing constant power to ground stations and SPS2004: a
GEO-based satellite with rotating solar collection mirrors (National Space Policy Secretariat, Cabinet
Office, 2020).

Russia had stated in the late 1980°s that it was planning to use satellites to accumulate solar energy and
to illuminate it back to Earth. Instead of microwaves, Russian systems will use infrared lasers scattered
throughout the panel, with the aim of combining their radiation to make laser beams strong enough to
transmit electricity to Earth. (Broad, 1987). The European Union supports long-term research into the
possible delivery of an operative system for many years away. Solspace (scheduled for December 2020
to November 2025) includes large, lightweight solar-powered displays on solar-powered farms around
the world (European Research Council). India has been exploring SPS concepts for a long time ago,
seeing technology as essential to a “massive public journey”, it has been made a part of “World Space
Vision 2050” (Kalam, 2013), but needs serious probing keeping in mind the present scenario of the
country and its demands.

Research Methods

Data collection techniques

The paper is based on secondary data and secondary sources for information. A qualitative method of
study has been followed to study the different journals and articles extensively, available on the internet
and the documentaries related to the topic. The paper has been developed by selecting articles based
on the well-known publications along with the quality of insights shared about the topic analyzing the
facts and research done in the past. It discusses about the problems associated with traditional solar
panels in details, thus pointing out the significance of space based solar panels. The paper illustrates the
different architectures of the model suggested by IAA by studying them qualitatively. Data analyzation
has been done on the power consumption of the country from the data available in the government’s
official sites. Later, the paper includes the different opportunities and challenges existing pertaining to
the topic of discussion of our study. The topic that is being discussed has been emerging every day and
not known by many people around which shows the existing gap in the society.

Duration of the study

For this paper, our focus for collection of data was secondary resources available on internet, magazines,
and journals for the period from 2011 to 2021. The data collected have been analyzed in detailed to
form the conclusion suggesting the opportunities and the challenges to be faced while implementing
the concept in real.
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Conceptual Model

Conceptual Model of Space Based Solar Power

-
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Data Analysis and Results

Present Indian Scenario

India ranks the world’s third largest producer as well as the world’s third largest consumer of electricity.
With the passage of time there has been an increase in the consumption of electricity. The main source
of electricity in India is coal apart from the other sources that include renewable, non-renewable and
nuclear power. In the fiscal year 2018-19, India accounted about three-quarters of its total electricity
produced using coal as the main source (Lolla, Yang, & Vats, 2021).

There has been an overall increase in the consumption of electricity for the past ten years (Power, 2021).
The total production for the FY2019 was calculated to be 1598 TWh (Central Electricity Authority,
2020). The share of fossil energy was 79.8%. The world is moving fast towards digitations which need
devices that work on electricity. The introduction of EV cars will increase consumption even more
in the future. The extent to which we are over-utilizing our natural resources (Fossils), a time soon
will come when we will be left with nothing. The reserve to production ratio calculates the number of
years a resource can last if it is used at the same present rate. The data on Reserve to Production ratio
available in Statistica 2021 shows the coal reserves might last only for 77 years in the case of Asia.

Moreover, the greenhouse gases emitted while producing electricity from coal are another major issue
to solve. The power sector is accountable for half of India’s CO2 emissions. It is also responsible for
over 50 percent sulfur dioxide (SO2), 30 percent oxides of nitrogen (NOx), about 20 percent particulate
matter (PM), among the other human-made emissions in the country. The producers are being advised
by the Ministry of Environment and Forests to set up flue gas desulphurization devices in their plants
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to check the emission rates but most of them did not install them yet. From a survey conducted by the
International Energy Agency in the year 2021, it has been found that the power sector is the one that
generates the maximum percent of the polluting agents in the air.

As mentioned above, the energy produced from non-renewable resources does not have the same share
as renewable resources. The percentage of solar energy is even smaller. India’s installed solar power
capacity was 39,083 MW as of 28 February 2021 (Energy., 2021). Apart from the normal installation
of solar panels on land, the other form is practiced is the rooftop power-generation system connected
via a local grid. This system also needs a boost when compared with the developments done in other
countries. For an instance, India had only 430 MW of solar roof (residential), while the UK with about
half of the total capacity that of India had more than 2,500 MW of solar energy in 2018. Greenpeace
has urged India to adopt a solar energy development policy as part of its integration into renewable
energy for the benefit of more people. As things stand, solar energy accounts for less than 4% of India’s
electricity production, and coal is close to 70%, mentioned in Indian Energy Outlook 2021.

Apart from the previously mentioned problems associated with conventional solar energy production,
there are two more issues that account for the major challenges for India.

a. Availability of land — It requires quite a lot of land to produce huge amounts of electricity from
solar power. With standard solar installation, the thumb rule states that for every 1kW of solar
panels required, the necessary area is approximately 100 square feet which means to generate
IMW of power, the requisite area of land is almost 2.5 acres or 1,00,000 thousand square feet.
India is trying to achieve about 450Gigawatt (GW) of installed renewable energy by 2030 of
which about 280GW (60% of the total) would come from solar. Moreover, there can be places
that do not get the required amount of sunlight needed to produce the power.

b. Less efficient with increasing temperature — The solar panels can withstand high as well as
cold temperatures, but their efficiency gets affected. The optimum temperature for maximum
efficiency is 25 degrees Celsius (77 degrees Fahrenheit) at Standard Test Condition. After this
point, with every increase per degree, the efficiency tends to fall by 10-25%. For example, the
coefficient of solar panel temperature can be -.258% for each 1 degree Celsius. Therefore, at all
temperatures above 25 ° C, the maximum energy of the solar panel falls by .258%. India being a
tropical country faces adversities of high temperature across its region. So, this might affect the
power generated from the rooftop or ground solar panels.

An analysis has been done to illustrate the current electricity consumption in India. We have also shade
light on the problems faced due to the use of conventional sources of electricity production.

Opportunities and Challenges

Infrastructure and Physical Dimension

At first, let’s discuss about the different architectures of space-based solar power which are feasible in
nature. At last, the opportunities and challenges of using space-based solar power have been discussed.

Architectures of the models proposed

IAA proposed three models out of many feasible studies. Each of the models has its advantages and
disadvantages. For all the models put forward, three elements are common to conduct the whole process
of receiving and transmission. The three elements being —

a. A receiving platform, to receive the solar energy from the sun
b. A transmission medium, to transmit the energy to the earth
c. Receiving station on earth to receive the energy.
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For the models proposed, the first two elements change according to their architecture, the working
principle remains the same.

A.  Microwave—Based Transmission (SPS Type I): In this type, very large PV (Photovoltaic) panels
would be set in the lower orbit of the earth to receive the solar energy from the sun, coupled
with a microwave power transmission system. This idea was first developed in the year 1979
by NASA and the US Department of Energy (DoE) in the project named Solar Power Satellite
Reference System.

The construction of the system requires a large, stabilized platform that would rotate on three axes to
keep its solar panels pointed towards the sun. The panels will receive the energy, then convert it into
electricity and transmit it back to the earth in form of a microwave. The reason for using electromagnetic
(laser) beam is since the dispersion of radiations can be minimized (Abdel-Hadi, 2020). It will be
received by devices called Rectenna, which will convert the electromagnetic wave into direct current.
There are certain problems associated with this such as the efficiency of the model, single radiation
element design which needs more research.

B. Laser-Based Transmission (SPS Type II): This type also uses very large PV (Photovoltaic)
panels to receive solar energy. The receiving and converting into electricity is the same as SPS
I. The difference lies in the transmission process which is done using multiple laser beams
functioning in the near-visible part of the spectrum instead of microwaves. They are targeted to
a photovoltaic Rectenna on earth. Electric lasers proved to be more effective than solar pumped
lasers for transmission. The architecture could be an integrated platform with multiple laser
installations or a constellation of single laser satellites.

C.  Mirror-Based Transmission (SPS Type III): This is quite different from the previous two models.
It is established on a symmetrical optical concentrator that does not require huge PV panels.
Thus, the problem of carrying large PV panels can be avoided in this model. Here, mirrors of
few kilometers across are used to reflect the sunlight onto much smaller PV solar cells. After
this, the energy is converted into electricity which is then sent to earth by a single microwave
link. The model needs less complicated power management and distribution arrangement than
the previous models. The mentioned reasons make this model most viable to construct among
others.

It has been estimated that the system can produce 40 times more energy generated annually than
conventional solar panels on earth. Space-based solar panels can produce 2,000 gigawatts (GW) of
power persistently. The other problem is the size of the system, which is about 10.5 km long, 5.3 km
wide or having a mean measurement of 56 sq. km (Sangeeta DebBarmana, 2020), thus, the chances of
getting hit by space debris such as asteroids or meteors become more due to the increased surface area.

Economical

The foremost challenge is the cost of the system. The cost is evaluated to be about 100 times higher to
compete with present utility costs. The cost of sending the whole system into space using space shuttle
launches is very expensive. It has been calculated that for 6.5 kg/kW, the cost to place a power satellite
in GEO (geosynchronous Earth orbit) cannot exceed $200/kg to keep the power cost competitive. The
maintenance of space-based solar panels is not as easy as ground solar panels. It requires telerobotic
facilities to do the tasks. That again is costly. Though with the technological upgradation, the cost of
satellites is going down gradually due to the use of reusable satellites. The power received can be easily
transmitted to the end users across the globe making cheaper distribution of energy on ground. Thus,
in future, the system might become feasible economical.
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Environmental

The system does not produce any greenhouse gases i.e., it has zero-emission. There is no loss of solar
energy due to reflection and absorption as in the case of solar panels on earth. Unlike the solar panels
on earth which can generate only during daytime, space-based solar systems can produce energy 24
hours, throughout the year because it is always solar noon in space. It is not affected by cloudy or rainy
days. It will produce energy from a source that is available in abundance. It is a better alternative than
nuclear power plants where removing nuclear waste is a big issue and uranium sources are limited. It
is an alternative to fossil fuels which is limited source of energy (DebBarman, Gupta, & Das, 2020).

Conclusion

Some amount of energy is lost due to the multistage conversions from photons to electrons and then
into photons and at last again into electrons which can be reduced with more probing into the system.
The GEO is mostly used for telecommunication purposes and not much space will be available for the
system to function which can be an issue and requires proper planning before launching the system.

It can be understood that we cannot depend on coal for energy production forever. A time is soon to
come when we will face the crisis. Moreover, the pollution caused is another issue to address keeping
in mind the increasing rates of global warming. Over the coming years, with the advancement in
technology, millions of Indian households would be buying new home appliances, air conditioning
units, and electric vehicles. India would soon become the world’s most populous country, adding the
equivalent of a city the size of Los Angeles to its urban population each year. In order to meet the
growing demand for electricity over the next two decades, India will need to incorporate a European
Union equivalent energy plan into what it currently has. The demands will burden the need for more
energy production. To meet the demands, we need to look for some other sources to continue the same
living styles. There are many other forms of renewable resources available. But they are limited in
their ability to provide for the energy needed to develop global industrial development and prosperity,
due to land and water needs. According to the studies done, SBSP is an innovative and important
breakthrough in the field of science that can fulfill the never-ending demands of human beings. The
project has many challenges to overcome to make it feasible, but it can do wonders if we can probe
more into the factors to make it a success. That requires some years of research, but it is the future of
our country as well as of the whole world.

At the 32nd International Space Development Conference (ISDC), Dr. APJ Abdul Kalam, while giving
his acceptance speech where he received the Wernher Von Braun Memorial Award in San Diego, USA
said the importance of harnessing space-based solar power and how it can change the face of the
world. In a seminar held in Coimbatore in the year 2012, he said that there is a rising possibility of
using energy from space through space-based energy systems. Space-based solar power has many
advantages over traditional ground based solar panels and India can play a very important role in this
field. SBSP has emerged as one of the serious topics that need more attention. We have reached a point
where India as well other countries should start conducting more studies on this field and develop a
space-based solar power to meet the requirements of their people. The paper recommends that India
should organize constructively to permit the development of SBSP and would be able to analyze the
different paths available to resolve the remaining unknowns.
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