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Most of human civilization has been powered by fossil fuels. Despite the resulting 
tremendous human progress in the past centuries, using fossil fuels has a deleterious effect: an 
increase in CO2 emissions. Since 1900, there has been a large increase in the global CO2 
emissions from fossil fuels.1 Emissions from CO2 have gone up by 90%, with emissions from 
fossil fuel combustion and industrial processes consisting of 78% of the total greenhouse gas 
emissions increase from 1970 to 2011.1 Specifically, global CO2 emissions rose to a historic high 
of 32.5 gigatons in 2017.2 In 2030, as more countries are increasing their standards of living, the 
world is projected to need 28 TW.3 In 2050, this number is projected to be 50 TW, which is the 
equivalent of 900 million barrels of oil per day.3 Thus, the question remains as to how to 
minimize the amount of CO2 released by fossil fuels but also produce enough energy output to 
power our planets and maintain living standards. 
 

The following figure illustrates the huge potential of solar energy. The size of the bubbles 
indicates the abundance of the energy sources on Earth (in terawatt-years=TWy), and the annual 
need of our world, 18.5 TW, is presented by the grey ball. The right side represents the fossil fuel 
sources, which are finite, and these bubbles are shrinking every year. The renewable sources are 
on the left, and the size of the bubbles indicates how much we can get from these sources 
annually. As you can see, solar power dominates this image, showing the huge potential solar 
power has. In fact, more energy from sunlight strikes the Earth in 1 hour than all of the energy 
consumed by humans in an entire year,3 whereas in order to supply an extra 14 TW each year, a 
new 1 GW nuclear power plant would need to be built every day for 35 years.3 Thus, solar 
energy is a really enormous resource that is available. Additionally, powering the world with 
renewable solar energy does not take much land areas. Covering 0.16% of the land of the Earth 
with 10% efficient solar conversion systems can provide 20 TW of power, which is nearly twice 
the world’s consumption rate of fossil energy and the equivalent of 20000 nuclear fission plants.3 
Additionally, the significant technological advancement allows the price of solar panels to 
tremendously decrease over time. Solar is now competitive with oil and liquefied natural gas, 
and solar is projected to soon be competitive with coals.4 Solar panels are now about half the 
price they were in late 2016.4 In 1979, solar panels were approximately 100 times more 
expensive than they are now, and in 1977, they were 200 times more expensive. Thus, although 
there are many advantages to solar energy, currently it is extremely underutilized, as only about 
1-2% of our world’s electricity demand is met by solar power.  
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In order to move towards a world that is powered by more solar energy, there are still 
many challenges that need to be overcome. Today I will mainly focus on some of the 
technological research priorities that I think are important for an efficient solar economy. 

 
1/ Silicon photovoltaic (PV) cells and their alternatives: 
 

Solar electricity can be produced from photovoltaic (PV) cells. The technology of PV 
cells we see on our roofs today and dominates the solar panels markets is 92-93% crystalline 
silicon panels.3 This technology is very robust, since they have been fine-tuned over a 50 year 
learning curve. Commercially available Si panels now have an energy payback period of <2.5 
years and 18-22% power conversion efficiencies.3 Despite more than half a century of 
development, the maximum efficiency of Si cell that has ever reported was 26%,3 while the 
theoretical efficiency limit is 33%. Thus, it is not clear if crystalline Si solar panels would be 
able to take us all the way to a fully solar economy. There are a few reasons for why this is the 
case. Firstly, silicon does not tolerate defects very well.3 In order to maximize the efficiency of a 
PV cell, all the light energy needs to be transferred to an electron. The electrons are then excited 
and leave the cell to do electrical work. In order for the electrons to travel across the cell 
efficiently, it is important to obtain an almost perfect crystal lattice, that is, the atoms are 
perfectly arranged in a repeating pattern. If an electron runs into a trap, which are often defects 
and impurities, then it loses some of the thermal energy. Real life crystals tend to have many 
defects and impurities that can hinder this process, so it would take very expensive, high-
temperature (>1400oC) manufacturing of very high-purity silicon to maximize the efficiency of 
solar cells.3 Factories have to be designed to be able to heat these panels at very high 
temperature, and we simply cannot build silicon gigafactories fast enough to be able to supply all 
the world’s energy needs. The second reason is the cost of installing a silicon solar panel. While 
the module cost, which is the price of the solar panel itself, has continued to decline, this cost is 
only 30% of the total cost of installing a silicon solar panel.3 All the other fractions of the cost 
such as the balance of systems, operational costs have remained relatively flat. Therefore, 
currently, although silicon technology dominates the commercial markets, researchers in the 
world are still trying to find other materials that are more efficient and cost-effective. An 
example of that is perovskite solar cell, which has been hailed as one of the most promising 
materials in emerging PV technologies. Perovskite is an ionic mineral, and up until 2009 it has 
been overlooked by most researchers. At that point, perovskite was operating at 3% efficiency; 
however, in the past 9 years the efficiency has increased up to 22%, which makes perovskite 
become the fastest improving PV technology we have ever seen.3,5 Perovskite has a hybrid 
organic-inorganic structure, which means it can be made very cheaply as a solution. This 
solution can then be casted onto a substrate to create a solar cell, and this process allows it to 
naturally become a near-perfect crystal. Perovskite can be produced at room temperatures. This 
makes it possible to deposit them onto flexible substrates such as plastics, and even printed into 
rolls. On the other hand, making silicon solar cells requires burning most of the flexible 
substrates at higher temperatures, leaving the silicon wafers extremely brittle and easily cracked.3 
With these perovskite rolls, powering the world will be more cost-effective compared to silicon, 
not only in terms of cheap manufacturing in factories but also reduced logistics costs, such as 
transportations and installation costs. Imagine using this flexible solar materials in different types 
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of terrains, like unrolling a solar tarp in the desserts without the need to secure them, or putting 
them on uneven hillsides.3 Around 1 billion people in the developing world live in slums, many 
of whose roofs are too unstable and weak to support a full-blown, heavy PV panel. 3 Many of 
them also lack access to reliable energy. Thus, these elastic and flexible solar materials can allow 
them to power their own electricity. Additionally, the components of the perovskites can be 
tuned in order for the materials to absorb different part of the solar spectrum. 3 Hence, it is 
possible to stack these perovskite layers on top of one another or stack them onto silicon to make 
a tandem photovoltaic. By doing so, light can be harnessed much more efficiently. Whereas a 
single material is limited to a maximum theoretical efficiency of 33%, a two-layer solar cell’s 
ceiling would be 44%, and adding a third layer can get up to 50%.3 Many of us are familiar with 
this image of SolarCity’s silicon solar roof, but imagine having colorful PV panels with different 
levels of transparencies, which would make it possible to explore building-integrated 
photovoltaic concepts. Instead of just putting the PV panels on rooftops like silicon wafers, we 
can use the perovskite panels with multiple colors as windows and building facades, and even 
attach them to walls. If I still have not convinced you why we might need to replace today’s 
silicon panels with rolls of flexible solar cells, then here is the most exciting prospect of it all. 
We can imagine constructing a solar farm in outer space and somehow sending the energy back 
down to Earth. The strongest solar radiation is actually in outer space where the Earth’s 
atmospheric molecules are absent and cannot absorb the energy, and the Sun always shine in 
outer space.3 New solar materials such as lightweight, rollable perovskite could really go a long 
way toward making this viable.3 Now, this idea is still almost science fiction, but Japan has 
already been talking about building an orbital solar power satellite that can generate 1 GW in the 
2030s.3,6 
 

There are still many challenges to the science and technology of perovskite materials, and 
more research needs to be conducted to commercialize them. Materials scientists and chemists 
must be able to scale them up, so it is important to develop techniques to deposit them over a 
large area while maintaining uniformity and an absence of defects.3 Perovskites are easily 
degraded due to the organic component of the materials, so more research needs to be performed 
to enhance perovskite’s durability to at least up to 30 years, which is the durability of silicon 
solar cells.3 Right now, tuning the chemical composition of perovskite is receiving the most 
attention in order to maximize maximize its efficiency while also enhance its durability. In 
addition, being able to continue increasing perovskite efficiency to its theoretical limit is 
important. I also want to emphasize that apart from perovskites, other materials are also being 
developed and rapidly improved for PV technology, such as organic solar cells, Group III-V 
solar cells, quantum dot solar cells. However, these materials have yet to match perovskite cells 
in efficiency. 
 
2/ Energy storage: 
 

Another challenge for the solar energy industry, or any renewable energy industry, is 
energy storage. Solar power is intermittent, and the amount of solar power is dependent on the 
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location, weather, season, and time in the world. For instance, in some US regions, the average 
solar radiation in the winter is less than half of that in the summer.3 Thus, a large amount of solar 
energy would need to be stored in the summer months to be used in the winter months. At the 
moment, there is no cheap and easy way to store the electricity produced by solar energy for a 
long period of time. In 2013, the California Independent System Operator published a duck-
shaped chart that exhibits the solar energy demands the transmission grid is facing.3,7 In the 
chart, more solar energy on the grid would produce increasing amount of power during the day, 
reducing the net daytime demand.3,7,8 However, when the sun sets and the power demand is 
surging, other nonsolar generators powered by coal, nuclear power, and natural gas are required 
to be turned on and serve the grids.3 This inefficient use of resource is expensive, and producing 
a steady output of electricity is always better than stopping and restarting every day.3,7,8 
Temporary surges have occurred due to too much solar energy, and the power grid cannot handle 
these surges. California actually produced so much solar power that it paid Arizona to take the 
excess electricity in order to avoid overloading its own power lines.9 This has also often become 
a more international issue, when the excess power actually diverts into international grids. For 
example, Germany’s neighbors -- Hungary, Poland, and Slovakia – were unhappy that the 
unexpected power surplus from Germany have compromised their own grids.3  
 

The most widely known technology for energy storage is lithium ion batteries. The best 
batteries available in industrialized countries usually cost $200 to $300 per kilowatt hour of 
installed capacity.10,11 Although tremendous progress has been made in these technologies, they 
are still not cost-effective enough to replace conventional technologies such as gasoline engines 
or gas turbines.10,11 There are a few reasons for this. First, lithium supplies are quite rare.3,10 
Second, there is an upper limit as to how much lithium can be incorporated between the carbon 
atoms in the anode and cathode. Most of the batteries are actually deadweight, and there is not 
much energy density.3,10 Compared to other types of battery, lithium ion batteries are more 
energy dense; however, they are still approximately 100 times less energy dense than the 
traditional gasoline. As seen with cell phone or laptop batteries, the batteries also degrade 
overtime as they are charged and discharged.3 Lithium ion batteries usually provide up to only 4 
hours of storage, which is less than the duration needed to buffer the variation in solar output 
between day and night or on longer timescales.3 Thus, as battery technology is reaching its 
theoretical performance limit and yet the cost is still very expensive, finding a breakthrough 
technology in energy storage might be the biggest question in science right now.10 Many 
research groups are trying to replace lithium with different metals, such as calcium, magnesium, 
or zinc.3,10 These materials are much cheaper, and have more energy density potential than 
lithium.  

 
Flow batteries are another type of technology being developed, in which the chemicals 

are dissolved in liquid tanks that charge and discharge by exchanging ions across a membrane.3 
Flow batteries allow for energy storage for a longer period of time and in a larger scale; however, 
at the moment, these technology is less mature and thus more expensive.3 Rare and toxic 
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materials, such as vanadium or zinc bromide, are also used. Thus, being able to develop the 
appropriate technologies for energy storage is crucial to scale up the use of solar energy.  

 
Another solution that has been proposed is to physically increase the area of the 

transmission grid, or to create these so-called supergrids.3 It has been proposed that the grids 
between different countries can be connected so excess energy reserves can be pooled and 
shared. Being able to do so would also enable energy to be transferred to distanced and rural 
regions that need it most. There have been talks towards an Asian Super Grid, which is project 
between Japan, Russia, China, Mongolia and South Korea to transmit electricity from renewable 
sources to different parts of the world.3,12,13 Many European countries have also developed plans 
for a European supergrid linking different renewable energy projects.3 Even then, these visions 
require trust and regulations across borders, significantly more financial resources, and further 
advances in technologies, such as underseas cables.3 Energy storage remains one of the biggest 
issues that no one truly has the answer to, and without being able to solve this issue, there is not 
much hope in enabling a solar-powered future.  

 
Finally, scientists have been seeking inspiration from nature to convert sunlight into liquid 

fuels in order to store this energy and use them as needed. As I mentioned before, an issue with 
batteries that limit their ability to store energy efficiently is that batteries are not at all energy 
dense. In fact, a reason why humanization have preferred to use fossil fuels is because these fuels 
are filled with C-C and C-H bonds, and they are very energy dense. The most energy dense fuels 
actually come from chemical bonds. The question then becomes: How do we use sunlight to form 
energy dense chemical bonds? One of these efforts in the lab is to learn from nature, from plants, 
which harness solar energy to produce fuel through photosynthesis, a process that takes sunlight 
and carbon dioxide and splitting water to generate O2 and fuels. However, plants are actually 
extremely inefficient in converting sunlight into energy; the most they can do is convert 1% of the 
incoming light into stored energy.3 Scientists are seeking to learn from plants and do better; 
artificial photosynthesis is a new and exciting field of research. Similar to photosynthesis, artificial 
synthesis involves collecting light particles by molecular antennas and transfer of energy into a 
reaction center, charge separation, and water splitting.3 The electrons released by splitting water 
can then be combined with protons and possibly CO2 to produce either hydrogen or a carbon-
based fuel. Solar is not just an electricity source; it is an energy source that we can store and use 
and power our economy. This is a really important point, because if we are going to rely on solar 
for decarbonization, we are going to have to rely on solar to do its double duty as producing both 
electricity and fuels. 
 
Conclusions: 
 

I want to end my talk with a note that the main goal of US solar policy is not only to 
increase R&D funding and advancement, but policy makers also need to redesign the 
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infrastructural grid system to ensure balance between energy generation and consumption. It is 
also crucial to develop new pricing systems that allocate a fair distribution of costs to multiple 
players. Factors that restrain solar energy use could also be restrictive and time-consuming 
regulatory and permitting processes of installing PV panels, so it is necessary to streamline these 
areas. Maintaining efficient federal subsidies for solar power is important, not just to subsidize 
mature technologies like silicon solar PV panels, but also encourage emerging innovative 
technologies. There is still a lot of work to be done in terms of technological and policy 
development to enable a solar-powered future, but I think this future is well worth it.  
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