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I. EXECUTIVE SUMMARY

Renewable energy captures headlines with stories about splashy start-up companies 

and reports of new technologies with improved efficiencies or manufacturing 

processes. Other stories dissect policy debates about infrastructure, subsidies, and 

installation costs. Following the area story by story, it can seem like changing the 

world’s energy system away from fossil fuels is an intractable problem.

But there are signs that renewable energy is starting to have an impact. Denmark, 

Portugal, and Germany have run for several days using all renewable energy.1 The 

International Energy Agency predicts that, by the early 2030s, more electricity will 

be produced by renewables than by coal.2 Electricity production using energy from 

the sun, wind, or water is a key component of many clean-energy plans. But other 

technologies are needed as well: fuel derived from plants to replace gasoline and 

diesel, renewable sources of methane to replace natural gas, and large-scale storage 

to ensure renewable energy is available even when the sun is not shining or the 

wind is not blowing. Energy efficiency reduces the amount of energy we consume 

as a society. One aspect of energy efficiency is recycling everyday items like paper, 

metal cans, and plastic bottles; converting trash to usable products; recycling tires to 

make fuel; and recycling electronic waste to recover metals and plastic.

For any clean energy technology, from electricity production to new fuels for 

transportation, it’s important to consider carbon emissions from the production 

and processing of the technology, to see if it really does reduce greenhouse gas 

emissions. In the case of electricity, at least, it looks like renewable energy is making 

a difference. Preliminary data from the International Energy Agency show that 

global energy-related carbon dioxide emissions in 2015 were the same as the year 

before, possibly due to 90% of the new electricity generation in 2015 coming from 

renewable sources.3

II. FOSSIL FUELS

Of all the sources of climate-warming greenhouse gases, burning fossil fuels 

for energy releases the most emissions, the majority of which is carbon dioxide. 

Transitioning to renewable energy from natural sources like wind, sun, water, 

or heat from within the planet are all considered ways to reduce energy-related 

emissions, though renewable energy currently only represents slightly more than a 

quarter of the world’s total energy capacity.4
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As countries incorporate renewable energy into their systems, they continue to 

burn coal and natural gas for energy, as well as oil for transportation fuel. New 

supplies of each of these fuels change how much each contributes to carbon 

emissions, though not always for the better. An increased supply of natural gas in 

the U.S. has spurred the construction of more natural gas-fired power plants, which 

release less carbon than their coal cousins. On the other hand, crude oil is becoming 

increasingly difficult to extract or refine, thus potentially increasing carbon emissions 

for gasoline and diesel production. Tracking the relationship between energy 

production and carbon emissions starts first with examining how we use fossil fuels 

now and in the future. Following is an overview of the major countries involved in 

the production and combustion of coal, natural gas, and oil around the world.

Coal

In 2014, about 40% of the world’s electricity came from burning coal and other 

hydrocarbon-containing solids. Coal combustion generates almost half of the carbon 

dioxide emissions from burning fossil fuels, which is the largest greenhouse gas 

contributor to global warming.2

China leads the world in coal production and consumption.2 Although the country 

is building coal-fired power plants at a high rate, there is little demand for the 

additional capacity they would produce, as the country already has more than 

enough power. However, there are signs that coal consumption is falling in China, 

which recently abandoned plans to build 200 more coal-fired power plants.5 In the 

U.S., the world’s second largest emitter of carbon dioxide,2 coal is no longer king. 

More than 80% of power plants retired in 2015 were coal powered, a move spurred 

by low natural gas prices and environmental regulations.6 In April 2016, the largest 

coal company in the U.S. filed for bankruptcy. And by the end of this year, the U.S. 

Energy Information Administration (EIA) expects natural gas to surpass coal as the 

major fuel for electricity generation.

By 2040, the International Energy Agency predicts that demand for coal will plateau 

in China. A recently discovered reservoir of natural gas trapped in deep shale in 

China—the largest such reservoir in the world—could provide an alternative to 

coal, as it has in the U.S.7 But the EIA report predicts coal use will grow in India, as 

population, incomes, and manufacturing increase in the country over the next few 

decades.

Natural gas

Natural gas is an attractive fuel for energy because its’ combustion produces less 

carbon dioxide than coal, gasoline, or oil. Natural gas is also experiencing a boom 

in production and consumption in the U.S., resulting from advances in horizontal 

176226_ACS_CleanEnergyBk.indd   4 12/15/16   9:37 AM



A Global Transition to Clean Energy: Challenges and Opportunities 5

drilling and hydraulic fracturing over the past decade. The process, commonly 

known as fracking, has enabled energy companies to extract natural gas trapped 

in shale in Texas, North Dakota, Pennsylvania, New York, and other states. The 

increased supply of natural gas has subsequently lowered the price of the fuel, 

which has in turn spurred the construction of power plants that burn natural gas. 

So great has the growth been that the EIA predicts natural gas will surpass coal as 

the main source of energy for electricity in the U.S. during 2016. Although shale 

gas reserves can be found worldwide, only three countries — the U.S., Canada, and 

China — produce shale gas commercially.8

Shale gas is trapped in the pores of rock with low permeability to the gas. To 

remove the gas, operators open the rock, expose the pores, and remove the gas 

(and possibly oil) from the pores. Fracturing the rock deep underground involves 

two steps: Well operators first drill a vertical well, turning the drill and boring 

horizontally through rock when they reach the level of the gas. Next, the entire 

well is layered with steel pipes and cement. In the horizontal portion of the well, 

operators puncture the cement and steel liners, and pump pressurized fluid into 

the well. The fluid pushes into the rock, fracturing the shale. Some injected water 

returns to the top of the well, where it is collected. Then natural gas flows through 

the fractures and into the well. A similar process is used to extract oil from shale 

formations. The injected fluid is mostly water and sand, which is used to hold the 

fractures open. The median amount of water needed for each well can range from 

1.5 to 20 million liters, depending on the area being drilled.9

Fluid that returns to the surface 

following fracturing is stored, reused, 

or injected into the ground. In case 

of accidental spills or leaks, there is 

increasing pressure being placed on 

drilling companies to disclose more 

about the composition of the fracking 

fluid. Less than 1% of the fracking fluid 

is chemicals that influence the viscosity 

of fluid and help deliver proppants 

into the fracture. Other ingredients are 

biocides to kill microbes that produce 

corrosive gases.10 However, it’s hard to 

know exactly which additives are in the 

fracking fluid at a particular well. Some 

U.S. states are beginning to require additive disclosure, but many allow exemptions 

for ingredients claimed to be trade secrets.11

Reprinted in part from: Environmental Science & 
Technology Letters, 2015, 2(10): 276–280  
DOI: 10.1021/acs.estlett.5b00211

Copyright © 2015 American Chemical Society

176226_ACS_CleanEnergyBk.indd   5 12/15/16   9:37 AM



A Global Transition to Clean Energy: Challenges and Opportunities6

In a recent analysis linking the structure of disclosed additives to their toxicology, 

researchers from the Helmholtz Zentrum München found that many of the additives 

were non-toxic, but some were known to be harmful to humans or the environment. 

Also, some additives, like biocides or polymerizable ingredients that alter the 

viscosity of the fluid on demand, are designed to react underground.  

The researchers argue that, because subsurface temperature and pressure could 

alter the structure of these molecules, it is difficult to understand their potential 

health and environmental impacts without knowing their original structure.12 

Well operators include biocides in their fracking fluids because some underground 

microbes produce hydrogen sulfide gas that corrodes equipment. But some 

underground hydrogen sulfide may occur naturally. In these wells, biocides may not 

be needed in the fracking fluid. Water injected into multiple wells in the Bakken 

formation in North Dakota reaches temperatures where microbes could not survive, 

and elemental analysis of the hydrogen sulfide from samples of fracking fluid at the 

sites indicate that it was produced abiotically.13

Energy companies are increasingly hiring chemists to identify and find more 

environmentally friendly chemicals for use in fracking fluid.14 The ACS Green 

Chemistry Institute recently established the Hydraulic Fracturing Roundtable 

to share knowledge among member companies involved with the oil and gas 

industry. In 2015, researchers at Pacific Northwest National Laboratory reported a 

polymeric additive that reacts with carbon dioxide to form a hydrogel. The polymer 

expands when it becomes a gel, generating pressure that fractured rock in the 

lab. The researchers say that the polymer has low toxicity and contains chemical 

functionalities that act as natural biocides and corrosion inhibitors, characteristics 

that could mean fewer other additives might be needed in fracking fluid.15

The water that returns to the top of a well after fracturing contains salt and 

radioactive elements found in the geology of the shale formation. Halides such as 

bromide, iodide, and ammonium, dissolved in the fracking fluid while underground, 

could generate carcinogenic disinfection by-products during chlorination, if the  

fluid ends up at a drinking water treatment plant after spilling into a river.16  

In early January 2015, almost 3 million gallons of fracking fluid leaked into two 

North Dakota creeks that ran into the Missouri River.

Another concern about natural gas production is methane leaking from wells or 

processing facilities. Methane accounts for 11% of U.S. greenhouse gas emissions, 

but it has about 25 times more global warming potential (a measure of the amount 

of energy absorbed by the gas over its lifetime) than carbon dioxide does.17 In mid-

May 2016, the U.S. EPA issued rules to cut methane emissions from new oil and gas 

wells, as well as requiring well operators to provide emissions information from 

existing wells to inform regulation of existing operations. The new rules follow 

an update of the agency’s greenhouse gas inventory with new data and better 
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calculations, which found that the oil and gas sector produced about 30% of the 

country’s methane emissions, representing a greater proportion than livestock  

and landfills.17

But the amount of methane emitted from oil and gas operations — and its potential 

impact — is contentious.18 One reason is that gathering estimates of methane 

emissions is challenging. A series of 10 papers reported data from a two week 

coordinated methane measurement campaign at Barnett Shale in North Texas.  

The papers showed how emissions measured directly at natural gas processing plants 

complemented those captured downwind of stationary sources like landfills, as well 

as measurements gathered by planes flying over production and processing sites.19

Another challenge in mitigating methane emissions is identifying the leakiest wells 

so they can be fixed; a small percentage of oil and gas wells account for the largest 

emissions.20

However, reducing methane emissions may not slow the temperature rise associated 

with global warming unless carbon dioxide emissions peak by 2050, as suggested 

by a study from researchers at the University of Oxford.21 Methane, and other 

pollutants with a short lifetime in the atmosphere, only impact temperature rise 

Multiscale measurements used to characterize methane emissions from oil and gas sources in the  
Barnett Shale.

Reprinted in part from: Environmental Science & Technology 2015, 49(13): 7524–7526.

Copyright © 2015 American Chemical Society
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for about 20 to 40 years. If the temperature rise associated with carbon dioxide 

emissions does not stabilize by 2050, the researchers argue, then today’s methane 

emissions will be irrelevant, as their atmospheric lifetime will have expired and they 

will no longer be a cause of warming.18

Oil

After refining, a barrel of crude oil yields mainly gasoline, diesel, and jet fuel, as well 

as smaller amounts of chemical feedstock, liquified petroleum gas, and residual fuel 

oil.22 The proportions of the end refined products vary by the composition of the 

raw crude.

Saudi Arabia leads the world in crude exports, while the U.S. leads for crude imports 

and refinery capacity.2 The U.S. is also the fastest-growing producer of crude oil, 

supplied by tight oil recovered from impermeable shale deposits in Texas and North 

Dakota using horizontal drilling and hydraulic fracturing techniques. The remaining 

reserves of crude oil are increasingly producing heavy oil, which has a higher density 

and sulfur content than the light, sweet crude from the Middle East. Heavy oil is 

more difficult to refine than sweet crude, so processing these new supplies of crude 

could increase carbon dioxide emissions. In contrast, tight oil from the U.S. is similar 

in density and sulfur content to current oil from the Middle East, so refining this 

new source of U.S. crude would not be expected to show a decrease in refinery 

emissions or less energy being used during refining.23

There are large heavy oil reserves in the Gulf of Mexico, Venezuela, and Eastern 

Europe. In Canada, a version of heavy oil is found in the Alberta tar sands, which 

contains a viscous substance called bitumen that is found mixed in with sand. Tar 

sands can be directly dug out of the ground, or well operators can pump steam 

into the ground to melt the bitumen so that the oily substance can be pumped out. 

Canada exports much of its oil to the U.S., and this supply accounted for about half 

of U.S. crude imports as of August 2015.24 However, bitumen contains more carbon 

than traditional crude oil, so it has the potential to release more carbon dioxide 

when burned.22 Tar sands also require energy-intensive processes for extraction and 

refining, which could also increase emissions from this fuel. One model predicts 

that greenhouse gases produced from Canadian oil sands during extraction through 

combustion are 20% greater than that from crude oil.25
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III. BIOFUELS

Biofuels derived from plants have been touted as carbon-neutral transportation 

fuels, with the explanation that the amount of carbon dioxide released when 

burning the biofuel would approximate the amount the plants absorbed while 

growing. Ethanol produced from corn or sugarcane is the most common biofuel,  

and soy, rapeseed, and sunflower oil are sources of biodiesel, the most commonly 

used biofuel in Europe. About 70% of the world’s biofuel supplies in 2012 were 

produced and consumed in the U.S. and Brazil.

Policies to reduce fuel carbon emissions or increase biofuel consumption have driven 

the adoption of corn-based ethanol and vegetable oil-based diesel. But now it 

appears these food-based biofuels could create more carbon emissions than fossil 

fuels. Converting long-standing grassland to fields of corn or soybeans releases 

carbon stored in the soil. This land conversion also changes global agriculture and 

economics in ways that increase carbon emissions.

Second-generation biofuels, derived from cellulose in wood chips, dried corn stalks, 

or plants like switchgrass, may be able to deliver reduced carbon emissions. But 

these cellulosic biofuels have yet to reach mainstream markets, in part because they 

are more difficult to produce than corn-based fuels.

Bioethanol and biodiesel

In the U.S., most bioethanol is produced by breaking cornstarch down into sugars, 

and then converting those sugars into ethanol using microbial fermentation.  

Growth in corn ethanol production has been supported by the Renewable Fuels 

Standard, first established by the U.S. EPA in 2007, which regulated the amount of 

biofuels that fuel blenders add to gasoline and diesel through 2022. Today, almost 

95% of the gasoline in the U.S. contains ethanol.

Corn ethanol has the highest greenhouse gas emissions among biofuels. The 

Environmental Working Group (EWG), an advocacy group, argues that corn 

ethanol contributes more climate-warming emissions than gasoline.26 One factor 

for the increased emissions involves releasing carbon from soil when converting 

long-standing grassland to cropland for corn. Although the Renewable Fuel 

Standard mandates that ethanol cannot be produced from cropland established 

after 2007, the official method of cropland accounting tracks aggregated, net 

changes in cropland area, which can hide localized areas of cropland expansion 

and abandonment. A recent study of cropland expansion indicated that 22% of 

land converted to agricultural production from 2008 to 2012 was long-standing 

grasslands that hold the most carbon in the soil.27
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However, switching the feedstock to dried corn leaves, husks, and cobs, the EWG says, 

can reduce the carbon intensity of ethanol production by 96% compared to gasoline. 

Corn stover, woody plants, and perennial grasses such as switchgrass and miscanthus, 

contain large amounts of the sugar polymer cellulose in their cell walls. Once extracted, 

the cellulose can be fermented into ethanol and other fuels. These cellulosic crops and 

wastes are useful feedstocks for biofuel because they can be grown on land unsuitable 

for agriculture, or in the case of corn stover, on land already used for crops. However, 

cellulosic ethanol is more difficult to produce than corn ethanol because the cellulose 

has to be separated from lignin before processing.

In 2015, two cellulosic ethanol plants opened in Iowa, processing and fermenting 

corn stalks, leaves, and cobs.28 But plans to build other plants have stalled, in part due 

to changing U.S. renewable fuel regulations. In late 2015, the U.S. EPA reduced the 

renewable fuel requirements for 2016 to below the levels set for that year in 2007, 

essentially limiting the already-saturated ethanol market. Increasing the required 

amount of ethanol blended with gasoline would increase demand for the biofuel, 

but the oil and automotive industries say that most engines cannot run with gasoline 

containing more than 10% ethanol, as is currently available. While some flex-fuel cars 

can run on E85 (51–83% ethanol blended with gasoline), few of these cars are on the 

road today. Biofuel producers are worried that the reduced limits for the Renewable 

Fuel Standard will slow the development of cellulosic ethanol production.29

Another common biofuel is biodiesel produced from palm, soy, rapeseed, and 

sunflower oil, as well as refined animal fats. In Europe, biodiesel derived from 

vegetable oil is 70% of the biofuel market in the region, as most passenger cars 

there are diesel powered.30 But like bioethanol, biodiesel could also be increasing 

carbon emissions relative to diesel fuel. A recent report from the European 

Commission indicates that only carbon emissions from changes to land use as a result 

of palm, soy, and rapeseed production for biodiesel are higher than the lifecycle 

emissions from diesel fuel.31

The European Union’s Renewable Energy Directive has been modified to cap the 

required amount of food-based biofuels at 7% of the at least 10% renewable 

transport fuel by 2020. As in the U.S., environmental advocacy groups in the region, 

like Transport & Environment, are calling to end biofuel production from food-

based crops, switching to advanced biofuels from perennial grasses and wood waste 

instead.

Land use and crop choice

Why is there concern now that first-generation biofuels, like corn-based ethanol and 

soy-based biodiesel, produce more emissions than their corresponding fossil fuels? 

The answer comes from improved estimates of indirect land use changes as a result 
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of biofuel production. Indirect land use changes account for six factors that affect 

the relationship between global agriculture and economics in response to growing 

crops for fuel rather than food.32 For example, biofuel crops grown on agricultural 

land prevent that land from being used for food production. Less food production 

in one country changes food prices and patterns of consumption around the world. 

If forests or grasslands are also cleared to grow biofuel crops, then carbon released 

from the soil during clearing should also be considered as part of the overall carbon 

emissions generated from that biofuel.

Indirect land use changes are inherently uncertain, as they depend on the crop 

grown, the fuel produced, and the model used to estimate emissions changes.  

The models work with two imagined scenarios: land use changes between a world 

with more biofuel demand and one with less. Despite the uncertainties, such models 

are based in agricultural economics, and similar models are commonly used for other 

agricultural and energy policies.33 As recent studies show, accounting for indirect 

land use changes could make the carbon emissions from first-generation biofuels, 

like corn ethanol or some food-based biodiesel, greater than those from fossil 

fuels.31, 32

However, the same studies suggest that cellulosic biofuels can be produced in ways 

that may reduce carbon emissions. Woody crops growing on underutilized land 

that has low carbon stocks could benefit the local environment. A pilot project in 

Sardinia growing giant reed, already invasive in the country, as well as a project 

in Macedonia growing switchgrass and sorghum on fields that would otherwise 

be fallow in winter, indicate the potential for soil improvement and better use of 

available land.34

Biofuels beyond corn

At the Joint BioEnergy Institute at Lawrence Berkeley National Laboratory in 

California, researchers are looking for the next generation of cellulosic biofuels, 

starting by understanding more about the fundamental plant biology involving 

cellulose and lignin. Jennifer Mortimer, director of plant systems biology at the 

Institute, uses solid-state nuclear magnetic resonance spectroscopy to image the 

structure of the sugar polymers cellulose, hemicellulose, and lignin in plant cell 

walls. The structure of these polymers is responsible for the mechanical properties 

of the cell wall and could provide atomic clues to aid the breakdown and separation 

of the polymers. Her group has also engineered a plant to produce 30% less lignin 

and that yields more sugar after processing.35 Harry Beller, biofuels pathway director 

at the Institute, engineers microbes to produce new fuel molecules, like aliphatic 

methyl ketones that could be blended with diesel fuel, isoamyl alcohol, and carbon 

ring-containing molecules such as pinene and bisabolane, to make jet fuel.35
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Wolfgang Marquardt, at RWTH 

Aachen University, also envisions 

biofuels made from molecules 

other than ethanol. He and a 

colleague outline a model to 

identify promising molecules 

created from a variety of plant-

derived intermediates and tailored 

to maximize efficiency and reduce emissions from a particular engine.36 The model 

first identifies a type of engine, either spark ignition as in a typical gasoline car, 

or compression ignition, as in a diesel engine. The operating conditions of each 

engine differ in how fuel enters the engine, the temperature at which the air-fuel 

mixture burns, and how the flame travels through the cylinder. These differences 

in combustion properties directly affect efficiency and emissions. Next, the model 

screens fuel candidates based on their physical properties. Although the relationship 

between molecular physical properties and combustion conditions is complicated and 

not well understood, general trends can be identified based on experience with fossil 

fuels and some renewable fuels. For example, density, viscosity, and surface tension 

could impact the mixing of fuel and air, which influences emissions. The melting point 

determines whether or not the fuel will be liquid. And the derived cetane number 

ranks a molecule’s ignition under compression relative to cetane, which relates to the 

combustion parameters or operating conditions of an engine. Finally, fuel candidates 

are screened by structure to identify the ones easily synthesized from intermediates 

made by chemical or biological disassembly of plant sugars. Structures that contain 

peroxides, for example, are removed from consideration due to their instability.

The researchers tested a few of the fuel candidates identified by this model in 

engines.37 In a compression ignition engine, 1-octanol produced less soot coming 

from the engine, compared to regular diesel fuel. The higher oxygen content of 

1-octanol may result in less unburnt fuel that forms particles after combustion.  

In a spark ignition engine, 2-butanone enabled a 20% efficiency gain during normal 

operation compared to gasoline, because the fuel-air mixture could be compressed 

more before combustion. Greater compression enables combustion to generate 

more mechanical energy that powers the engine.

IV. RENEWABLE METHANE

Natural gas is used as a clean-burning fuel to produce electricity, generate heat for 

homes and businesses, and power cars and buses. Because natural gas is at least 

85% methane, renewable sources of methane can replace it in existing applications 

Reprinted in part from: C&EN 2015, 93(42): 8-13

Copyright © 2015 American Chemical Society
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and infrastructure. Methods for obtaining “renewable methane” include capturing 

it from landfills, as well as gathering it from biogas plants that process food waste, 

animal manure, or solid waste from wastewater treatment plants.

The feedstock for biogas production varies by country. Germany contains the most 

biogas plants in Europe, using mostly agricultural waste as feedstock.38 Denmark 

produces biogas from manure, which is in excess in the country. The United Kingdom 

and South Korea gather biogas from landfills. In Sweden, biogas comes from sewage 

and food waste, and the country leads the world in using it for transportation.39 In 

the U.S., the majority of biogas comes from wastewater. In developing countries, 

digesters built on a household scale treat waste while generating energy for cooking 

and heating.40

Power-to-gas plants represent another option for producing methane that could 

also help ease the transition to renewable energy by storing the energy as chemical 

fuel. These plants, which are growing popular in Germany, use excess renewable 

energy to produce hydrogen and chemically reduce carbon dioxide to methane; the 

methane can then be fed into the existing natural gas infrastructure.

Biogas

At biogas plants, food waste, plant waste, manure, or municipal solid waste enters 

a digester containing various microbes. The microbes break down fats, sugars, and 

proteins in these wastes in four steps: hydrolysis into amino acids, sugars, and fatty 

acids; acidogenesis of those products to generate compounds like propionate, 

butyrate, ethanol, and lactate; acetogenesis of those compounds to produce acetate, 

hydrogen, and carbon dioxide; and methanogenensis to produce methane and 

carbon dioxide.

The conversion efficiency of biogas production depends on the starting material, 

digester design, and conditions inside the digester such as pH and temperature. It is 

common to separate the first two steps of the process, hydrolysis and acidogenesis, 

from the last two steps because the methane-generating microbes function best at a 

pH higher than the optimal pH for acidogenesis.41

The ratio of carbon to nitrogen in the feedstock reflects the amount of nutrients  

in the digested waste, and it must be optimized to produce the most methane.  

An excessively low C/N ratio can result in ammonia production that inhibits microbial 

growth, and a high C/N ratio can also inhibit microbial growth by limiting the 

amount of available nitrogen for metabolism.41 One common way to tailor the  

C/N ratio is to co-digest wastes, mixing animal manure with food waste.42

Additives such as acid, base, and inorganic metal can improve digestion efficiency, 

and thus enhance methane production.41 These additives can also consume 
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unwanted byproducts. For example, iron reacts 

with hydrogen sulfide to form iron sulfide. 

However, some additives can be expensive, 

and they may pose problems for disposing the 

solids remaining after digestion.

Raw biogas contains carbon dioxide, methane, 

and other impurities such as hydrogen 

sulfide, nitrogen, and oxygen. The methane 

concentration of raw biogas is lower than 

that of natural gas, so the biogas needs to 

be purified, or upgraded, for the methane 

to be used in existing applications. There are 

many different ways to upgrade biogas, from 

passing the gas through water, which absorbs 

the carbon dioxide and hydrogen sulfide, to 

using membranes that physically separate 

components of the raw gas.43 The separated 

carbon dioxide can be fed into a power-to-

gas plant and converted to more renewable 

methane.

Power-to-gas

At a power-to-gas plant, unused energy 

from wind, solar, or hydropower drives the 

electrolysis of water to produce hydrogen gas. 

In some of these plants, the hydrogen gas 

enters a second reactor, containing a nickel 

catalyst that combines the hydrogen with 

carbon dioxide captured from a biogas  

plant, for example, to produce methane.44  

The methane can then be directly injected  

into the natural gas infrastructure. It also 

provides a way to store renewable energy as  

a gaseous fuel.

Power-to-gas plants are being built around 

Germany, including the largest industrial scale 

plant, as well as 14 pilot and demonstration 

projects, and 17 more under construction.45 

This growth dovetails with the country’s 

biogas and renewable energy growth, both 

Biomass to Syngas

Gasification of biomass 

produces syngas, a mixture 

of carbon monoxide and 

hydrogen, with some carbon 

dioxide and water. Bio-

derived syngas could replace 

syngas currently made from 

coal or petroleum, which 

is used to make methanol, 

hydrocarbons, ammonia, 

and other chemicals.46 Once 

cleaned, bio-derived syngas 

could also be used as fuel for 

boilers, electrical turbines, 

or eventually fuel cells.47 

Power plants that currently 

use syngas produced from 

coal gasification are more 

efficient than those that burn 

coal for energy.

During gasification, biomass 

is heated to 500-1400°C in 

the presence of air, oxygen, 

steam, or carbon dioxide. 

Although gasification involves 

heat, it is not a combustion 

process. Gasification can be 

thought of as a combination 

process, where carbonized 

char combines with heated, 

pressurized carbon dioxide 

or steam to produce syngas. 

Alternatively, combustion is 

a separation process: volatile 

compounds react with oxygen, 

breaking down to produce 

carbon dioxide and carbon 

monoxide and releasing heat.
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encouraged by the government’s ambitious initiative to have 80% of the country’s 

electricity produced with renewable energy by 2050.

The two steps in a power-to-gas plant, the electrolysis of water and the catalytic 

conversion of carbon dioxide to methane, are well known. However, the challenge 

comes from finding an electrolysis method that can respond to the intermittent 

power from the renewable energy sources. Alkaline electrolyzers have been 

commercially available for decades, although the corrosive fluids in these reactors 

increase maintenance costs. Electrolyzers with a polymer membrane can respond to 

power surges within minutes, but these systems currently cost more than alkaline 

electrolyzers. In the future, electrolyzers containing a solid oxide ceramic electrolyte 

could provide the highest efficiency — but they are still too expensive to use on a 

large scale at this time.

V. CARBON CAPTURE

Carbon capture technologies aim to remove carbon dioxide from the exhaust gases 

of power plants, cement plants, and factories. It’s typically envisioned for coal-fired 

power plants, as they are the largest single source of carbon emissions. But few 

carbon capture systems have been deployed at coal-fired power plants, because the 

systems are expensive and require extra energy to operate. More than half of the 15 

industrial-sized carbon capture projects retrieve carbon from natural gas processing 

facilities. Other capture projects under construction include installations at steel 

mills, fertilizer factories, and chemical plants. Future applications of carbon capture 

are envisioned for cement plants48 and natural gas power plants.49

Captured carbon dioxide could be pumped underground for long-term storage, or 

it could be used to make useful products like foam, cement, and plastic. However, 

carbon capture is a controversial technology. Some researchers, environmental 

groups, and energy agencies argue the technology will not be developed in time to 

have a meaningful impact on climate change.50 Others argue that it allows society 

to keep burning fossil fuels, rather than switching to cleaner sources of energy. 

But that same position can also support carbon capture: a recent analysis says that 

capture extends the amount of fossil fuels we could burn through 2100 without 

exceeding temperature targets.51

The capture process

The most promising process for capturing carbon dioxide on an industrial scale is 

amine scrubbing. In this process, flue gas passes through an aqueous solution of an 

amine, such as monoethanolamine.52 This primary amine reacts with carbon dioxide 
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in the exhaust gas to form a carbamate. Passing hot steam though the amine 

solution releases the carbon dioxide, regenerating the solution for another round of 

capture. Condensing the water vapor leaves pure carbon dioxide.

One challenge for carbon capture technology is reducing the energy needed to 

regenerate the amine solution. Some look to improve the engineering of the 

system. Other researchers are examining the process on a molecular scale, studying 

the mechanism and energetics of the amine-carbon dioxide reaction. They hope to 

identify intermediates and products that could be separated using less energy.53

Researchers at ExxonMobil used in situ nuclear magnetic resonance spectroscopy 

to follow the reaction between carbon dioxide and various amines in aqueous and 

non-aqueous solution. They wanted to identify amines that led to intermediates 

that could maximize carbon capture efficiency — that is, one mole of carbon 

dioxide combined with one mole of amine. Typically, two moles of amine are 

needed to capture one mole of carbon dioxide. It’s important to note that the first 

product of the reaction between an amine and carbon dioxide in carbon capture 

is a carbamate. To maximize the amount of carbon dioxide captured per amine 

molecule, it is advantageous to hydrolyze the carbamate to a bicarbonate that 

contains one part amine and one part carbon dioxide (a). Otherwise, the carbamate 

forms an ammonium salt, which contains two moles of amine per mole of carbon 

dioxide (b).

In the nuclear magnetic resonance studies, the researchers found that tertiary 

amines, such as dimethylaminoethanol, in aqueous solution tend to form carbonate 

and bicarbonate products that are less thermally stable than corresponding products 

from the reaction of primary and secondary amines.54 This means that tertiary 

amines would decompose more easily, and thus require less heat for regeneration. 

Pathways for CO2 reactions with amines in aqueous solution: (a) Direct formation of the ammonium 
bicarbonate/carbonate and (b) Formation of a carbamate via zwitterion/carbamic acid

Reprinted in part from: Energy Fuels, 2015, 29(9): 5919-5939.

Copyright © 2015 American Chemical Society
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Primary and secondary amines have different advantages: a faster reaction rate and 

better capture under low carbon dioxide partial pressure.

The ExxonMobil researchers then studied the mechanism of carbon capture in 

non-aqueous solutions.55 Dissolving an amine in an organic solvent like dimethyl 

sulfoxide or toluene, or in an ionic liquid, stabilizes an intermediate carbamic acid 

that has the desired 1:1 amine-to-carbon dioxide ratio. The researchers found that 

weakly basic amines in non-aqueous solution formed carbamic acids with reduced 

thermal stability, indicating that they could be routes to low-temperature carbon 

capture.

Last, the researchers studied systems containing a mixture of amines.56 An amine 

mixture can be chosen to capture carbon dioxide most effectively at a given 

temperature and pressure, depending on the intermediates that carbon dioxide 

forms with each base and how the other base stabilizes those intermediates.  

In non-aqueous solutions, some amine mixtures can hold multiple moles of carbon 

dioxide per mole of capturing amine. For example, ethanolamines in a solution of 

dimethylsulfoxide and tetramethylguanidine can react with up to three moles of 

carbon dioxide at the alcohol and amine ends of the molecule.

A strategy for capturing 

carbon that is still in 

the research phases 

involves trapping 

it in membranes or 

adsorbent materials, 

such as porous 

zeolites, metal-organic 

frameworks, or 

activated carbon.57

As an added 

environmental benefit, 

some researchers 

are attempting to 

build carbon dioxide-

adsorbent materials 

from waste materials 

like steel slag58 or coal 

ash.

Microporous adsorbents used for carbon capture (CC) from flue gas 
and in situ CC from chemical looping combustion (CLC).

Mesoporous adsorbents for CC and CLC.

Reprinted in part from: Environ. Sci. Technol. 2015, 49(21): 12641–12661.

Copyright © 2015 American Chemical Society
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Storage

Once carbon dioxide is captured from exhaust gas, it can be compressed and 

transported to empty oil reservoirs for storage. Carbon storage is already being 

tested on industrial and pilot scales in North America, Europe, Asia, and Australia.59 

But the long-term success of this strategy depends on the carbon dioxide staying 

underground and not escaping to the atmosphere. Models to predict the carbon 

dioxide-trapping potential of various rocks need data on how carbon dioxide travels 

through the pores in the rocks, how it interacts with the brine trapped inside the 

pores,60 and how reactive sites in the rock could catalyze the mineralization of 

carbon dioxide into solid carbonates.59

Even if the natural properties of the rock enable carbon dioxide to stay 

underground, it could still leak out through infrastructure remaining from drilling. 

Young-Shin Jun at Washington University in St. Louis studied how carbon dioxide 

reacts with the cement that lines a wellbore, and how those reactions impacted 

the mechanical properties of the cement. Microscopy images revealed that carbon 

dioxide dissolved particular regions of the cement, causing both the strength and 

the elastic modulus of the bulk cement to decrease by more than 80%.61

The most permanent way to store captured carbon dioxide is to convert it to solid 

carbonate minerals, catalyzed either by rocks inside an underground reservoir 

or triggered by chemical reactions above ground.62 However, slow reaction rates 

for both processes contribute to increased costs compared to injecting the gas 

underground. So researchers are experimenting with accelerating mineralization 

with ash from coal or municipal waste combustion, underground microbes and mine 

tailings,63 and slag from steel making.

Utilization

Another way to permanently store captured carbon dioxide is to convert it to 

useful materials, such as foam, cement,64 and plastic.65 These materials can then be 

sold, offsetting the capture costs. But utilizing waste carbon dioxide can be energy 

intensive and too expensive to make economic sense, particularly if hydrogen is 

needed for a process.66

Nevertheless, more than 250 carbon capture and utilization projects are in 

development worldwide. Covestro plans to open a plant in Germany to make a 

polyurethane intermediate using 20% waste carbon dioxide later this year. Within 

the next five years, Ford plans to outfit its vehicles with foams and hard plastics 

made from carbon dioxide captured from power plants.67 Several European 

companies are building plants to produce urea and methanol from waste carbon 

dioxide.66
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VI. WASTE AND RECYCLING

Trash decomposing in U.S. landfills is the third largest source of methane, a more 

potent greenhouse gas than carbon dioxide. Methane emissions are directly linked 

to the amount of trash produced and the amount recycled. Methane being emitted 

from U.S. landfills declined between 1990 and 2001 as a result of increased recycling 

efforts, but grew between 2001 and 2009 as the amount of trash in landfills 

increased.68 More countries are recycling their municipal waste, diverting it away 

from landfills. Recycling common products like aluminum and steel cans, and plastic 

bottles uses less energy than it does to make a brand new product.

Specific types of waste can be recycled or reused to generate energy or useful 

products. About half the ash produced at coal-fired power plants is added to 

building materials, instead of being disposed of in landfills or storage ponds. Used 

tires can be thermally converted to energy or fuel. And recycling electronic waste 

provides a way to recover rare earth elements that are in short supply.

Coal ash to building materials

Coal ash, the powder remaining after burning coal, is the second largest source 

of waste in the U.S., after household trash. About half of the coal ash produced 

is reused in applications like drywall manufacturing and as cement in concrete.69 

The remaining ash is disposed in landfills or storage ponds. The American Coal Ash 

Association says regulatory uncertainty about the classification and disposal of coal 

ash has prevented more of it from being reused. To that point, the U.S. EPA released 

updated rules about coal ash disposal in 2015.69 The agency continues to regulate it 

as nonhazardous solid waste, though the new regulations are stricter about disposal 

and enforcement. But because coal ash contains toxic compounds like dioxins, 

polyaromatic hydrocarbons, and heavy metals like chromium, cadmium, and arsenic, 

environmental advocacy groups want 

coal ash to be classified as hazardous 

waste.

Tires to oil

About 230 million tires are thrown 

away every year in the U.S., according 

to the Rubber Manufacturers 

Association.70 Tire recycling is difficult 

because it’s hard to reverse the 

vulcanization process used to create 

Scrap tires generated in 2013 = 233 million

Tire-derived fuel 
53%

Ground rubber 
24%

Land disposal 
8%

Exported 
6%

Other 
9%

SOURCE: Rubber Manufacturers Association

Reprinted in part from: Chem. Eng. News, 2015, 
93(16): 16–18.

Where Old Tires Go
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rubber with the desired properties. More than half of the waste tires are burned for 

energy. Others are shredded and added to asphalt or ground cover at playgrounds.

Burning tires without oxygen creates oil that could be refined into diesel fuel. 

However, sulfur and aromatic compounds in the scrap tire pyrolysis oil have to 

be removed before the oil could be sent to a refinery. Researchers in Spain used 

a supported platinum and palladium catalyst to remove the heavy aromatics and 

sulfur in the scrap tire pyrolysis oil, generating crude that could be sent to a refinery 

and converted to diesel fuel.71 Heating a mixture of shredded used tires and used 

motor oil also creates crude oil that could be refined into diesel fuel.72

Metal recovery and recycling electronic waste

Extracting metallic elements from ore is energy intensive, so recycling metals can 

save some of the energy used to produce new products. For rare earth elements 

used in electronics and platinum group metals used in catalysts in vehicle emissions 

control systems, recycling could further maintain the already limited supply of these 

elements.

To recover metals, researchers are looking to retrieve elements dissolved in 

seawater.73 Metals in household goods and personal care products also end up 

at wastewater treatment plants, either washed down the drain or scattered into 

soil and carried by runoff.74 Researchers are using scanning electron microscopy, 

along with other methods, to identify the metals in sewage sludge, searching for 

solids that might be the most economically lucrative and resource-wise for element 

recovery.75

Recycling from electronic waste, or “e-waste,” currently recovers aluminum, 

copper, iron, steel, and precious metals like gold, silver, and platinum. The recycling 

processes are not optimized to recover rare earth elements such as neodymium, 

dysprosium, and praseodymium in hard disk drives, cell phones, and other devices. 

Less than 1% of rare earth elements are extracted from e-waste.76

At many electronic waste processing plants, the first step of recycling hard disk 

drives involves shredding the drives. At a recycling plant in Denmark, this process 

starts with pulverizing the magnets inside the drives, and the magnetic powder, 

containing rare earth elements, sticks to the surfaces of the shredding equipment, 

and the elements are lost.77 However, if the magnets are removed from computers 

and other electronics first, then the rare earth elements inside the magnets can be 

removed with membrane extraction.76

About a third of the weight of electronic waste, including electrical equipment like 

refrigerators, is plastic. A two-step extraction process can recover polycarbonates 

from this type of waste, generating a product with similar purity and molecular 
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weight distribution to newly synthesized polycarbonates. The process costs about 

70% less than synthesizing the plastics from petroleum-based feedstock.78

VII. RENEWABLE AND SUSTAINABLE ELECTRICITY

Electricity production is the single largest source of the world’s greenhouse gas 

emissions. But the industry is experiencing a revolution: In 2014, the majority of 

new power plants built around the world consumed renewable energy.4 Portugal, 

Denmark, and Germany have run successful trials in which they used renewable 

energy exclusively for several days,1 and they have maintained reliable electric grids 

while incorporating intermittent sources of energy, like wind and solar power.79 

In developing countries, mini-grids powered by renewable energy could help get 

electricity to people who don’t have it.80

Despite being phased out in a few countries, nuclear energy is still part of some 

clean energy plans, although building new plants is a lengthy and controversial 

process. However, nuclear power is not considered to be renewable energy because 

it consumes uranium, a non-renewable fuel. But it is thought to be in a sustainable 

energy category because enough fuel is available to generate 100 years of electricity.

Solar

Solar panels, or photovoltaics, convert sunlight into electricity for households, 

businesses, and communities. As the cost of solar panels decreases, the number 

of installations increases, with panels attached to rooftops, placed in fields, and 

floating on lakes. About 44% of the world’s solar panels are installed in Europe,81 

and the U.S. just passed the milestone of one million installations. Solar energy is 

a key component of many renewable energy plans, but it currently provides only 

about 1% of the world’s electricity.82

Most solar panels are made from silicon semiconductors. However, alternative 

designs and materials, like dye-sensitized solar cells, organic photovoltaics, 

perovskite photovoltaics, and inorganic quantum dot solar cells, tend to capture 

headlines with promises of being cheaper, thinner, more efficient, more flexible, 

or more easily produced than current solar panels. While these materials are still in 

the research phases, some companies are starting to release products using some 

of these technologies.83 Thin, transparent, dye-sensitized solar cells or organic 

photovoltaics could be used to build solar capacity into buildings, rather than on top 

of them. These materials could be integrated into exterior structures or sandwiched 

between glass in windows.
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Meanwhile, the search continues for new photovoltaic materials with increased 

efficiency for converting light absorption into electricity. Some new materials are 

variations of existing structures, although computer models help researchers identify 

materials with previously unknown structures.84 One model that related a molecule’s 

structure to its electronic properties identified metal-free dyes for dye-sensitized 

solar cells, which typically contain a ruthenium dye.

Concentrating solar thermal plants produce solar power on a larger scale than solar 

panels can. At some of these plants, concentric rings of mirrors focus sunlight onto 

a central tower. At the world’s largest solar plant, Ivenpah, in California’s Mojave 

Desert, concentrated sunlight converts water in the central tower to steam, which 

is used to drive electrical turbines. Changing the material in a solar plant’s central 

tower could provide a way to store solar energy. At the Crescent Dunes plant in 

Nevada, sunlight heats molten salt in the central tower. The heat in the salt can be 

used directly to generate steam to run turbines, or the hot salt can be stored in an 

insulated tank and recovered to generate 10 hours of electricity during periods of 

cloud cover. Another class of materials, metal hydrides, could also be used for energy 

storage instead of molten salt at concentrating solar thermal plants.85 Made from 

inexpensive, readily-available materials such as magnesium, calcium, and titanium, 

metal hydrides are 10 to 30 times more energy dense than molten salt, so less salt 

could be used to store the same amount of energy, thus reducing storage costs.

Wind

Most wind power comes from onshore wind farms where towers with turbines 

line ridge tops and valleys in open areas. Fiber-reinforced blades attached to 

each turbine catch the wind and turn a rotor, attached by a shaft to an electrical 

generator. In the U.S., wind energy first started to be deployed in the 1980s, and 

renewable energy tax credits have spurred industry growth over the past decade. 

In 2015, wind capacity increased 66 GW worldwide, to a total capacity of 416 GW.81 

One-third of that capacity is installed in China, although Europe and the U.S. lead 

the world in actually generating wind energy.

Generally speaking, winds over the ocean are stronger than those over land, so 

offshore wind farms can potentially generate more energy than those onshore. 

But offshore farms are generally more expensive to build and maintain than those 

onshore, so fewer have been constructed. In 2015, global offshore wind capacity was 

11.7 GW and growing.81 Offshore wind farms are currently being constructed off the 

coast of Scotland and the northeastern U.S.
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Hydropower

Hydropower, where rushing water turns an electricity-generating turbine, provides 

more than half of the world’s renewable energy.81 Large hydropower projects collect 

water behind a dam and direct the water through turbines at the dam’s base. 

Smaller projects can provide isolated rural areas with access to electricity.86

There’s potential for growth in hydropower, at least in the U.S., but uncertain 

subsidies, regulations, and environmental concerns may hinder that growth.87  

Like many energy technologies, hydropower also presents an environmental 

dilemma: Does the renewable energy produced from large hydropower plants offset 

the ecological consequences to rivers and streams choked by dams? Comparing a 

modern large hydropower project in Costa Rica with taking down an aging one in 

the U.S., shows that it’s not clear if the environmental consequences are worth the 

greenhouse gas savings from not burning fossil fuels for electricity. The new Costa 

Rican dam practically guarantees the country can run completely off renewable 

energy when it goes online, while in the U.S., destroying aging dams removes 

sources of renewable hydropower but restores river ecosystems.88

Hydropower projects off the coast of Australia and Scotland generate energy from 

turbines turned by ocean tides, waves, or currents. While few offshore hydropower 

projects are operational, this type of energy generation has large potential.  

In the U.S., about one-third of the country’s electricity could come from offshore 

hydropower, but these turbines are challenging to industrialize because working 

in the ocean is more difficult than working on land.89 Still, the U.S. Department of 

Energy is encouraging research and development: nine finalists are competing to 

win part of a $2.25 million prize for new wave energy converter designs.  

The environmental impacts of offshore hydropower are less known than those of 

dams for conventional hydropower because few projects are operational, but initial 

studies suggest impacts could be minimal as devices only have to be moored to the 

ocean bottom.

Geothermal

Geothermal energy is one of the oldest forms of renewable energy, with documents 

recording its use in naturally occurring hot springs in ancient times. Ancient 

predecessors aside, the first power plant in the modern age to convert geothermal 

energy to electricity was built in Italy in the early 1900s. At geothermal electric 

plants, boreholes access water warmed to 100–300°C by the heat inside the planet.90 

Pumps in the plants bring the heated water to the surface, where it is converted 

to steam that drives electrical turbines. Condensed steam is then re-injected 

underground.
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In 2015, there were 12.8 GW of geothermal energy installed worldwide, about 

6.5% of the estimated available resource.91 In some countries, geothermal energy 

provides up to 25% of the country’s electricity. Future growth in geothermal energy 

is predicted in Latin America, East Africa, and the Philippines. Geothermal energy is 

considered to be a renewable resource because the sun constantly brings heat to the 

terrestrial surface, while the surface constantly transfers the planet’s internal heat 

to the atmosphere. For geothermal energy to be sustainable, that heat needs to be 

extracted at the same rate it’s replenished.

Most geothermal electric plants take advantage of naturally occurring reservoirs of 

hot water and steam, often located near fault lines in the planet’s crust. Another 

source of geothermal energy is deep aquifers, where water temperatures can reach 

more than 60°C. The majority of geothermal energy growth is predicted to come 

from areas where there is little steam, and heat from the earth is extracted from 

hot rocks. Enhanced geothermal systems use existing or manmade fractures in rock 

as underground heat exchangers. Fluid, usually water, pumped into the rock gets 

heated as it travels through the fractures. Then the warmed fluid is pumped to the 

surface from a different borehole, and its heat is used to generate electricity.

Nuclear

Nuclear power is the world’s second largest source of low-carbon energy. It provides 

continuous energy using less land than wind and solar power. Inside a nuclear 

reactor, decomposition of radioactive uranium atoms releases neutrons that rocket 

into other uranium atoms, splitting them, releasing more neutrons, and starting a 

self-sustaining chain reaction of nuclear fission. The nuclear decomposition releases 

heat used to convert water to steam. The steam is then used to power electricity-

generating turbines, similar to coal or natural gas power plants.

Although nuclear plants produce electricity without carbon emissions, they are often 

a controversial part of clean energy plans because of safety concerns. Accidents 

at nuclear plants in the U.S., Russia, and Japan released potentially cancer-causing 

radiation into the air and soil, which will impact people living near the plants for 

decades as the radiation levels slowly decrease over time.

Russia, China, and the U.S. are building new nuclear plants, which can take up to 

a decade to construct. But the changing economics of the energy industry may 

discourage nuclear plants as part of some countries’ clean energy future. In the 

U.S., falling natural gas prices encourage replacement of coal-fired power plants 

with ones that run on natural gas. Subsidies for wind and solar energy encourage 

construction of those farms, rather than more nuclear plants.92 And increased 

renewable energy drives energy prices so low that nuclear power can’t compete.93
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Nuclear power also lost favor in 2011 when a tsnuami damaged the Fukushima 

Daiichi nuclear plant in Japan, releasing radiation into the air and ocean. After that 

accident, many countries started looking at closing their nuclear plants. Between 

2022 and 2035, Belgium, Germany, and Switzerland will phase out their nuclear 

plants.94 Japan closed its nuclear plants following the Fukushima accident, restarting 

the first plant in August 2015 and building coal-fired power plants to generate more 

electricity in the country.

VIII. ENERGY STORAGE

Energy storage is seen as contributing to the growth of renewable energy because 

it can help modulate the surges and dips in electricity production inherent with 

solar and wind power. Storage mandates are one way that regions have started 

to develop large-scale storage 

technologies. For example, California 

has mandated 1.3 GW of energy 

storage by 2020. However, if stored 

energy comes from fossil fuel 

combustion, carbon emissions from 

the electricity sector could increase.95 

One reason for this is that the storage 

station would charge at night, when 

the off-peak power comes from coal-

fired power plants.

To sort out the various environmental 

impacts that energy storage can 

have, researchers at the University of 

Michigan laid out 12 principles for 

green energy storage, inspired by the 

12 principles for green chemistry.96 

These principles account for system 

integration for grid applications, 

the maintenance and operation of 

energy storage, and the design of 

energy storage systems including 

materials and production. They can 

also be applied to any energy storage 

technology.
Reprinted in part from: Environ. Sci. Technol.  
2016, 50(2): 1046–1055.

Copyright © 2016 American Chemical Society
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The lead-acid car battery is a cheap (although low-capacity) way to store energy. 

Larger versions of lithium-ion batteries commonly used in electronic devices are 

starting to enter the mainstream, envisioned to be installed along with solar panels. 

Batteries with alternate designs or chemistries aim to reduce the costs of current 

technologies. Another energy storage device, a supercapacitor, delivers bursts of 

electricity on demand, compared to the slow release of power from a battery. 

Finally, pumped hydropower storage, once paired with nuclear power plants, could 

be applied to renewable energy.

Large-scale storage with batteries

Batteries are beginning to be installed with solar panels in homes and businesses,  

to store unused power that would otherwise be sold back to electric companies.  

The electric car company Tesla is planning to open a large lithium ion battery factory 

in Nevada at the end of July 2016. The factory will double the world’s capacity 

of lithium batteries, and will drive down their cost by 30%, the company’s chief 

technical officer told National Public Radio.97 Tesla’s chief executive officer also 

chairs Solar City, a solar panel installation company that controls 39% of installation 

leases in the U.S. Solar City will install batteries with all of its solar panels starting in 

2018, therefore creating demand for Tesla’s batteries.98

Redox flow batteries are attractive for large-scale storage, because the capacity 

of these batteries can easily be increased.99 Redox flow batteries store charge in 

electrolyte solutions that each contain an electrode and are separated by an ion-

permeable membrane. Larger tanks of electrolyte, commonly metal ions in water, 

increase the storage capacity. Redox flow batteries offer increased safety because 

their aqueous electrolyte is less flammable than the organic electrolyte used in 

lithium-ion batteries. But the large tanks of liquid make these batteries heavy  

and bulky.

Funding from the U.S. Department of Energy’s Advanced Research Projects Agency-

Energy (ARPA-E) supports the development of alternative battery technologies for 

large-scale storage, like liquid metal batteries or iron flow batteries that are cheaper 

and last longer than current vanadium-based technology.100 These projects are 

currently scaling up their technologies or attracting venture capital.

Although energy storage is typically talked about with optimism, it could also have 

a negative aspect. A current debate involves excess solar power typically sold back 

to the electric grid. Some states are considering legislation to limit the rate that 

electrical companies pay for this extra solar power. Homeowners making less money 

from their solar panels may opt to save the energy by installing batteries. Enough 

customers switching to storage could change the way the electrical distribution 

system operates. Currently, power lines carry energy from a centralized generation 
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plant to areas that need it. More solar installations paired with batteries, however, 

means more power is generated where it’s used. Power industry experts say energy 

storage may not drive all consumers off the grid, and it could help to establish a 

system with more resilience and backup reliability.98

Supercapacitors

Supercapacitors were first developed in the 1960s. Like batteries, they contain 

two electrodes submerged in liquid electrolyte. But capacitors store charge 

electrostatically, instead of electrochemically. This means they can deliver energy 

instantly, but they cannot store as much energy as batteries can.

Because of their different charge storage and delivery properties, supercapacitors 

are seen as complements to batteries in various applications. For example, in 

an electric car, a supercapacitor could deliver a burst of power to start the car, 

while batteries trickle out energy to the lights and other accessories. However, 

supercapacitors are more expensive than batteries, so their practical applications 

are currently limited. Researchers are working to decrease this cost by improving 

the capacitor design and electrode materials, lately focusing on activated carbon.101 

One promising material is called MXene.102 Atomic layers of a metal atom alternate 

with carbide or carbonitride layers. MXenes store charge electrostatically, like a 

supercapacitor, and the material also transfers electrons from molecules in the 

electrolyte, like a battery. It could be useful for energy storage applications that 

need storage and delivery capabilities between that of a battery and a capacitor. 

More than 70 MXenes have been created since the materials were first synthesized 

in 2011. Researchers are still learning about the material’s fundamental properties, 

such as how its structure influences charge transport.103

Pumped hydropower

Despite the focus on batteries for energy storage, the most common energy storage 

method today is pumped hydropower. These storage stations are being built in 

California, Spain, and China, and stations once used to store nuclear power in Japan 

could be revived104 as facilities to store renewable energy.

At a pumped hydropower plant, excess energy is used to pump water from one 

reservoir to another at a higher elevation. Releasing the water from the higher 

reservoir drives hydroelectric turbines located downhill. Pumped hydropower plants 

can provide 10 to 100 times more power than a battery. But they consume more 

energy than they produce, and the rapid fluctuations in water levels can have 

ecological consequences.105
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Batteries for electric cars

Hybrid cars contain both an electric engine and a gasoline (or diesel) engine. In a 

full hybrid, like the Toyota Prius, the car can run off the gasoline and battery motors 

simultaneously, it can use the battery-powered electric motor for city driving, or it 

can activate the gasoline motor for heavy loads like driving uphill. Energy captured 

during braking recharges the batteries. Mild hybrids, like those made by Honda, 

depend on the gasoline motor for power, and use the electric motor for starting and 

idling. Again, energy captured during braking recharges the car’s batteries. Instead 

of lithium-ion batteries, lead-carbon batteries could become common in these 

cars.108 They are cheaper than their lithium-ion counterparts and charge faster than 

all-lead batteries in conventional vehicles.

Electric and hybrid cars are driving the market for lithium-ion batteries, and 

chemical companies are beginning to invest in materials for these batteries.106  

Two companies in the United Kingdom are working toward making cheaper 

batteries for electric cars.107 Faradion makes sodium batteries and contends that  

the cost savings come from cheaper materials used to make the battery cathode. 

Unlike lithium-ion batteries, sodium batteries can be completely drained of charge, 

so there is less risk of fire during storage and transport. However, sodium batteries 

have lower cell voltage than lithium-ion batteries, so some analysts think these 

batteries will only be useful in niche markets.107 The second company, Oxis Energy, 

makes lithium-sulfur batteries, which are also cheaper than lithium-ion batteries.  

But the capacity of these batteries decreases shortly after the number of charging 

cycles deemed as an acceptable battery lifetime, so cycle life has to be improved for 

these batteries to be used in cars.

IX. CONCLUSION

Looking at individual pieces of the world’s energy puzzle, including fossil fuel 

extraction, renewable energy technology development, and government policies, 

can make the whole subject seem intractable and overwhelming, and frustratingly 

slow to progress despite the urgency to act to reduce the impact of global warming. 

But taking a step back and seeing how far the energy landscape has changed over 

the past decade, there’s reason to hope. Some types of renewable energy are 

starting to take a foothold, even outpacing some fossil fuels. Pilot projects and 

some industrial-scale projects are demonstrating how to scale up renewable energy 

technologies developed in research labs. Individual countries are developing clean 
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energy policies, and more than half the world’s countries signed a United Nations 

treaty called the Paris Agreement in April 2016, agreeing to take action to limit 

global temperature rise. While it’s hard to know exactly what the world’s low-carbon 

energy future will look like, it’s reasonable to expect that a blend of approaches 

will be required: switching power plants to run on natural gas instead of coal, 

developing solar and wind power, using biofuels for transportation, and reducing 

waste.
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