Wendy Estela

Pace University School of Law

Environmental Science for Lawyers

November 29, 2001

Hydrogen Fuel Cell Technology and its Environmental Benefits


By the middle of the 21st century, the global community will be dependent on alternative fuels as energy sources.  Alternative fuels, those that are not derived from oil, will have taken the place of fossil fuels in powering everything from automobiles, office buildings, and power plants to everyday household items such as vacuum cleaners and flashlights.  Driven by environmental, health, economic and political concerns, the global community has been forced to begin developing technology and infrastructure to support the revolution fossil fuels to alternative fuels such as hydrogen.  In particular, the world’s leaders have targeted the automotive fleet and the internal combustion engine.  By replacing the internal combustion engine in automobiles with the hydrogen fuel cell, we could achieve zero emissions of pollutants into the environment.   The transformation of the existing transportation system is key to solving many of the world’s environmental problems and significantly improving the quality of the air that we breathe. This paper will focus on the role that the Polymer Electrolyte Membrane (PEM) Fuel Cell, widely considered the most practical fuel cell, will play in the switch to alternative fuels. 

How a Fuel Cell Works
A fuel cell is an electrochemical energy conversion device that converts hydrogen and oxygen into electricity and heat.  It is similar to a battery in that it may be recharged while it is being used to generate power.  Instead of recharging by using electricity, a fuel cell uses hydrogen and oxygen.  Fuels cells differ from batteries in that a battery stores energy in chemicals contained in it, while a fuel cell acts as converter; reactants and products are in transit within the fuel cell (Hoffman, 2001). 

There are four basic elements of a PEM fuel cell: the anode, cathode, electrolyte and catalyst. (See Figure 1).  The anode is the negative post of the fuel cell, which conducts the electrons that are freed from the hydrogen molecules.  The cathode is the positive post of the fuel cell, which distributes the oxygen to the surface of the catalyst.  The electrolyte, or “proton exchange membrane (PEM),” is considered to be the “heart” of the fuel cell, where the chemical reaction occurs.  Two layers, a diffusion and reaction layer, surround it. Finally, the catalyst is a special material that facilitates the chemical reaction of oxygen and hydrogen.  It is usually made of platinum powder thinly coated onto carbon paper or cloth.  Some critics of fuel cell technology cite the limited worldwide availability of platinum as a constraint to the conversion of the vehicle fleet to fuel cell powered vehicles.  Critics estimate that it will take 66 years and 10,800 net tons of platinum for complete conversion of the current automotive fleet (Borgwardt, 2001).

On the anode side of the fuel cell, hydrogen diffuses through the porous anode and diffusion layer up to the platinum catalyst.  The reason for the diffusion current is the tendency of the hydrogen oxygen reaction.  The catalyst and the temperature of 80 degrees Celsius cause the protons and electric to split.  

H2 ( 2H+ + 2e-
The hydrogen ion passes through the electrolyte while the electrons pass through an outer circuit. On the cathode side of the fuel cell, oxygen (O2) is being forced through the catalyst, where it forms two oxygen atoms.  Each of the atoms has a negative charge.  The negative charge attracts the two H+ ions through the membrane, where they combine with an oxygen atom and two of the electrons from the external circuit to form a water molecule.

2H+ +  ½O2 + 2e-  ( H2O

The water resulting from this reaction is extracted from the system by the excess airflow (Gottesfeld, 2001).

H2 +  ½O2(  H2O

In the process described above, electrons generated at one side of the fuel cell and consumed at the other circulate in an external circuit which can drive, for example, an electric motor (St. Pierre et al, 2001).  The reaction in a single fuel cell produces only about 0.7 volts.  To increase the voltage, fuel cells can be compiled together and the voltages are simply added up, creating a fuel-cell stack.  In order to further improve fuel cell technology, scientists study how the fuel cell operates under different conditions, such as the ambient environment of the geographic area in which the fuel cell is operating.  Furthermore, scientists observe how each component contributes to the overall functioning of the fuel cell (Ciureanu et al., 2001).
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FIGURE 1:  PEM Fuel cell.   Source:  http://www.tf.uni-kiel.de/matwis/matsci/project/fuelcells/

Environmental Impact

By 2004, fuel cell vehicles will be commercially available, and by 2010, fuel cells are predicted to have a nearly 4% market share.  Of this market share, PEM fuel cells are expected to dominate at 80% (Advanced Materials & Composites News (2001) January 2, v23 i507). Fuel cells are expected to eventually replace internal combustion engines in applications such as buses, trucks and trains because they are reliable, simple, quiet, less polluting, and have a greater fuel economy.  Estimates from the U.S. Environmental Protection Agency indicate that the current fleet of motor vehicles in the U.S. account for 78% of all Carbon Monoxide emissions, 45% of all Nitrogen Oxide emissions, and 37% of all Volatile Organic Compounds.  In the United States alone, more than 200 million vehicles are on the road (Thomas, 2001). Thus, there would be significant improvements in air quality if the automotive fleet were to be replaced with zero emission hydrogen fuel cell engines.  Direct hydrogen/air systems, utilizing on-board hydrogen storage, are the only fuel cells having zero emissions from the tailpipe. 

 A recent study comparing the types of alternative fuel vehicles and their respective emissions shows that although the current hydrogen fuel cell technology may be considered costly, it is the hydrogen fuel cell that would be able to reduce greenhouse gas emissions most significantly (Hackney et al, 2001).   Additionally, fuel cells produce significantly less noise pollution than internal combustion engines because they do not have moving parts (St. Pierre, et al, 2001). As discussed previously, fuel cells do not produce any polluting byproducts.  The only byproduct of fuel cells is water vapor. Furthermore, hydrogen contains no carbon at all.  Converting and using hydrogen for energy produces no carbon dioxide and no greenhouse gas.  Using hydrogen as a fuel would reduce and over time eliminate the man-made share of carbon dioxide deposited in the atmosphere. (Hoffman, 2001). 

Fuel Cells Compared to Internal Combustion Engine

Efficiency

Both fuel cells and internal combustion engines convert energy from one form to another.  Internal combustion engines run on noisy, high temperature explosions resulting from the release of chemical energy by burning fuel with oxygen from the air.  Internal combustion engines change chemical energy of fuel to thermal energy to generate mechanical energy.  The conversion of thermal energy to mechanical energy is limited by the Carnot Cycle (Thomas, 2001).  In an internal combustion engine, the engine accepts heat from a source at a high temperature (T1), converts part of the energy into mechanical work, while rejecting the remainder to a heat sink at a low temperature (T2). The greater the temperature difference between source and sink, the greater the efficiency, 

Maximum Efficiency = (T1-T2) / T1

Where the temperatures T1 and T2 are given degrees in Kelvin (Thomas, 2001). The Carnot Cycle shows that even under ideal conditions, an engine cannot convert all the heat energy supplied to it into mechanical energy; some of the heat energy is rejected, thus limiting the efficiency of this type of engine.  In contrast, fuel cells are two to three times more efficient than internal combustion engines because they do not require conversion of heat to mechanical energy through the Carnot Cycle (Thomas, 2001).

Hydrogen:  The “energy” of the future
The world has already begun the transition to cleaner fossil fuels containing less carbon and more hydrogen.  As the world’s supply of fossil fuels decreases, the shift to renewable energy sources will continue with a move to resources such as hydrogen, which human beings previously were unable to harness.  There are five key policy reasons why this shift is necessary:

(1) The environment. Emissions from vehicles are the largest source of air pollution.

(2) Human health.  More than 50,000 people per year may die prematurely from exposure to fine particulates emitted by trucks and buses, power plants and factories.

(3) Economics.  The costs of producing oil continue to increase, as deeper wells are drilled farther and farther from markets in harsh climates.

(4) Energy Security.  Military and political costs of maintaining energy security internationally are becoming untenable.

(5)  Supply.  World oil supplies are finite, and are expected to reach their peak as early as 2010. (Cannon, 1998)

To say that hydrogen is an energy “source” is actually a misnomer.  That is, hydrogen is not a primary energy like natural gas or oil, existing freely in nature.  Instead, hydrogen is an energy “carrier,” which means it is a secondary form of energy that has to be manufactured.  Although hydrogen is the most abundant element in the universe, practically all of it is found in combination with other elements, for example, water (H2O), or fossil fuels such as natural gas (CH4). 

Hydrogen can be generated from many primary sources.  Today, hydrogen is mainly extracted from fossil fuels through a process known as “steam reforming” (Thomas, 2001). However, most supporters of fuel cells and renewable energy are uncomfortable with the idea of making hydrogen through steam reforming because carbon dioxide (CO2) is a byproduct of the process.  To truly reap the benefits of the environmentally friendly characteristics, environmentalists argue, hydrogen should be made from clean water and clean solar energy, as well as “cleaner” nuclear energy, including fusion.  Others disagree, citing that hydrogen produced from natural gas would nonetheless cut greenhouse emissions by up to 40 percent.  This, natural gas supporters argue, proves that society does not have to wait for purely renewable hydrogen energy to make significant cuts in greenhouse emissions (Hoffman, 2001).  Furthermore, proponents of natural gas argue that it may serve as the bridge to a hydrogen and renewable energy society.

Global warming 


Many members of the scientific community agree that “greenhouse gas” emissions are the cause of the warming of the earth’s climate.  The natural greenhouse gases include carbon dioxide (CO2), water vapor (H2O), nitrous oxide (N2O), methane (CH2) and ozone (O3).  These gases are essential if the Earth is to support life.  However, since the Industrial Revolution of the mid-18th century, burning fossil fuels and the increased energy needs of the growing world population have added man-made greenhouse gas emissions to the environment. Fossil fuels release varying quantities of carbon dioxide into the atmosphere, contributing in large part to the global warming phenomenon.  Coal has the highest carbon content, then petroleum, and finally natural gas.  Hydrogen releases no carbon dioxide emissions when burned.  Increasing concentrations of the greenhouse gases, especially carbon dioxide and methane,  trap more terrestrial radiation in the lower atmosphere, thereby warming the earth’s atmosphere (Hoffman, 2001).   

While some skeptics question the link between climate change, energy policy and ecology, it is clear that the general consensus is that something must be done to prevent further global warming.  The United Nations has spoken on the issue and has emphasized that decisions made in the coming years will affect generations to come.  It is clear that the energy efficiency, reducing the use of fossil fuels, transitioning to the use of renewable fuels and continued research are important and responsible steps (Thomas, 2001).  The transition to hydrogen fuel cell powered vehicles is a good beginning.
The Future of Hydrogen Fuel Cells

William Grove developed the first fuel cell in 1839.  By 1900, scientists and engineers were predicting that fuel cells would be common for producing electricity and motive power with in a few years.  That was approximately 100 years ago.  In contrast, it only took approximately two years for the Otto cycle 4-stoke internal combustion engine to move from the invention stage to widespread commercial use (Wiens, 2001). However, this apparent slow progress in the development of fuel cell technology should not be viewed as dispositive of the technology altogether.  Manufacturers continue to improve fuel cell performance.  Challenges to manufacturers include maintaining fuel cell performance, introducing low-cost materials, simplifying fuel cell design, and establishing supplier relationships.  Technological advances are required to further increase reliability and to complement the manufacturer’s efforts in commercialization of fuel cells (St. Pierre et al, 2001).  

Building a hydrogen infrastructure
The transformation to alternative fuel vehicle transportation requires the building of an infrastructure, which includes technology and facilities for the production, distribution and storage of hydrogen from non-fossil fuel sources to power fuel cells.   If society only focuses on the technology behind the fuel cells and vehicles, the overall shift will not be successful (Ohi, 2000).  In order to harness the potential of fuel cells, it is imperative that the technology is developed so that renewable sources are used to produce the hydrogen used in the fuel cells in an economically feasible manner. 

Production


There is very little hydrogen gas (H2) in the environment;  instead it is combined with other elements as compounds.  Currently there are various methods for producing hydrogen, including reforming, electrolysis of water, photoelectrolysis, coal gasification, biomass gasification, thermolysis and biological production.  Reforming is the method in which chemical processes are used to separate hydrogen from carbon atoms in organic compounds.  Electrolysis of water is the method in which a direct electric current is passed through water to convert its molecules in to hydrogen and oxygen gas.  Photoelectrolysis is the method in which electricity produced by solar cells is used to split water molecules, similar to regular electrolysis.  Coal gasification is the method in which raw coal is pulverized and steamed to create gas.  Biomass gasification is the method in which wood chips and agricultural wastes are heated to high temperatures, turning them into hydrogen and other gases.  Thermolysis is the method in which high temperatures are used to split water molecules.  And finally biological production is the method in which some types of algae and bacteria use sunlight to produce hydrogen under  specific conditions (Miller, 2002). Currently, most hydrogen is made from fossil fuels through reforming.  However, scientists must continue to develop technology such as photoelectrolysis that allows for cost-effective production of hydrogen from renewable sources in order to take advantage of the environmentally friendly characteristics of hydrogen. Unfortunately, the processes  to make “clean” hydrogen are by no means the best way to make cheap hydrogen (Wiens, 2001).

Once produced, hydrogen must be transported to markets.  Hydrogen may be transported via pipeline distribution, similar to the pipelines used to transport oil and natural gas.  The key obstacle to this option is the size of the web of pipelines that would have to be created in order to serve the transportation market.  A second option for transportation of hydrogen is to liquify it for distribution via barges, tankers, and railway cars.  This is the method of transportation used to deliver hydrogen to the space program (Cannon, 1998).


There are several issues to consider when evaluating storage options for hydrogen on board an automobile: the weight of the storage system the system’s volume and the speed or ease of refueling the vehicle.  Because fuel cells are extremely efficient, the amount of hydrogen the vehicle would be required to carry is small.  However, if a hybrid internal combustion/hydrogen engine were used, then a greater amount of fuel would be necessary.  Thus it is clear that the hybrid engine is much less practical, although currently it may be more economically viable. (Steele, 2001).  

Safety

Although the transition to a hydrogen society must happen at a relatively rapid pace in order to answer to the demands of the global community, safety considerations should not be overlooked.  Although hydrogen is considered to be a safe form of energy, like gasoline or any form of fuel, it does have the potential to be dangerous under certain circumstances.  Regardless of whether hydrogen has the potential to be dangerous, government and industry leaders have to be proactive in shaping public perception when attempting to market the new fuel. Unfortunately, many people associate hydrogen with the hydrogen bomb of World War II and the Hindenburg disaster of the 1930s, even though neither incident relates to hydrogen fuel cell technology .

At 7:30, on the evening of May 6, 1937, the Hindenburg dirigible “exploded” as it was about to land in Lakehurst, NJ. Sixty-two passengers survived and thirty five lost their lives.  The Hindenburg was inflated with hydrogen, and until recently, hydrogen was blamed for the disaster.  However, in 1997, sixty years after the Hindenburg went down in flames, a NASA scientist uncovered the true cause of the disaster.  Addison Bain, a former manager of hydrogen programs for NASA, discovered that the Hindenburg was covered with a highly flammable cotton fabric and a doping process that had involved aluminized cellulose acetate butyrate and iron oxide, which could burst into flames with a minimum incendiary incentive (Hoffman, 2001). Because of an electric storm the night the Hindenburg landed, there had been static electricity in the air, which most likely provided the spark for the fire.  Bain did not completely exonerate hydrogen, however.  He noted that hydrogen had contributed to the fire, but the airship envelope was sufficiently combustible that it would have burned even if helium, a non-flammable gas, had filled the dirigible.  According to Bain, “the moral of the story is ‘Don’t paint your airship with rocket fuel.’ (Hoffman, 2001)”


Disasters such as the Hindenburg have shaped the way that society views energy technology.  Although hydrogen and other renewable energy sources have been proven to be safe, it is evident that society is not entirely convinced.  A recent survey notes the public knowledge of hydrogen is abysmal.  Many people associate the word “hydrogen” with the hydrogen bomb used in World War II, even though there is no technical link between the hydrogen bomb and hydrogen as a fuel.  Furthermore, of the people polled, almost none realized that hydrogen could be used as a fuel, and almost all thought that a hydrogen release would be toxic, and that there would be no advantages to such technology (Hoffman, 2001). Clearly the government, technology and industry leaders must place more emphasis on their public relations campaign prior to revolutionizing society with the concept of a hydrogen economy.

Laws and Regulations

The 1990 Clean Air Act Amendments along with the National Energy Policy Act of 1992 paved the way for less polluting vehicles and the introduction of alternative fuel vehicles on the roads.  In addition, states with extremely polluted air have taken further measures to protect public health and the environment.  In 1990, the California Air Resources Board (CARB) recognized that in order satisfy state and federal requirements air quality in California, the state would either have to create restrictions on driving, or implement a large scale switch to cleaner, non-polluting vehicles. California thus adopted the Low Emission Vehicle Act requiring the seven largest auto manufacturers to begin immediately reducing all tailpipe emissions and to introduce zero emission vehicles (ZEVs) by 1998. In 1996, CARB modified its ZEV program to encourage a market-based introduction of alternative fuel vehicles and to promote future advances in fuel cell and other electric vehicle technology.  By 2003, ten percent (10%) of new vehicles will be required to be ZEVs (Thomas, ). Because of these legislative initiatives, every major automobile manufacturer has made significant progress toward the development of ultra-low and zero-emission vehicles.  Despite this environmentally friendly legislation, political commitment remains a major challenge to the advancement of hydrogen fuel cell vehicles in the United States.  Furthermore, adequate investment of public and private sector financial support is a barrier.  The United States is falling behind other countries in developing technologies;  Germany and Japan are leading the way (Lucks, 2000).

Conclusion


In the next hundred years, the world as we know it will undergo dramatic changes.  As the world’s supply of fossil fuels begins to reach total depletion, the leaders of government, industry and science scramble to find answers to the inevitable energy crisis.  Focusing on and developing renewable energy resources will not only dramatically affect the air quality and the environment, but it will also level the playing field in the global political arena.  Implementing clean energy technology over the next century could save money, create jobs, reduce greenhouse emissions and sharply reduce air and water pollution.  Clearly renewable energy is the key to sustainable development.
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