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Economia do Hidrogênio 
 

A economia do hidrogênio é proposta para resolver alguns dos efeitos negativos da utilização 

de combustíveis de hidrocarboneto em que o carbono é liberado para a atmosfera. O interesse 

atual na economia do hidrogênio foi lançada em 1970 por Lawrence W. Jones da Universidade 

de Michigan. 

Na economia atual com base em hidrocarbonetos fósseis, o transporte é abastecido 

principalmente pelo petróleo. A queima de combustíveis fósseis emite dióxido de carbono e 

outros poluentes. O fornecimento de recursos de hidrocarbonetos economicamente utilizável 

em todo o mundo é relativamente limitado, e a demanda por combustíveis de 

hidrocarbonetos é crescente, especialmente na China, Índia e outros países em 

desenvolvimento. 

Os defensores de uma economia do hidrogênio em escala mundial afirmam que o hidrogênio 

pode ser uma fonte de energia mais limpa para os usuários finais, especialmente em 

aplicações de transporte, sem emissão de poluentes (tais como as partículas em suspensão) ou 

o dióxido de carbono no ponto de uso final. Ao se utilizar o hidrogênio de forma maciça, 

mesmo que originário de combustíveis fósseis, levaria a uma diminuição significativa de 

emissão de dióxido de carbono, pois se poderiam, por um lado, utilizar veículos elétricos 

híbridos e assim reduzir significativamente as emissões de dióxido de carbono por captura de 

carbono ou métodos de sequestro de carbono utilizados no local de produção do gás.  

 

O hidrogênio tem uma alta densidade de energia por peso. Um ciclo termodinâmico para 

motor de combustão interna a hidrogênio é dito ter uma eficiência máxima de cerca de 38%, 

8% maior do que a gasolina do motor de combustão interna. A combinação da célula a 

combustível e motor elétrico é de 2-3 vezes mais eficiente que um motor de combustão 

interna. No entanto, o custo de capital elevado de células de combustível, cerca de 5500 

dólares / kW, é um dos principais obstáculos ao seu desenvolvimento. Isso significa que a 

célula de combustível é apenas tecnicamente, mas não é economicamente, mais eficiente que 

um motor de combustão interna. Outros obstáculos incluem as questões técnicas de 

armazenagem de hidrogênio e a exigência de pureza do hidrogênio utilizado em células a 

combustível. Com a tecnologia atual, uma produção de energia elétrica com célula de 

combustível exigiria alta pureza do hidrogênio, tão alto quanto 99.999%. 
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http://www.esrl.noaa.gov/gmd/aggi/aggi_2009.fig2.png 
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http://www.mrs.org/bulletin


 

 5 

 

Pesquisas do Governo dos EUA para implementação da Produção de H2 

na Economia do Hidrogênio 
 

http://hydrogen.energy.gov/production.html 

Hydrogen can be produced from diverse domestic feedstocks using a variety of process 

technologies. Hydrogen-containing compounds such as fossil fuels, biomass or even 

water can be a source of hydrogen. Thermochemical processes can be used to produce 

hydrogen from biomass and from fossil fuels such as coal, natural gas and petroleum. 

Power generated from sunlight, wind and nuclear sources can be used to produce 

hydrogen electrolytically. Sunlight alone can also drive photolytic production of 

hydrogen from water, using advanced photoelectrochemical and photobiological 

processes.  

This DOE Hydrogen Program activity is focused on advancing cost-effective, efficient 

production of hydrogen from renewable, fossil and nuclear energy resources. 

 

Hydrogen from Natural Gas 

The Offices of Energy Efficiency and Renewable Energy (EERE) and Fossil Energy 

(FE) are working to reduce the cost of producing hydrogen via steam methane 

reforming. EERE is focused on distributed hydrogen production from natural gas and 

bio-derived liquid feedstocks and FE is focused on sub-centralized and centralized 

hydrogen production. Although hydrogen from natural gas is certainly a viable near-

term option, it is not viewed by DOE as a long-term solution because it does not help 

solve the green house gas (GHG) or energy 

security issues.  

Hydrogen from Coal 

Research sponsored by the Office of Fossil 

Energy is focused on advancing the 

technologies needed to produce hydrogen from 

coal-derived synthesis gas and to build and 

operate a zero emissions, high-efficiency co-

production power plant that will produce 

hydrogen from coal along with electricity. FE is also investigating carbon sequestration 

technologies, in associated programs, as an option for managing and stabilizing 

greenhouse gas emissions from coal-fired plants.  

http://hydrogen.energy.gov/production.html
http://www.eere.energy.gov/hydrogenandfuelcells/production/
http://fossil.energy.gov/programs/fuels/hydrogen/hydrogen-from-gas.html
http://fossil.energy.gov/programs/fuels/hydrogen/hydrogen-from-gas.html
http://fossil.energy.gov/programs/fuels/hydrogen/Hydrogen_from_Coal_R%26D.html
http://fossil.energy.gov/programs/fuels/hydrogen/Hydrogen_from_Coal_R%26D.html
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Hydrogen from Nuclear Power 

Research sponsored by the Office of Nuclear Energy (NE) is focused on developing the 

commercial-scale production of hydrogen using heat from a nuclear energy system. Key 

research areas include high-temperature thermochemical cycles, high-temperature 

electrolysis, and reactor/process interface issues.  

Hydrogen from Renewable Resources 

Research sponsored by EERE is focused on 

developing advanced technologies for producing 

hydrogen from domestic renewable energy 

resources that minimize environmental impacts. 

Key research areas include electrolysis, 

thermochemical conversion of biomass, photolytic 

and fermentative micro-organism systems, 

photoelectrochemical systems, and high-

temperature chemical cycle water splitting. 

Produção por Reforma de Gás Natural 
(http://www1.eere.energy.gov/hydrogenandfuelcells/production/natural_gas.html) 

Natural Gas Reforming 
 

Although today most hydrogen is produced from fossil 

materials, such as natural gas at this oil refinery, the 

Program is exploring a variety of ways to produce 

hydrogen from renewable resources. 

Distributed natural gas reforming is an important 

pathway for near-term hydrogen production during the 

transition to a hydrogen economy. 

How Does It Work? 

Natural gas contains methane (CH4) that can be used to 

produce hydrogen via thermal processes, such as steam-methane reformation and partial 

oxidation. 

 Steam-Methane Reforming 

About 95% of the hydrogen produced today in the United States is made via 

steam-methane reforming, a process in which high-temperature steam (700°C–

1000°C) is used to produce hydrogen from a methane source, such as natural 

gas. In steam-methane reforming, methane reacts with steam under 3–25 bar 

http://nuclear.energy.gov/
http://www.eere.energy.gov/hydrogenandfuelcells/production/
http://www1.eere.energy.gov/hydrogenandfuelcells/production/natural_gas.html
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pressure (1 bar = 14.5 psi) in the presence of a catalyst to produce hydrogen, 

carbon monoxide, and a relatively small amount of carbon dioxide. Steam 

reforming is endothermic—that is, heat must be supplied to the process for the 

reaction to proceed. 

Subsequently, in what is called the "water-gas shift reaction," the carbon 

monoxide and steam are reacted using a catalyst to produce carbon dioxide and 

more hydrogen. In a final process step called "pressure-swing adsorption," 

carbon dioxide and other impurities are removed from the gas stream, leaving 

essentially pure hydrogen. Steam reforming can also be used to produce 

hydrogen from other fuels, such as ethanol, propane, or even gasoline. 

Steam-Reforming Reactions 
Methane: 

CH4 + H2O (+heat) → CO + 3H2 

Propane: 

C3H8 + 3H2O (+heat) → 3CO + 7H2 

Ethanol: 

C2H5OH + H2O (+heat) → 2CO + 4H2 

Gasoline (using iso-octane and toluene as example compounds from the hundred 

or more compounds present in gasoline): 

C8H18 + 8H2O (+heat) → 8CO + 17H2 

C7H8 + 7H2O (+heat) → 7CO + 11H2 

Water-Gas Shift Reaction 
CO + H2O → CO2 + H2 (+small amount of heat) 

 Partial Oxidation 

In partial oxidation, the methane and other hydrocarbons in natural gas are 

reacted with a limited amount of oxygen (typically, from air) that is not enough 

to completely oxidize the hydrocarbons to carbon dioxide and water. With less 

than the stoichiometric amount of oxygen available for the reaction, the reaction 

products contain primarily hydrogen and carbon monoxide (and nitrogen, if the 

reaction is carried out with air rather than pure oxygen), and a relatively small 

amount of carbon dioxide and other compounds. Subsequently, in a water-gas 

shift reaction, the carbon monoxide reacts with water to form carbon dioxide and 

more hydrogen. 

Partial oxidation is an exothermic process—it gives off heat. The process is, 

typically, much faster than steam reforming and requires a smaller reactor 

vessel. As can be seen from the chemical reactions of partial oxidation (below), 

this process initially produces less hydrogen per unit of the input fuel than is 

obtained by steam reforming of the same fuel. 
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Partial Oxidation Reactions 
Methane: 

CH4 + ½O2 → CO + 2H2 (+heat) 

Propane: 

C3H8 + 1½O2 → 3CO + 4H2 (+heat) 

Ethanol: 

C2H5OH + ½O2 → 2CO + 3H2 (+heat) 

Gasoline (using iso-octane and toluene as example compounds from the hundred 

or more compounds present in gasoline): 

C8H18 + 4O2 → 8CO + 9H2 (+heat) 

C7H8 + 3½O2 → 7CO + 4H2 (+heat) 

Water-Gas Shift Reaction 
CO + H2O → CO2 + H2 (+small amount of heat) 

Why Is This Technology Being Considered for the Hydrogen Economy? 

 Advanced technology and infrastructure (most advanced of all 

production pathways). 

Natural gas reforming technology is advancing rapidly, and a natural gas 

pipeline delivery infrastructure already exists. Today, 95% of the hydrogen 

produced in the U.S. is made via natural gas reforming in large central plants. 

(The hydrogen produced is used predominantly for petroleum refining and 

ammonia production for fertilizer). 

 Greenhouse gas emissions are lower than gasoline-powered 

internal-combustion engine (ICE) vehicles. 

Producing hydrogen from natural gas does result in some greenhouse gas 

emissions. When compared to ICE vehicles using gasoline, however, fuel cell 

vehicles using hydrogen produced from natural gas reduce greenhouse gas 

emissions by 60%. 

It Is Important to Note... 

 Current estimates indicate that using natural gas to produce hydrogen during the 

transition period to a hydrogen economy would increase overall U.S. natural gas 

consumption by less than 5%. 

 DOE is not funding research activities for large-scale central production of 

hydrogen from natural gas. DOE efforts are focused on distributed natural gas 

reforming for the transition period only. Large-scale hydrogen production from 

natural gas reforming is a mature technology, and natural gas resources in the 

United States are limited—15% of the natural gas we use is imported. Producing 
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large amounts of hydrogen from natural gas in the long term would only trade 

U.S. dependence on imported oil for U.S. dependence on imported natural gas. 

Research Focuses on Overcoming Challenges 

Although the technology for distributed natural gas reforming is advancing rapidly, 

several challenges remain. Capital equipment costs, as well as operation and 

maintenance costs, must be reduced, and process energy efficiency must be improved in 

order to meet hydrogen cost targets. 

In order for hydrogen to be successful in the market place, it must be cost-competitive 

with the available alternatives. In the light-duty vehicle transportation market, this 

means that hydrogen needs to be available untaxed at $2–$3/gge (gasoline gallon 

equivalent). This would result in hydrogen fuel cell vehicles having the same cost to the 

consumer on a cost-per-mile-driven basis as a comparable conventional internal-

combustion engine or hybrid vehicle. 

Key research areas: 

 Intensifying the process (combining steps into fewer operations)  
 Developing better designs to lower equipment manufacturing and maintenance costs  
 Improving process efficiency by using better catalysts and better heat integration. 
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 Produção de Hidrogênio - Tecnologias 

 

 

 

Produção de H2 por Eletrólise Ácida 
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Basic Research Needs for the Hydrogen Economy (DOE/Argonne), 2003  at 

http://www.sc.doe.gov/bes/hydrogen.pdf 

http://www.sc.doe.gov/bes/hydrogen.pdf
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Produção de H2 por Eletrólise Alkalina 
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Esquema de um eletrolizador moderno tipo HySTAT 
  

[DIEGUEZ et al. , Int. J. Hydrogen Energy,  33 (2008) 7338 – 7354] 

Commercial alkaline water electrolyzer (HySTAT from Hydrogenics) designed for a rated hydrogen production of 1 Nm3 H2/h at an 

overall power consumption of 4.90 kWh/Nm3 H2 
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Eletrólise a Membrana de Óxido Sólido (SOEC) 
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At Savannah River National Laboratory, a single cell electrolyzer has been built and operated 

for 100 h. Testing of a multi-cell electrolyzer is planned for this year. Westinghouse are also 

investigating the electrolyzer and decomposition reactor. 
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Ciclos Termoquímicos 

 

Thermochemical water splitting is the conversion of water into hydrogen and oxygen using a 

series of chemical reactions. All chemical intermediates are recycled internally within the 

process so that water is the only raw material and hydrogen and oxygen are the only products. 

The concept of thermochemical production of hydrogen from water was first studied 

thermodynamically in the 1960s. 

Suphur-Iodine Cycle 
The Sulphur Iodine (SI) cycle, or GA process, involves three separate sections. The first is the 

Bunsen section, where water is reacted with iodine and sulphur dioxide in an exothermic 

reaction, at around 120ºC, to form sulphuric and hydriodic acids. At certain reactant 

concentrations, involving an excess of iodine, a phase separation occurs between the two acid 

products leading to a H2SO4 phase principally devoid of HI and vice versa. In the second 

section, sulphuric acid is decomposed in an endothermic 2-stage reaction first to SO3 and then 

to SO2. The first stage occurs at a temperature of 400–500ºC, whereas the second stage occurs 

at 800ºC in the presence of a solid catalyst. The third section involves the decomposition of 

hydriodic acid to form hydrogen and iodine. This is a slightly endothermic reaction and can be 

conducted in the liquid or gas phase. 

The SI cycle was first 

investigated by General 

Atomic (GA) in the 1970s, 

however, energy prices 

and economics put a stop 

to ongoing research. In 

the late 1990s GA 

restarted investigating 

thermochemical cycles, 

and, finding that the SI 

cycle had the highest 

predicted efficiency and 

the greatest potential for 

further improvement, they 

selected it for further 

research. It has since been 

developed in Japan, Korea 

and Europe as well as the 

USA. Current predicted efficiencies are in the 35–45% range.  

The European Union Framework 6 funded HYTHEC (Hydrogen from Thermochemical cycles) 

project investigated ways to improve the process efficiency. Through the US DoE and French-

CEA I-NERI (International Nuclear Energy Research Initiative) agreement, an integrated lab 

scale (ILS) experiment of the SI cycle is being developed. The Bunsen section, developed by 
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CEA, and the H2SO4 section, developed by Sandia National Laboratory, have both been 

shipped to GA, where the HI section was developed. Bench scale experiments of the SI cycle 

performed at the Japan Atomic Energy Agency (JAEA) demonstrated a stable production of 

hydrogen and further pilot-scale tests are underway. 

The Hybrid Sulphur cycle 
The Hybrid Sulphur (HyS) cycle, or Westinghouse cycle, is a combination of electrolysis and 

thermochemical processes. It consists of two main steps, the electrolysis of water and sulphur 

dioxide at around 87ºC to give hydrogen and sulphuric acid, followed by the decomposition of 

sulphuric acid first to sulphur trioxide and steam and then further to sulphur dioxide and 

oxygen. The sulphuric acid decomposition stage is in common with the Sulphur Iodine cycle. It 

occurs at around 800ºC so a high temperature heat source such as an advanced nuclear 

reactor is needed. Having sulphur dioxide present in the electrolyzer reduces the required 

electrode potential 

for water splitting from a theoretical value of 1.23–0.17 V, therefore reducing the amount of 

energy required significantly compared to traditional electrolysis. Optimization of the 

flowsheet suggested that an efficiency of 47% (LHV, 55% using HHV) is possible using a 

decomposition temperature and pressure of around 930ºC and 10 bar. Another recent 

flowsheet optimisation estimates the value to be 49.4% (HHV). The cost of hydrogen 

production of nuclear hydrogen 

production plant is estimated to 

be $1.64/kg for a baseline case. 

There is much scope for further 

improvements in efficiency by 

reducing the electrode potential 

and investigating structural 

materials stable at the high 

temperatures involved.  

The European Union Framework 

7 funded HyCycleS project, which 

started in January 2008, will 

investigate high temperature 

materials and catalysts as well as 

the H2SO4 decomposition 

reactor and product separator.  

The hybrid copper 

chloride cycle 
 

The hybrid copper chloride cycle is being developed at Argonne National Laboratory in the 

USA. It has the advantage that the highest temperature step operates at only 550ºC, some 

300ºC lower than the HyS and SI cycles. The cycle comprises three thermal reactions, in which 
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hydrogen, oxygen and HCl are generated, and an electrochemical step in which CuCl forms 

CuCl2 and metallic Cu. The idealized efficiency is estimated to be 42% (LHV, about 49% using 

HHV), however, there are significant gaps in the thermodynamic knowledge and on the 

optimum operation of the HCl and O2 generation reactions, and significant development work 

is required.Produção Nuclear de Hidrogênio 

 
Reator HTTR (JAERI – Japão) dedicado a produção de H2
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Reatores Nucleares 
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Produção Centralizada ou Distribuída? 

Central, semi-central, and distributed production facilities are expected to play a role in 

the evolution and long-term use of hydrogen as an energy carrier. The different 

resources and processes used to produce hydrogen may be suitable to one or more of 

these scales of production. 

Distributed Production 

Hydrogen can be produced in small units where it is needed, such as vehicle 

refueling stations, in a manner known as "distributed production." Distributed 

production may be the most viable approach for introducing hydrogen in the 

near term in part because the initial demand for hydrogen will be low. Two 

distributed hydrogen production technologies that may offer potential for 

development and commercialization during the transition to a hydrogen 

economy are 1) reforming natural gas or liquid fuels, including renewable 

liquids, such as ethanol and bio-oil, and 2) small-scale water electrolysis. 

Centralized Production 

Large central hydrogen production facilities (750,000 kg/day) that take 

advantage of economies of scale will be needed in the long term to meet the 

expected large hydrogen demand. Compared with distributed production, 

centralized production will require more capital investment as well as a 

substantial hydrogen transport and delivery infrastructure. 

Semi-Central Production 

Intermediate-size hydrogen production facilities (5,000–50,000 kg/day) located 

in close proximity (25–100 miles) to the point of use may play an important role 
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in the transition to a hydrogen economy and in the long-term use of hydrogen as 

an energy carrier. These facilities can provide not only a level of economy of 

scale but also minimize hydrogen transport costs and infrastructure. 

DOE and others are analyzing the options and trade-offs for hydrogen production and 

delivery during the transition to a hydrogen economy. Options other than distributed 

production may also play a role. For example, large hydrogen production facilities 

currently exist in or near petroleum refineries because they use hydrogen in petroleum 

processing. It might be possible to take a small fraction of this hydrogen and transport it 

to nearby refueling stations during the transition. Learn more about hydrogen delivery. 

Armazenamento e Transporte de Hidrogênio 
(CRABTREE, G.W.; DRESSELHAUS, M.S. The Hydrogen Fuel Alternative, MRS 

Bulletin – vol. 33, April 2008 – http://www.mrs.org/bulletin - p. 421-428) 

 

Effective storage and delivery of hydrogen — produced from diverse sources and 

intended for diverse uses — are key elements of the hydrogen economy. Flexible use of 

hydrogen as a carrier of energy requires a means to store excess product for later use, to 

transport stored hydrogen from the point of production to the point of use, and to charge 

and discharge hydrogen conveniently from the storage container according to need. In 

addition to interfacing production with use, hydrogen storage provides a load-leveling 

mechanism for the cyclic renewable energy production from wind and solar sources. 

 

Hydrogen as a compressed gas, even at the highest practical pressure of 10,000 psi  

requires a significant fraction of the trunk space in a small car to enable a 500 km 

driving range. Liquid hydrogen takes up slightly more than half the volume of 700 atm 

compressed gas, but it loses 30–40% of its energy in liquefaction. Although gas and 

liquid storage are useful as temporary options in a provisional hydrogen economy, more 

compact and efficient storage media are needed for a mature hydrogen economy. 

 

The most promising hydrogen storage routes are in solid materials that chemically bind 

or physically adsorb hydrogen at volume densities greater than that of liquid hydrogen. 

The challenge is to find a storage material that satisfies three competing requirements: 

high hydrogen density, reversibility of the release/charge cycle at moderate 

temperatures in the range of 70–100°C to be compatible with the present generation of 

fuel cells, and fast release/charge kinetics with minimum energy barriers to hydrogen 

release and charge. 

 

Two recent developments in materials science hold promise for meeting the difficult 

hydrogen storage challenge. The first is the rapid progress in nanoscience in the past 

five years. The small dimensions of nanoscale materials minimize the diffusion length 

and time for hydrogen atoms to travel from the interior to the surface. The large relative 

surface area provides a platform for dissociation of molecular hydrogen to atomic 

hydrogen, a prerequisite for diffusion and for chemical bonding with the host. The 

surface area can be tailored with a monolayer of catalyst to promote dissociation, and 

surface curvature can be adjusted through the size of the nanoparticles to create 

http://www1.eere.energy.gov/hydrogenandfuelcells/delivery/index.html
http://www.mrs.org/bulletin
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unbonded orbitals that promote reactivity with hydrogen. The second promising 

development for hydrogen storage materials is the growing ability of density functional 

theory to numerically simulate material behavior....A recent study examined 300 

candidate compounds for their structures, hydrogen storage capacities, and hydrogen 

decomposition temperatures. 

 

Hydrogen storage materials employ two complementary strategies for releasing 

hydrogen for use: thermalization and 

destabilization. In thermalization, hydrogen is released from the storage media by 

heating to the decomposition temperature, where some or all of the hydrogen is driven 

off. Potencial candidates are hydrides with light elements from the first and second rows 

of the periodic table, to maximize the mass percentage of hydrogen 

 

 
 

 



 

 26 

 

Amonia 
 

Ammonia (NH3) is a high-capacity storage medium with 17 wt% hydrogen. Its stability is too 

great to release hydrogen easily, and furthermore, NH3 is dangerous to the environment. 

Ammonia can be combined with other compounds that allow NH3 to be reversibly released and 

absorbed as a molecule, effectively eliminating the toxic hazard during storage. For 

Mg(NH3)6Cl2, the temperature for decomposition to MgCl2 and NH3 is 150°C.  The ammine salt 

Mg(NH3)6Cl2 can be formed into nanoporous pellets, which could function as a potential carrier 

for ammonia that would remove its environmental danger if handled by trained personnel. 
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Although decomposition of ammonia to hydrogen occurs at too high a temperature to be viable 

for low-temperature fuel cells using polymer electrolytes, ammonia can be used directly in 

solid-oxide fuel cells, where the high operating temperature can be used to decompose it 

without an energy penalty. 
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Electrolysis as a potential solution for remote areas 
 

The hydrogen production by the combination of electrolysis, using either PEM electrolyzer or alkaline 

one, becomes feasible in remote areas not well covered by the grid.  A suggested solution, mainly for 

remote areas of rain forest, would be the usage of solar energy to produce hydrogen by an electrolyzer 

inside a barge with solar panels and small wind turbines, floating in the rivers of the rain forest producing 

hydrogen during the day by solar/wind and by night using only wind. The H2 could be pressurized and 

stored in tanks located bellow the barges in contact with river water. The barges could also distribute the 

gas to the villages in the route travel. The barge being in the middle of the rivers would avoid the shade of 

trees crowns and also eventual animals which would tread over the solar panels if they were on the 

ground. The supplied hydrogen would be employed to get power using fuel cells. In this way, this schema 

would be complete, extracting energy from the nature and giving the required electricity to remote areas 

without producing harmful impact in the nature.  

In general, we could say that an area of around 100 m
2
 of photovoltaic panel over a barge, could supply 

roughly around 15 kg of H2/day by electrolyzers (either by membrane or alkaline type), consuming an 

average of 5-6 kWh to produce 1 Nm
3 
H2. The energy contained in 15 kg of H2 converted by fuel cell, 

would give around 250 kWh/day of electric energy ready to be used by any remote village (200 houses, 

with average consumption of 40 kWh/day).  As normal barges may reach easier big dimensions such as 

having horizontal area of 4000m
2
 or more, then the photovoltaic system could reach 40-50 times more 

energy from proportionally installed solar panels. Nevertheless, this solution could be much better 

depending on the new upcoming technologies promising great increase in solar energy capture.  Barges 

could be planned as The Science Barge developed by Groundwork Hudson Valley in New York having 

small solar panels and eolic turbines using this system to produce H2. 
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