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Argentina has been experiencing an important economic growth in the last years, with a 

consequent increase in energy consumption that is being covered with a higher consumption of 

fossil fuels. In order to support its development, Argentina must assure a local sustainable energy 

source, making use of its renewable energy sources. 

While there is a huge potential for wind power in Patagonia, it is very far from energy 

consumption centers. For long distance energy transmission, the use of hydrogen as an energy 

carrier could provide several advantages. This study evaluated the technical feasibility and 

estimated the cost of producing hydrogen with electrolysis utilizing electricity from a wind farm 

located in Patagonia, and transporting it using a 2,100 km pipeline. 

 It was found that wind turbine technology is mature and commercially available although 

the cost of electricity produced in this way is still not competitive if environmental costs are not 

included. The electrolysis technology is also commercially available for small-scale production, 

but it is not proven yet for large-scale productions and research in this area is still necessary. The 

cost estimated for delivered hydrogen was found to be high compared with the price of fossil 

fuels it would replace. However, the environmental cost of using fossil fuels was not evaluated. 

Finally the water consumption was estimated and the possibility of using seawater analyzed. 
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CHAPTER 1 
INTRODUCTION 

The objective of this thesis is to evaluate the feasibility of utilizing hydrogen as an energy 

carrier for the electricity produced by wind turbines in the Argentine Patagonia. While there is a 

huge potential for wind power in Patagonia, it is around 2,100 km away from energy 

consumption centers. The electricity produced in this way, could be delivered utilizing high-

tension lines, but the use of hydrogen would provide several advantages that could make this 

latter option more attractive. There are studies comparing hydrogen pipelines with high voltage 

transmission for long distance distribution that show that hydrogen would be the best option for 

distances over 1,000 or 2,250 km (620 or 1400 miles) depending on the study [1]. Also these 

hydrogen pipelines would provide additional energy storage, and the use of hydrogen would 

solve the problem of linking the production with the demand. Finally, hydrogen can be utilized 

with many different technologies, like fuel cells, internal combustion engines, etc; that are used 

in a wide range of applications, from electricity generation to transportation. 

All these reasons might make hydrogen a viable option to meet Argentine energy needs. 

This thesis evaluated this option by calculating the cost of hydrogen delivered to Buenos Aires, 

the technologies currently available, and the water resources necessary. 

Hydrogen as an Energy Carrier 

Background 

Significant impacts on the world economy are based on the use of fossil fuels. The 

adoption of these fuels allowed for an incredibly rapid development in the last 150 years, but its 

use also brought unexpected consequences. Their use caused pollution and the generation of 

greenhouse gases that contribute to global warming. There is still discussion if the accumulation 

of CO2, a product of the combustion of fossil fuels, is the main contributor to global warming, 
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but there is no doubt that the levels of this gas in the atmosphere are increasing in a way that 

cannot be naturally balanced by the environment. Finally, there are limited fossil fuel reserves on 

the planet. These reserves are being depleted and becoming increasingly difficult to extract, 

causing energy costs to escalate and making other energy sources more economically feasible.  

There are also political and economical ramifications of this dependence on fossil fuels. 

Political instabilities greatly affect fossil fuel prices, which reflects in the economies of 

importing and exporting countries. In the particular case of developing countries, as they require 

increasing amounts of energy for their growing economies, the availability and price of fossil 

fuels play a determining factor in their development. 

As the world population and development continue to increase, the energy demand will 

increase too. It is generally accepted that sooner or later the oil production will peak and then 

begin to decrease. This could be caused by the inevitable depletion of the resources, or what 

would be desirable, by the gradual introduction of new, more environmentally friendly, 

renewable energies. Governments are starting to realize that it is necessary to address this 

problem now, so different efforts are being made to evaluate the possible sustainable 

alternatives. 

Hydrogen as an Energy Carrier 

One option that has been proposed for a long time is the use of hydrogen as an energy 

carrier. Hydrogen has many properties that make it a good choice for this use. Examples include: 

• The simplest and most abundant element. 
• High energy density (energy content per unit weight). 
• Non-polluting utilization. 
• Can be used for transportation, generation of electricity and production of heat. 
• Efficient utilization and conversion. 
• Safe when using the appropriate technology. 
• Can be produced from numerous feedstocks or renewable energy sources. 
• It can be stored as liquid, gas or solid as a metal hydride. 



 

14 

• It can be transported over large distances with very low losses. 
Tables A-1 in the appendix lists different properties for hydrogen and other fuels. 

Even though hydrogen is the most common element, it cannot be found naturally in the 

gaseous state, so it is not an energy source by itself and must be produced. Also, hydrogen 

utilization is non-polluting, since the only product of combustion is water (when utilized with the 

appropriate technologies); but the way it is produced could be polluting. 

It is for these reasons that a “hydrogen economy” has been frequently presented as a 

sustainable solution to the energy problem. A hydrogen economy refers to a system where 

hydrogen is the principal energy carrier. While it has many advantages to the current utilization 

of fossil fuels, it can be argued that there are many losses involved in all the transformations 

necessary. 

The production of energy will always require the use of resources, so it is desirable to 

obtain the highest efficiency possible. But efficiency is not the only criteria when evaluating 

sustainability. Other factors, like environmental impact or associated resources depletion should 

be evaluated through a life cycle analysis. 

While in the beginning establishing a hydrogen economy might be too ambitious, 

hydrogen could be the best answer to smaller scale problems, like energy storage, storage for 

intermittent renewable energies or energy transport along long distances. 

Renewable Energy and Energy Storage 

Many renewable energy sources (like wind and solar) are intermittent and fluctuating 

naturally. In photovoltaic systems, energy production is dependent on the availability of sunlight, 

and in wind turbines on wind blowing in a determinate velocity range. In resources with these 

characteristics, supplemental conversion by energy storage is essential if the demand is to be met 

at all times. 
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The ability to store the electrical energy makes the power system a reliable source of 

electric power both day and night or under any weather condition. PV systems with battery 

storage are used all over the world to provide electricity for lights, sensors, recording equipment, 

switches, appliances, telephones, televisions, etc. Larger wind power systems with battery 

backup, are being developed and tested in different parts of the world, and even hybrid 

wind/solar systems, that complement each other, are being tested and optimized. 

There are also other reasons for including energy storage in the system. For example, it 

provides stabilization of the electricity output, the possibility to regulate the voltage and control 

the system frequency, manage peak loads, improve power quality, defer upgrade investments and 

provide uninterruptible power for many industrial and commercial applications.  

As written before, the energy produced by these systems must then be stored if its intended 

to use it when energy production is unavailable. There are different technologies to achieve the 

goal of storing different forms of energy and releasing it later according to the needs. Some 

different forms in which energy can be stored include heat, mechanical, chemical or 

electrochemical. Figures A-1 and A-2 in the appendix compare different storage methods. 

Ideal requirements for energy storage would be rapid access to the energy stored and the 

ability to supply it in the different energy forms. 

In the case of wind power and PV systems, an energy storage system that allows the 

regeneration of electricity with high cycle efficiency is necessary. There are some systems that 

are particularly suitable to store “high-quality” forms of energy, like electric or mechanical. 

(Figure A-3) 

One system that is being studied and tested is the combination of electrolyzers and fuel 

cells. The idea is to produce hydrogen using an electrolyzer when the production exceeds the 
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demand, store it, and then use it to produce electricity in a fuel cell when the demand exceeds the 

production. Another option is to use a regenerative fuel cell that is a fuel cell that can work both 

ways, producing electricity with a hydrogen supply, or producing hydrogen with a DC source.  

Hydrogen Production 

The main processes currently used to produce hydrogen are steam reformation of natural 

gas, partial oxidation of hydrocarbons, and coal gasification; all processes that use fossil fuels as 

a feedstock. With these methods, and depending on the cost of the fuel utilized, the cost of 

hydrogen is between 6-14 $/GJ [2]. Electrolysis is used when the purity of hydrogen is 

important, and new ways of producing hydrogen are being investigated, including biological 

production using algae, photo-electrochemical water splitting and thermochemical processes. 

The methods of production have different costs and generate different emissions of 

pollutants. Any sustainable approach to the problem should involve the use of renewable 

energies that would limit the impact on the environment. Following this line of thought, it is 

proposed to use electrolysis of water along with electricity generated from renewable sources. In 

this case, environmentally speaking, the main concern would be the water usage needed to 

produce the hydrogen, realizing that water is also a valuable resource. 

The approach to hydrogen production that most governments are analyzing is the one using 

fossil fuels because of the lower costs. But from the sustainability point of view, this does not 

solve the problem of depleting the fossil fuel resources, and carbon sequestration technologies 

would be needed to eliminate the emission of green house gases. Even with CO2 storage, there is 

still risk of leakage. 

Steam methane reformation (SMR) is a mature technology that produces the hydrogen 

with the lowest cost. The process consists of reacting the feedstock (usually methane) with steam 

at elevated temperatures between 700 and 925°C to produce syngas. The syngas is a mixture of 
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hydrogen and carbon monoxide (CO) that then goes through a water shift reaction that increases 

the content of hydrogen. The mixture obtained contains hydrogen and CO2. Finally the hydrogen 

is separated from the CO2 using different methods like membrane separation, wet scrubbing or 

pressure swing absorption. 

Partial oxidation of heavy hydrocarbons catalytically reacts liquid or gaseous hydrocarbons 

with superheated steam and oxygen at around 600°C. The reaction produces a mixture of H2, CO 

and CO2, and a shift reaction is again used to increase the content of hydrogen, that is then 

separated from the mixture. The feedstock is combusted to obtain the energy required to drive 

the process, producing pollutants like NOX, SOX and CO2. To avoid the emission of NOX pure 

oxygen must be used for the combustion, which requires an air separation plant.  

Coal gasification is a process used to convert solid carbon into a syngas, composed 

primarily of carbon monoxide, hydrogen and other hydrocarbons such as methane. In the 

gasifier, coal and steam are introduced at high pressure and temperature. Also a lean quantity of 

oxygen is delivered, so the coal partially oxidizes instead of burning, and produces CO and H2. 

Finally, a shift reaction is used to transform the CO in additional H2 in the presence of steam. 

Coal has less H2 than other hydrocarbons, so the H2 comes principally from the steam. This 

means that big quantities of water are used in this process. Also big quantities of CO2 are 

produced, so it is necessary to apply capture and sequestration technologies that are still not 

completely developed. The same process can be used with a wide range of solid feedstocks like 

heavy refinery residuals or biomass. 

Hydrogen Storage 

Like other gases, hydrogen can be stored under pressure in containers that are suitable for 

its high diffusivity, but the energy density in volume obtained in this way is very low. Other 

storage methods, that are being currently investigated, try to make use of different properties of 
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hydrogen to solve this problem. Liquid hydrogen and hydrogen combined in metal hydride 

structures or carbon based nanotubes are some of the alternatives being investigated. 

Table 1-1 summarizes some properties of hydrogen and other fuels that are important for 

storage. Particularly the high diffusivity, along with the wide range of flammability and 

explosivity, require a better container structure than in the case of storing other gaseous fuels. 

Table 1-1. Hydrogen and other fuels properties related to storage. 
Property Hydrogen Methane Gasoline 

Minimum energy for ignition (10-3J) 0.02 0.29 0.24 
Flame temperature (°C) 2045 1875 2200 
Auto-ignition temperature in air (°C) 585 540 230-500 
Maximum flame velocity (m/s) 3.46 0.43   
Range of flammability in air (vol. %) 4-75 5-15 1.0-7.6 
Range of explosivity in air (vol. %) 13-65 6.3-13.5 1.1-3.3 
Diffusion coefficient in air (10-4 m2/s) 0.61 0.16 0.05 

 
Compressed gas storage is the simpler form of storing hydrogen. Hydrogen must be 

compressed because of its low volume density, as explained before, but even compressing to 20-

30 x 106 Pa, which is the pressure used in current containers, the density obtained is still less than 

10% of that of oil (Figures A-1 and A-2). This is one of the main disadvantages of using 

hydrogen, but on the other hand the higher efficiency achieved in fuel cells or other hydrogen 

technologies partially compensates for this weakness. For large storage needs, it has been 

proposed to use natural caverns, aquifers, or depleted petroleum and natural gas fields for storing 

compressed hydrogen, but of course this depends on the availability of such resources. Also 

containers capable of resisting up to 70 MPa are being developed using materials like Kevlar 

fibers [3]. It is practical to achieve storage densities higher than 0.05 kg of hydrogen per 1 kg of 

total weight [2]. Another concern with this kind of storage is the need of a compressor and its 

associated energy consumption. This can be solved using high-pressure electrolysis, a very 

efficient way of obtaining hydrogen at high pressure. 
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Another option for compressed gas storage is using the pipelines used for the transport of 

hydrogen. Hydrogen pipelines can be hundreds of miles long, which represent a large volume of 

hydrogen. A large amount of hydrogen can then be stored or recovered with a slight difference in 

the operating pressure of the pipeline [4]. 

The next storage option for hydrogen is liquefaction. This increases the volume density, 

but since the temperature for hydrogen liquefaction is 20K, the containers and connections must 

be extremely well insulated. Also very clean hydrogen is required along with several 

compression cycles to obtain an energy density between 4 or 5 times lower than conventional 

fuels (Figures A-1 and A-2). Also, the liquefaction process requires an amount of energy equal to 

one third of the energy stored in the liquefied hydrogen [2]. 

Metal hydride storage is a promising technology in which certain metal alloys are used to 

store hydrogen. Hydrogen atoms are inserted in spaces inside the lattice of suitable metals and/or 

alloys forming metal hydrides. The storage is safe, near loss-free at ambient pressures, and the 

lattice absorption cycle even cleans the gas as bigger molecules can not make it through the 

lattice. To produce the transfer, modest amounts of heat must be added or extracted. The 

densities achieved more than double the ones for liquid hydrogen, but are still far from 

conventional fuels (Figures A-1 and A-2). And when the mass of the metal or alloy is taken into 

account, the best achievable gravimetric storage density is about 0.07 kg H2/kg of metal for high 

temperature hydride such as MgH2 [2]. 

Finally, research in nanofibres has lead to new materials that would theoretically allow for 

the storage of hydrogen inside nanotubes made of carbon at densities that would exceed the ones 

for metal hybrids and with a much lower total weight. Also hydrogen can be stored in glass 
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microspheres of approximately 50μm diameter. To fill the microspheres they must be heated to 

increase the gas permeability. The release is achieved in the same way.  

All the technologies for hydrogen storage mentioned before require compressors to reach 

the desired pressures. Only in the case of metal hydrides they can be avoided. Compressors used 

for hydrogen only require minor modifications to the seals because of the high diffusivity of 

hydrogen molecules. They can be standard axial, radial or reciprocating piston-type compressors 

[4]. 

Compression to high pressures is done in multiple stages. The first stage usually reaches to 

0.3-0.4MPa (45-60 psig). To reach high pressures of 25-30MPa (3,600–4,400 psig), a previous 

compression stage takes the hydrogen to 3-4MPa (435-580 psig) [4]. 

Even metal hydrides can be used for compressing hydrogen because with higher 

desorption temperatures the pressure of the hydrogen released increases. Using different hydrides 

with different desorption temperatures in series, really high pressures of up to 100MPa can be 

reached [4]. The advantage in this case is that heat is used to reach the compression and the heat 

extracted from the absorption of one of the stages can be used in the desorption of another. 

Energy Distribution 

The main technology in use for electricity distribution is high-voltage alternating current. 

High-voltage direct current (HVDC) has become competitive for applications where large 

distances are involved or when it is necessary to connect grids with different frequencies [5]. It is 

not only very efficient for transmitting large amounts of power over long distances, but also 

solves many problems of reliability and stability issues associated with connecting renewable 

energies schemes, like wind farms, to the main grid.  

An option not tested yet is the use of hydrogen for energy transmission. It might seem that 

converting electricity to hydrogen, and then back to electricity, would not make much sense, 
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especially because of the losses involved in the transformation, but there are different reasons 

that could support the use of hydrogen. Hydrogen would allow for the transport of high energy 

densities that make it competitive when large amounts of energy and power must be transmitted 

over long distances. Also there are many health and environmental concerns with high voltage 

transmission lines [6]. Hydrogen also has the flexibility to be used with a range of different 

technologies as mentioned before. Finally, in the case of intermittent renewable energies, it 

would act as an energy storage that would help couple the production with the demand. 

Hydrogen, like other gases, can be transmitted in several ways. The technology for the 

storage and transportation of compressed or liquefied hydrogen is commercially available. 

Special containers are used for transport by ship, and smaller ones for transport by railroad or 

roads. It is possible to obtain higher energy densities using other storage methods like metal 

hydrides or carbon nanotubes. Of course the weight of the container is very important in these 

cases since it would affect the transportation cost. 

One of the solutions proposed for hydrogen distribution is the use of hydrogen pipelines. 

Typical hydrogen pipelines in operation carry between 310-8,900 kg/h (685-20,000 lb/h) at 

pressures between 1-3 MPa (145-435 psig). They can be found in industrial areas in the United 

States, Canada, and Europe. The longest hydrogen pipeline in operation goes from northern 

France to Belgium and is 400 km (250 miles) long [4]. Hydrogen transport through pipelines 

requires larger diameter piping and more compression power than natural gas for the same 

throughput. However, the pressure losses are smaller requiring less recompression stations. The 

general consensus is that these pipelines cost between 1.3 and 1.8 the cost of natural gas 

pipelines [2].  
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There are studies that compare the transmission of energy in the form of hydrogen through 

pipelines with electricity over a long distance. (Justi, 1987; Coluccia et al., 1994 Oney et al., 

1994; Keith and Leighty, 2002) [7]. Hydrogen pipelines would be economically preferable to 

conventional electrical transmission lines for distances over 1,000 to 2,250 km, depending 

mainly on the amount of energy delivered per unit time [1, 2, 4]. Other studies affirm that some 

modern natural gas pipelines could be used for hydrogen transmission only requiring the upgrade 

of the valves [3, 4]. The main concern with these pipelines is that hydrogen may penetrate the 

steel, making it brittle and favoring the development of cracks; but research done on the 

materials used in modern pipelines shows this is not probable [3].  Current hydrogen pipelines 

are constructed of 10-12 in (0.25-0.30 m) commercial steel and operate at 1-2 MPa (145-435 

psig) in comparison to natural gas mains that can be as large as 5 ft (2.5 m) in diameter and work 

at 7.5 MPa (1,100 psig) [4]. 

Studies show that for large quantities of hydrogen, pipeline delivery is the cheapest option, 

except in the case of transport across the ocean. The next cheapest method would be the transport 

of liquid hydrogen. Pipeline delivery has high capital investment costs, but the operation costs 

are low and consist primarily of the compressor power costs [4]. 

Hydrogen Utilization 

One of the drivers for research on hydrogen is the fact that hydrogen conversion 

technologies into other forms of energy are usually more efficient than that of other fuels.  Also 

hydrogen creates little or no emissions, only water or water vapor. 

Hydrogen can be used in internal combustion engines with efficiencies around 20% higher 

than gasoline engines. The only products of hydrogen combustion in air are water vapor and 

small amounts of nitrogen oxides (typically an order of magnitude less than emissions from 
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comparable gasoline engines) [2]. It can also be used in turbines and jet engines, with the same 

emissions. 

Hydrogen can also be combusted with pure oxygen to produce steam at nearly 100% 

efficiency; or combusted with air in the presence of a catalyst at much lower temperatures 

(ambient – 500°C) avoiding the formation of nitrogen oxides.  

Finally, the most promising technology is the electrochemical generation of electricity 

using fuel cells. In a fuel cell, hydrogen combines with oxygen without combusting in an 

electrochemical reaction, producing water and direct current electricity (DC). Depending on the 

electrolyte used, the fuel cells (FC) can be categorized as: Alkaline fuel cells, polymer electrolyte 

membrane or proton exchange membrane fuel cells (PEM), phosphoric acid fuel cells, molten 

carbonate fuel cells or solid oxide fuel cells. Fuel cells have many advantages over internal 

combustion engines. They are more efficient and produce no pollutants, but they are still 

expensive mainly because of the materials used and the low production volumes. 

Electrolyzers 

Electrolysis of Water 

The most abundant source of hydrogen is water. Hydrogen can be produced from water 

using a process called electrolysis, where an electric current is used to split water into oxygen 

and hydrogen. This process was discovered in 1800 by William Nicholson and Sir Anthony 

Carlisle. Electrolysis is the most promising option for hydrogen production from renewable 

resources. When used with renewable sources of electricity, it can produce hydrogen with zero or 

near zero green house gas emissions. As only water is used in the process, it can produce 

99.9995% pure hydrogen and oxygen.  

Water electrolysis is a mature technology, and it has been used for production ranging 

from a few cm3/min to thousands m3/h. It is relatively efficient (>70%), but because it needs high 
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quality electricity, hydrogen produced by water-electrolysis is expensive (>$20/GJ using 

hydrogen’s higher heating value and assuming electricity cost of about $0.05/kWh) [2, 7]. 

In the ideal case, 8.9 liters of water and 39 kWh of electricity will produce 1kg of 

hydrogen at 25°C and 1 atmosphere pressure (STP). The volume of 1kg of hydrogen at STP is 

11.24 m3. 

The device used to produce chemical reactions for electrolysis is called an electrolytic cell. 

An electrolytic cell is a type of electrochemical cell in which an electric current is used to drive a 

non-spontaneous reaction [8]. A group of cells connected in series is called a stack. 

Although electrolysis is only responsible for a very small percentage of the current total 

hydrogen production, it is expected to have a very important role in the future due to the 

possibility of using electricity from renewable sources. Electricity from wind, solar, hydro or 

waves power could be used to produce hydrogen with very low green house gases emissions. 

Electrolysis using electricity from wind power is expected to be the cheapest way to 

produce hydrogen as wind turbine cost reduces and fossil fuels become more expensive [9].  

Process Description 

In alkaline water electrolysis, a reduction reaction takes place at the cathode (negative 

charge), where water splits in hydrogen gas and hydroxide ions (OH-). The OH- ions then 

migrate to the anode (positive charge) where they are oxidized forming oxygen, water and 2 free 

electrons. The electrons then flow to the cathode completing the cycle. 

When hydrogen and oxygen react together to produce water, energy is produced. The heat 

generated by the reaction is called enthalpy of formation (ΔH) and is equal to the Gibb’s free 

energy (ΔG) plus the entropy heat of water formation (TΔS). Inversely, to decompose water into 
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hydrogen and oxygen, it is necessary to provide electrical energy equal to ΔG and heat equal to 

TΔS. 

 

Figure 1-1. Simple alkaline electrolyzer. 

For isentropic electrolysis, the voltage required is proportional to Gibb’s free energy 

represented by Faraday’s Law (Equation 1-1).  

ΔG = −nFE       (1-1) 

Where:  ΔG is Gibb’s free energy of reaction 
  n is the number of electrons transferred 
  F is Faraday’s constant 
  E is the cell voltage 
 
The negative sign is necessary because the voltage input is considered negative by 

convention. The sign of ΔG determines if the reaction is or not spontaneous, being negative for 

spontaneous reactions. 

We obtain then: 

E =
−ΔG
nF

=
−ΔH + TΔS

nF
    (1-2) 
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For water at STP: 

   ΔG = 14.93 kWh/lbmH2 (50,941 Btu/lbmH2)    

Considering this ΔG and F = 9.648531x104 Coulombs/mol, the corresponding reversible 

voltage is E = 1.23 V. ΔG represents the energy that must be supplied as electricity to drive the 

reaction. 

The enthalpy of formation of hydrogen is 18.01 kWh/lbm H2 (61,451 Btu/lbm). The 

remaining 3.08 kWh/lbm (10,510 Btu/lbm) must be supplied by heat from the surroundings in 

reversible electrolysis. 

By the second law of thermodynamics, entropy production increases the required voltage. 

In the process, the entropy is in the form of heat, supplying the rest of the energy needed for the 

reaction. By replacing ΔG with the higher heating value (HHV) of H2 in Faraday’s law, we 

obtain the thermoneutral voltage (E = 1.47 V), which is in reality, the minimum voltage 

necessary to obtain the reaction. 

Real electrolyzers require even higher voltages due to many different factors like ohmic 

resistance of the electrolyte (mainly because of the formation of vapor bubbles on the 

electrodes), concentration polarization, voltage gradients at the electrode/electrolyte interface 

caused by the slow reaction rate, and wire and components resistance.  

The actual electrolysis voltage can be estimated by considering the different effects that 

take place in the electrolyzer. It is a function of the thermodynamic potential, the activation 

overpotential, exchange current density, the ohmic overpotential and the overpotential due to 

concentration losses (mass transport). The activation overpotential, exchange current density and 

the overpotential due to concentration losses can be categorized as effects due to electrode 

kinetics.  
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The activation overpotential can be estimated using the Butler-Volmer equation. The 

Butler-Volmer equation relates the current density with the activation overpotential and is 

derived considering the kinetics of the reactions. This equations neglects mass transfer effects. 

The mass transfer depends mainly on the concentration of reaction products, which can be 

ascertained only by experiments. 

Ohmic overpotential is the increase in the voltage required due to ohmic resistance. For 

example, in an alkaline electrolyzer, the ohmic resistance of a cell is composed of the electrodes, 

the current collectors, the bipolar plates, the gas-electrolyte separators and the electrolyte layer 

between the electrodes and gas-separatiors. The ohmic losses can be expressed by Ohm’s law, 

and vary with temperature and also due to variation in void fraction of gas bubbles. 

Finally, the parasitic losses must be included in order to evaluate the overall performance 

of an electrolysis system. These are associated with auxiliary systems, like electricity 

rectification, power regulation, voltage regulator, water treatment and supply, water-gas 

separation, cooling water system, feed water pumps, etc. Also gas loss during de-oxidation and 

drying should be considered.  

There are different ways of describing the efficiency of electrolyzers. We can define its 

stack efficiency, overall efficiency, energy efficiency and water to hydrogen conversion 

efficiency. Electricity is one of the main components in the cost of hydrogen produced with 

electrolyzers. Then, the electrical energy efficiency is particularly important. 

Electrolyzers Classification 

Electrolyzers are classified depending on the electrolyte used. Table 1-2 shows the most 

important technologies used and their operation conditions.  
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Table 1-2. Types of electrolyzers. 
Operation variables Alkaline PEM Solid Oxide 
Temperature 100 - 150°C 80 - 100°C 500 - 800°C 
Capacity* (Nm3/h) 485 26 – 100  
Max. output pressure* (MPa) 44.8  20  
Efficiency* �73% 65%-80%  
*Maximum achieved in lab or commercially available. 

 
Alkaline electrolyzers 

      Alkaline electrolyzers use an alkaline solution (of sodium or potassium hydroxide) that 

acts as the electrolyte. These electrolyzers have been commercially available for many years. 

They can be configured as unipolar (tank) or bipolar (filter press) designs. 

In the unipolar design, the electodes are submerged in the alkaline electrolyte, inside a 

tank. The electrolyte is a 20%-30% solution of potassium hydroxide in pure water.  Each cell is 

connected in parallel. These electrolyzers are simple to manufacture and repair, but they can only 

operate with low current densities and temperatures. Current designs can operate at high pressure 

outputs, up to 41MPa (6,000 psig). 

 

Figure 1-2. Alkaline electrolyzers. A) Unipolar (tank) design. B) Bipolar (filter-press) design. 

The bipolar or filter-press design consists of a series of electrodes and separating 

diaphragms clamped together. The result is a smaller electrolyzer that can operate with higher 
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current densities and pressures. The cells are connected in series in this case, requiring a higher 

voltage. The disadvantage is that the maintenance is more complicated. Figure 1-2 shows 

schematics of both alkaline electrolyzers configurations. 

PEM electrolyzer 

      Polymer electrolyte membrane or proton exchange membrane (PEM) electrolyzers use 

a solid specialty plastic material as electrolyte instead of an alkaline (KOH) electrolyte. General 

Electric created the first PEM electrolyzers in 1966, due to the development of perfluorinated 

ion-exchange membranes Nafion by DuPont. When applying a voltage higher than the 

thermoneutral voltage (1.482 V), water is split at the anode in oxygen, protons and electrons. The 

protons go through the polymer electrolyte membrane and combine at the anode with electrons to 

form hydrogen. The passage is accompanied by electroosmotic drag (water transport through the 

membrane). 

PEM electrolyzers are simpler than alkaline electrolizers, can be operated in a variable 

power input mode and can generate hydrogen at pressures up to 20MPa (2,900psi), with very 

little additional power consumption [7]. 

The main barrier for the mass production of PEM electrolizers is the high cost of the 

materials needed. The membrane, the noble metals for the electrocatalyst, and construction 

materials like Ti, make the PEM electrolizer more expensive than other kinds, but around 70% of 

the cost of hydrogen produced corresponds to electricity, compensating for the higher 

electrolizer cost.  

Overtime, PEM electrolyzers will experience some degradation in performance. An 

increase in the voltage is expected because of equilibration of water content in the membrane and 

oxidation of catalyst and other metallic components. There are also issues with PEM 

electrolyzers operating under intermittent power conditions. As hydrogen and oxygen production 
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is proportional to the current density, at very low loads the production of the gases may be lower 

than the permeation rate through the electrolyte, mixing with each other and thus generating 

dangerous conditions inside the electrolyzer. Another problem is related to the work temperature 

of the electrolyzer. It takes some time for the electerolyzer to reach its nominal temperature, so 

intermittent operation could keep the electrolyzer from reaching this temperature and working at 

its highest efficiency. 

 

Figure 1-3. Schematic of electrolysis cell with PEM. Adapted from [10]. 

PEM electrolyzers can be designed to work at high pressures, reducing the need of 

compressor work. Hydrogen must be compressed for storage, and doing so while producing it in 

the electrolyzer shows to be more energy efficient than using compressors. With higher pressure, 

the voltage needed in the electrolyzer is reduced, and the higher pressure allows the electrolysis 

to occur at temperatures above 100°C. The resistance of the membrane decreases with 
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temperature, improving the efficiency of the process. Finally, the gas bubble volume is smaller, 

improving the water transport, reducing looses in the electrolyzer. 

Proton Energy Systems supplies electrolyzers that generate hydrogen at 1.4 MPa (200 

psig), but they have been reported to operate at 20 MPa (3000 psig) in the laboratory. The higher 

pressure during the process requires a slightly higher voltage, corresponding to isothermal 

compression work. It is then the most efficient way of obtaining high-pressure hydrogen. The 

only loss is the higher permeation of hydrogen through the membrane. 

The efficiency of the electrolyzer is inversely proportional to the cell potential, which in 

turn is determined by the current density, which in turn directly corresponds to the rate of 

hydrogen production per unit of electrode active area [7]. More hydrogen can be produced with a 

higher voltage, but at lower efficiencies. Typically a voltage of 2V is selected. 

Permeation of hydrogen through the membrane also reduces the efficiency. This is usually 

insignificant for low pressures, but is important for pressures over 10 MPa. 

The losses due to the auxiliary equipment and voltage regulation must also be considered. 

Typical industrial electrolyzers have electricity consumptions between 4.5 and 6.0 

kWh/Nm3, corresponding to an efficiency of 65-80% [7]. 

Voltages regulators usually have a high efficiency, but for a narrow power range. In the 

case of a highly variable power input, the efficiencies can be significantly lower. 

Solid oxide electrolyzers 

      Solid oxide electrolyzers use a solid ceramic material as the electrolyte that selectively 

transmits negatively charged oxygen ions at elevated temperatures [11]. The way they generate 

hydrogen is a little different. At the cathode, water combines with electrons from the external 

circuit to form hydrogen gas and negatively charged oxygen ions. The oxygen ions pass through 
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the membrane and react at the anode to form oxygen gas and give up the electrons to the external 

circuit. 

Solid oxide electrolyzers must operate at temperatures high enough for the solid oxide 

membranes to function properly (about 500 - 800°C). The solid oxide electrolyzers can 

effectively use heat available at these elevated temperatures (from various sources, including 

nuclear energy) to decrease the amount of electrical energy needed to produce hydrogen from 

water.  

High-pressure electrolysis 

Even though it would be expected to have many beneficial aspects, there is not much 

experience or literature on high-pressure electrolysis. Since less power is required to compress 

liquid water than gaseous hydrogen, it is logical to conclude that to electrolyze high-pressure 

water would require less energy than to compress gaseous hydrogen electrolyzed at ambient or 

low pressures. Also, as a conventional mechanical compressor is not required, the overall 

efficiency is expected to improve. However, the reversible cell voltage increases significantly 

with increasing pressure [12]. 

In high-pressure electrolysis, a water-feed pump becomes essential. In the case of alkaline 

electrolyzers, electrolyte circulation pumps are also required for better removal of the heavier 

bubbles formed at high pressure [12]. 

The higher pressure causes a small reduction of the enthalpic voltage, thermoneutral 

voltage and higher heating voltage of water electrolysis, which favors this kind of electrolysis if 

perfect insulated conditions are assumed. In practice, the electrode activation, ohmic losses and 

leakage current increase the electrolysis voltage much beyond the thermoneutral voltage causing 

the need of heat removal from the stack. 
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As explained before, the total energy required for electrolysis can be supplied in form of 

electric energy and heat. The change of enthalpic energy with pressure is negligible, but the 

proportion of electrical and heat energy vary with pressure and temperature. The reversible 

voltage, which is a mayor part of the electrical energy required, increases with pressure, while 

the entropy heat decreases, keeping the enthalpic voltage almost unchanged for temperatures 

under 100°C. 

A theoretical study at Toyohashi University of Technology in Japan tried to quantify the 

difference in energy required for ambient and high-pressure PEM electrolysis to produce 

hydrogen at 700 atm. They calculated the power required by a water pump to deliver water at 

700 atm, the power required to compress gaseous H2 to the same pressure, and the ideal power 

requirements for electrolysis at ambient and at 700 atm pressure (Table 1-3). They concluded 

that when the pump and compressor efficiencies are assumed to be 50%, high-pressure 

electrolysis requires 5% less power [13]. It is important to note that the effect of pressure on the 

electrolyzers overpotentials were not taken into account.  

Table 1-3. Change of hydrogen production by pressure [13]. 
Pressure (MPa) High-Pressure electrolysis Ambient electrolysis 
 Wpump + Welec,298,p (kW) Welec,298,p + Wcomp (kW) 
0.101325 237.2 237.2 
10 254.5 (0.36) 264.2 (27.0) 
22.064 257.8 (0.80) 269.9 (32.6) 
40 260.6 (1.45) 274.3 (37.1) 
70 263.8 (2.53) 278.7 (41.5) 
Values in () represent the pumping or compressing power at 50% efficiency. 

 
Another study by C. A. Schug, characterizes the performance of a 100 kW pilot-alkaline-

electrolyzer running inside a pressure vessel to obtain high-pressure electrolysis. The stack was 

kept inside the pressure vessel, achieving almost no pressure different between the inside and 

outside of the stack. The influence of the pressure on the electrolyzer efficiency was found to be 
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small, and the system was safe, easy to maintain and flexible enough for all kinds of electrical 

power, referring in particular to intermittent renewable power sources [14]. 

Presently, the cost of an atmospheric electrolyzer including a compressor is 30% lower 

than the cost of a high-pressure electrolyzer to produce hydrogen at the same pressure [12]. The 

same study indicates that the energy consumed by a 71MPa electrolyzer would be 16% higher 

than an atmospheric electrolyzer and compressor combination. Finally it suggests that the use of 

atmospheric electrolyzers is preferable to high-pressure ones for fluctuating energy sources for 

their better dynamic response. 

Relative Sizing of an Electrolyzer 

An electrolyzer run with wind generated electricity can be sized to use the maximum 

power that can be produced, but it will operate with the power available from the generators, that 

depend on the wind availability. Another option is to use electrolyzers with a lower capacity, 

which will work at a higher capacity (and usually better efficiencies) except for periods of high 

wind when some generated power would be unutilized. One must also consider the performance 

degradation with time. 

Water Consumption. 

The theoretical feedstock water consumption can be obtained from stoichiometry of the 

water splitting. 

H2O→ H2 + 1
2 O2       (1-3) 

From the stoichiometry illustrated by Equation 1-3, the feedstock water needed is 

approximately 9 times the mass of hydrogen produced. Then, the theoretical water consumption 

is of 1 litter of water per 1.24 Nm3 of hydrogen. Due to different losses (water vapor in the 

hydrogen and oxygen, etc) the actual use is 25% higher. It was found that current systems utilize 

on average almost 12 kg of water per kg of hydrogen produced [15 - 17].  
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Different systems have different water quality requirements. For example, the 

manufacturer Distributed Energy System, requires for its HOGEN® RE PEM electrolyzer 

deionized (DI) water with a quality of 1 MegOhm-cm or better (ASTM Type II. See Table 1-4). 

Others include purifying systems in their electrolysers, so they run directly on tap water. Another 

supplier, Teledyne Energy Systems Inc., requires for its Titan™ EC Generator Series also ASTM 

D1193-99, Type II water quality (min. resistivity 1.0 MegOhm-cm). 

Table 1-4. American Society for Testing and Materials Standard (ASTM) specifications for 
reagent water 

ASTM Type I II III IV 
Conductivity @ 25°C (microohms/cm) 0.056 1.000 4.000 5.000 
Resistivity @ 25°C (megaohms-cm) 18.200 1.000 0.250 0.200 
Total Silica (μg/L) 3.000 3.000 500.000 - 
Total Organic Carbon (μg/L) 50.000 50.000 200.000 - 
Chlorides (μg/L) 1.000 5.000 10.000 50.000 
Sodium (μg/L) 1.000 5.000 10.000 50.000 
pH -* -* -* 5.000-8.000 
-*The measurement of pH has been eliminated because these grades of water do not contain constituents in 
sufficient quantity to alter pH. 

 
Seawater can also be used for electrolysis with the condition that it is first treated to obtain 

the properties required. Reverse osmosis can be used to treat salty water with a cost 2 to 3 times 

higher than treating conventional water [18]. 

Most systems currently available do not require cooling water. But depending on the 

operation conditions and the electrolyzer utilized, the electrode activation, ohmic losses and 

leakage current could increase the electrolysis voltage much beyond the thermoneutral voltage 

causing the need of heat removal from the stack. An example is Teledyne’s Titan™ EC 

Generator that requires a maximum flow rate of 189 lpm (50 gpm) at a maximum inlet 

temperature of 40°C to produce 5 kg/hr of hydrogen (56 Nm3/hr). This is an extreme operation 

point informed by the supplier. Normally cooler water would be available reducing the water 

needs. 
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By-Product Oxygen 

Oxygen is the second largest volume industrial gas, and is commercialized as a gas or as a 

liquid. It is produced using methods like cryogenic air separation or vacuum pressure swing 

adsorption. It is used in many industries and applications, like chemical processing, glass 

manufacturing, health services, metal fabrication and production, refining, pulp and paper 

production, water treatment, etc. Oxygen is a valuable by-product of electrolysis, and its 

commercialization can reduce the cost of the hydrogen produced.  

The usual ways of transporting oxygen are by bulk liquid delivery in tank trailers, by bulk 

gas delivery in tube trailers, by pipeline or in cylinder and liquid containers. 

Current State of Electrolyzers Development 

Low-pressure electrolysis systems are commercially available today up to about 1.5 MPa 

(230 psia). Electrolysis at high pressure, 10 to 69 MPa (1,500 psia to 10,000 psia) is theoretically 

the most efficient way to produce hydrogen, but no such systems are commercially available 

today. A few pilot scale demonstrations have been built (e.g., Mitsubishi, Proton) and many 

companies are working in developing them. 

A study on the electrolytic hydrogen production equipments commercially available as of 

December 2003 produced by five different companies shows the largest electrolyzer unit sold 

has a maximum production capacity of only 380,000 kg H2/year [15]. The units analyzed are 

Stuart IMET; Teledyne HM and EC; Proton HOGEN; Norsk Hydro HPE and Atmospheric; and 

Avalence Hydrofiller. 

With these capacities, for large hydrogen generation plants, a significant number of 

electrolyzers would be required. The largest electrolyzer commercially available is the Norsk 

Atmospheric Type No. 5040. Its characteristic can be found in Table 1-5. 
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Table 1-5. Characteristics of largest commercially available electrolyzers as of December 2003 
[15] 

 Units 

Norsk Hydro: 
Atmospheric 

Type No.5040 
(5150 Amp DC) 

Stuart: IMET 
1000 

Teledyne:  
EC-750 

Technology  Bipolar Alkaline Bipolar Alkaline Bipolar Alkaline 
kWh/Nm3 4.8 4.8 5.6 Energy Required: System kWh/kg 53.5 53.4 62.3 

Energy Required: Electrolyzer kWh/Nm3 4.3 - - 
Nm3/hr 300-485 90 42 Hydrogen Production Rate Kg/hr 27.0-43.6 8.1 3.8 

System Power Requirement kW 2328 360 235.2 
Reactants kg/hr 485 60 42 
Product H2 kg/hr 43.4 5.4 3.8 
Product O2 kg/hr 347 43 30 
Conversion efficiency of H2O % 80 80 80 
System Energy Efficiency* % 73 73 63 
Production pressure psig 435 360 60-115 
H2 Purity % 99.9±0.1 99.997 99.9998 
Lifetime Years 7-10 10 15 
* Energy efficiency is defined as the higher heating value (HHV = 39 kWh/kg or 142 MJ/kg) of hydrogen 
divided by the energy consumed by the electrolysis system per kilogram of hydrogen produced. 
 

The electrolyzers presented in Table 1-5 reach a pressure ranging from 0.4 – 3 MPa (60 - 

435 psig) for the power requirements informed. In the future, it is expected to achieve a 50 

kWh/kg range, or a system efficiency of 78%, but including compression of the hydrogen gas to 

41 MPa (6000 psig) [15]. 

Current research on electrolyzers focuses on: 

• Reducing the capital cost of the electrolyzer and improving energy efficiency. 

• Integrating compression into the electrolyzer and avoiding the cost of a separate 
compressor needed to increase pressure for hydrogen storage [11]. 

Wind Power 

Wind power refers to the use of wind turbines to transform the energy available in the 

mass of moving air created by thermal differences on the earth surfaces, into electrical or 

mechanical energy of practical use. We call a wind farm a group of wind turbines that are 

installed in a certain location for the production of electricity. 
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Wind power for utility scale electricity production is the fastest growing renewable energy 

at the present. This is because it is one of the most economically competitive technologies with 

an actual cost of wind energy of 4 to 6 cents per kilowatt-hour [19]. There are currently 75 GW 

of installed capacity worldwide, mainly in Europe and the United States, but they are expected to 

increase to 260 GW by 2015 [20]. The United States alone has 15 GW of installed wind power 

capacity, and is expected to be the fastest growing market with 48 GW by 2015. Europe, on the 

other hand, is expected to exceed 130 GW by 2015.  

The most common wind turbine for electricity production is the horizontal axis wind 

turbine. In these turbines the axis of rotation is parallel to the ground. There are many variations 

depending on the rotor orientation (upwind or downwind), the hub design (rigid or teetering), the 

rotor control (pitch vs. stall), the number of blades and how they are aligned with the wind (free 

yaw or active yaw). Figure 1-4 shows the main subsystems of a horizontal axis wind turbine. 

The typical components of a wind turbine are: 

•  The rotor, consisting of the blades (normally 2 or 3) and the supporting hub (rigid, 
teetering or hinged). The blades can be made of different materials and have different 
profiles. Finally, the rotor can be oriented upwind or downwind of the tower. 

• The drive train groups all the rotating parts of the turbine besides the rotor. It usually 
includes the shafts, gearbox, coupling, mechanical break and generator (synchronous or 
induction). 

• The nacelle that is the turbine housing. 
• The main frame and yaw system, which can be free (self aligning) or active (direct 

control). 
• The tower and foundation. 
• The controls, including sensors, controllers, power amplifiers and actuators. 
• The balance of the electrical system 
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Figure 1-4. Major components of a horizontal axis wind turbine. Adapted from [21]. 

Current wind turbines require a minimum of Class 3 winds to operate. Table 1-6 shows the 

standard wind classification where we can see that class 3 winds start at a wind speed of 6.4 m/s. 

Below that, the wind power available is negligible at a utility scale.  

Table 1-6. Standard wind classification at 50 meters. 
Wind Power Class Wind speed (m/s) Wind power (W/m2) 

1 0-5.6 0-200 
2 5.6-6.4 200-300 
3 6.4-7.0 300-400 
4 7.0-7.5 400-500 
5 7.5-8.0 500-600 
6 8.0-8.8 600-800 
7 8.8-11.9 800-2000 

 
As the energy in the wind varies with the cube of the wind speed, the site selected for the 

installation of the wind farm will greatly affect its energy output.  
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Initial Site Selection 

To determine the site for a wind farm, we must be able to estimate the power we would be 

able to obtain with a wind turbine. To calculate the mean power that can be produced we use 

Equation 1-4. 

E = T P(U) f (U)dU∫     (1-4) 

Where U is the wind speed, P(U) is the power curve of the wind turbine, f(U) is the 

probability density function of the wind speed, and T is the time period. 

P(U) is a function that shows the power the wind turbine produces at each wind speed, and 

is given by the manufacturer of the wind turbine. The probability density function of the wind 

speed (PDF) is usually based on a Weibull distribution and is calculated based on statistical data 

of wind speeds in the location. 

Other factors that must be considered when choosing the site are accessibility, land 

ownership, environmental, visual and sound effects, and radar interference. In the case of this 

study, the availability of a water source for the hydrogen production is an extra prerequisite. In 

addition, wind farms are usually extensive, since the turbines must be spaced at least 3 to 5 rotor 

diameters. 

The existence of roads, or the possibility of building them at reasonable cost is important, 

since many components of the wind farm, like wind turbine blades or transformers are big or 

very heavy. Also the connectivity to the grid should be assessed to see if the network could 

accept the generation of the wind farm. In the case of hydrogen production with the electricity 

produced, this would not be an issue. 

Finally, the opinion of the habitants of the zone is important and can have a determining 

influence in the establishment of a wind farm. 
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Micrositing 

Micrositing is the process of determining the exact position of each wind turbine. For this 

task different software programs are used along with information obtained from the site. The 

terrain and wind characteristics, along with constraints like turbine separation, terrain slope, 

wind turbine noise, land ownership and wake effects are used by these programs to optimize the 

distribution to obtain the maximum energy. 

There are numerous technical issues regarding the disposition of the turbines. As we said 

this depends on the terrain and wind resource, but it is also important to take into account the 

interaction of the turbines. The turbines downwind are expected to receive a slower wind due to 

the effect of the turbines upwind. Also the turbines upwind generate turbulence that decrease the 

energy production downwind and increase the wake-induced fatigue in the downwind turbines. 

The common terms for referring to wind turbine arrays are illustrated in Figure 1-5. 

 

Figure 1-5. Wind farm array schematic [21]. 

Because of these factors, the energy produced by an array of wind turbines is lower than 

the energy that would be produced by adding the contribution of isolated turbines in the same 

wind. These losses are referred to as array losses, and are a function of the downwind and 
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crosswind spacing, the wind turbine characteristics, the number of turbines, the turbulence 

intensity and the wind rose (frequency distribution of the wind direction). 

To obtain array losses below 10%, the turbines must be spaced 8 to 10 rotor diameters in 

the downwind direction and 5 rotor diameters in the crosswind [21]. 

Argentina and Patagonia Case 

Argentina is located in the southern portion of South America, between 21° 46’ and 55° 

03’ of latitude south. Continental Argentina has an area of 2,791,810 square kilometers 

(1,077,924 square miles), being the second largest country in South America and the eighth in 

the world. Approximately 54% of this area corresponds to plains (prairies and savannahs), 23% 

to plateaus and another 23% to mountains. Its boundaries are to the east with the Atlantic Ocean, 

Uruguay and Brazil; to the west with Chile, and to the north with Paraguay and Bolivia. 

The population of the country is 39.7 millions growing approximately 0.99% annually, 

resulting a population of 42.4 millions by 2015. Figure 1-6 illustrates an estimate of the 

population for the years 2000-2015. Argentina represents one of South America’s largest 

economies. Argentina’s gross domestic product (GDP) grew by 9.02 percent in 2005, 8.64 

percent in 2006 and 8.65 percent by the end of the 3rd trimester of 2007 [22]. This high level of 

economic growth has led to a corresponding increase in the demand for energy, especially 

natural gas.  

In the year 2006, the country consumed 56,782 thousand tonnes of oil equivalent (1 toe = 

41.868 GJ = 11.63 MWh) [23]. The total energy production was 85,517 ktoe; the main shares 

corresponding to natural gas and oil (Figure 1-7). Argentina is a net exporter of energy, but due 

to the economic grow, it has been experiencing energy shortages, particularly of electricity and 

natural gas. The industrial sector consumed 18,059 ktoe in 2006. That represents 32% of the total 
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energy consumption of the country. The main resources consumed by the industry are natural gas 

(10,634 ktoe - 59%) and electricity (4,058 ktoe - 22%) [23]. 

 
Figure 1-6. Argentine population [22] 

The combined utilities produce 97,300 GW of electricity, and import 3,800 GW to supply 

a total consumption of 101,100 GW. Around 35% of the electricity produced is hydroelectric, 

7% nuclear, and the rest is produced using fossil fuels, mostly natural gas. In the year 2006 a 

total electricity production equivalent to 9,905 ktoe, required 3,816 ktoe of hydropower, 2,219 

ktoe  of nuclear power, 11,358 ktoe of natural gas, and 2,223 ktoe of other fuels (mainly oil 

derivatives). But due to the increase in the demand, and the fact that hydroelectric and nuclear 

capacity has remained constant in the last years, there has been an increase in the electricity 

produced with fossil fuels. This evolution can be seen in Figure 1-8. Not only these fuels are 

more expensive, but also the way the electricity is produced is less efficient, with the 

corresponding increase in the pollutants emitted. It is then necessary to invest in new facilities 

for the production of electricity, and it should be done from a sustainable perspective. 
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Figure 1-7. Composition of Argentine energy offer in 2006 [23]. 

The annual electricity consumption per person is around 1,500 kWh, and annual fossil fuel 

consumption per person is around 1.6toe [24]. These values are between 2 and 4 times smaller 

than in developed countries. So to achieve a living standard closer to developed countries the 

energy consumption per capita must increase. 

Argentina, thanks to its large renewable energy sources, is a good candidate for an early 

conversion to a hydrogen system [24]. The extraction limits for different renewable energy 

sources is presented in Table 1-7. 

Table 1-7. Renewable energy extraction limits for Argentina and the world [24]. 
Energy source World Argentina 
Solar (direct) 200,000 900
Wind power 4,000 300
Thermo-oceanic 1,300 20
Hydraulic 120 3
Total 205,420 1223
Energy consumption 2000 600 3.6
Area (km2) 126 × 106 2.35 × 106

Energy values in 1018 J per year 
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Due to its location (Figure B-1), Argentina receives relatively less solar energy and more 

wind than the world average. It is clear in Table 1-7 that the potential for renewable energies is 

many times larger than the required energy consumption. 

 

Figure 1-8. Evolution of the composition of Argentine electricity generation. 

A study by Veziroglu [24], proposes the use of solar energy in the north of the country and 

wind energy in the south for the production of hydrogen that would be distributed in the country 

by means of two main pipelines. Focusing on wind power, the main resources available are 

located in the Patagonia (Figure B-2). 

Patagonia has very constant class 6-7 winds (Figure B-2). Its surface also has a low 

roughness (Figure B-3) and the population density is below 2.5 people per square kilometer 

(Figure B-4). All these characteristics make it a perfect place for wind energy applications. The 

main disadvantage is that it is very far from the consumption centers, requiring a very long 

distance energy transport. 
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A plant to produce hydrogen using wind-generated electricity requires the availability of 

the two main feedstocks to the process, wind and water. The selection of the site for a wind farm 

was already discussed in the Wind Power section. The electrolysis system adds the need of a 

water supply. 

Because of this reasons, the position chosen for the installation of the wind farm and 

electrolysis plant in the study, is approximately located at latitude 48°17'S and longitude 

70°26'W in the Santa Cruz province (Figure B-5). The selection was motivated by the 

availability of the wind resource and the Chico River. 

There is no data available on the amount of water that can be obtained from the Chico 

River since there are no measuring stations on it. For that reason it is important to analyze the 

possibility of utilizing desalinated seawater for large hydrogen productions. 

Introduction to Feasibility Study 

A feasibility study is usually presented in a report where the feasibility of a project is 

established from a technical or an economic point of view. Such a study normally treats 

technical, managerial, economic, financial, cultural, social, safety and political aspects of the 

project. 

Technical feasibility refers to the availability of the technology required for the enterprise, 

along with the technical capability of the personnel involved. In this particular case, the 

technology for harnessing the wind is commercially available and well tested, but electrolyzers 

are still in an early phase of development. The same applies to the transportation and storage of 

large quantities of hydrogen. 

The economic feasibility evaluates the project ability to produce benefits. A cost analysis 

is carried out for this purpose. Financial feasibility, on the other hand, also deals with the way the 

project will be funded. 
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Cultural and social feasibility studies the way the project affects the community, if it will 

be culturally accepted and what changes will bring to the society affected. 

Safety and environmental feasibility is another aspect that should always be investigated. 

Not only has the legislation on these issues improved with the years, but also companies and the 

public have taken a more responsible approach to environmental problems. A life cycle analysis 

is a good tool to evaluate the environmental impact of the project [17]. 

Finally, in some cases, it might be necessary to evaluate the political feasibility of the 

project. Political factors could compensate or even outweigh economic factors, propelling 

projects that might not be economically feasible or the other way around.  This is particularly 

true in the case of renewable energies that are still not competitive with conventional energy 

sources so they need political support for their implementation. 

The feasibility study should start with an analysis of the need for the project, determining 

if the project is really necessary and if there is no other better way of satisfying that need. Then a 

preliminary analysis is done to calculate the means required for that objective and with this 

information starts the engineering and design. The engineering and design stage consists of a 

complete technical study, with evaluation of the technology required. After this, it is possible to 

estimate the cost of the project, both initial and operational costs, with an acceptable precision. A 

financial analysis should be done at this point to study the expected cash flow. The next item to 

be studied is the impact of the project; assessing the environmental, social, cultural, and 

economic impacts that would affect the way the project is perceived by the public. Finally, a 

feasibility study will include the conclusions and recommendations, with a final evaluation 

supporting or disapproving the project. 
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The aim of this thesis is to provide a first approach to the project, determining if it is 

technically feasible and providing a rough estimate of the costs and investments required, in 

order to establish if a more detailed analysis if justifiable at the present time. For that purpose a 

literature search was carried out to determine if the equipment required is commercially 

available. Also cost estimations for the components were obtained from different publications 

and a final product cost was calculated and compared to other energy sources. Finally, the water 

required for the process was estimated taking into account that it is becoming a very important 

resource that could be scarce in the near future.
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CHAPTER 2 
METHODOLOGY 

Process Description 

Process Schematic 

The total process can be divided into three main components: the wind farm, the 

electrolysis system, and the hydrogen storage/distribution system (Figure 2-1). 

The wind farm collects the energy from the wind using the wind turbines, and converts it 

into electrical power. The electricity could be AC or DC. In the case of electrolysis with wind 

power, it would be interesting to investigate the production of DC, since electrolyzers run with 

DC current. In that case no conversions would be necessary, eliminating the need for additional 

equipment and improving the overall efficiency. However, high power turbines are available 

only with alternate current generators. 

The electricity produced by the wind turbines must then be conditioned before powering 

the electrolysis process. A single AC-DC converter can take the turbine AC generator voltage 

and provide an appropriate voltage to the electrolyzer. Also the power must be smoothed before 

being supplied to the electrolyzer, because its variability can increase the internal wear, the 

impurities in the hydrogen produced and the energy losses of the electrolyzer [26]. 

To run the electrolysis, it is not only necessary the have the electricity from the wind farm 

but also a water supply for feedstock and cooling. The feedstock water, which will ultimately be 

split into hydrogen and oxygen, must be purified and deionized. Therefore, a water treatment 

facility is also needed. The output of the electrolyzer system is hydrogen and oxygen at a 

pressure that depends on the technology used. It is convenient to utilize high-pressure 

electrolyzers. In this way the more efficient compression can be achieved, along with a higher 

efficiency electrolysis process. 



 

50 

Finally, to provide for the storage and distribution of the product, the plant must include 

enough storage for the final product along with the distribution pipelines to transport the gas. 

This section of the process would also include the compressors necessary to reach the desired 

pressures, depending on the type of storage selected. 

Also an auxiliary power system is also required to provide the power needed to run 

compressors, pumps, lighting, control systems, etc, using the hydrogen produced by the plant. 

 
Figure 2-1. Process schematic. 

Capacity Calculation 

To calculate the capacity of the plant we can start from the wind farm or from the desired 

hydrogen output. In any case, the relation between the different processes is the same and the 

only difference is with which data we enter into the model. First we must define how the 

different systems relate to each other so we can relate the wind availability to the final hydrogen 

production. 

The electricity produced by the wind farm will be determined by the characteristics of the 

wind and the wind turbines utilized, losses in the conversion and conditioning, and other factors 
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like turbines reliability and maintenance. The total electrical power available for the electrolyzers 

relates to the hydrogen production through the electrolyzer energy consumption and its 

efficiency. Finally, we must estimate the losses in the storage and distribution by leakage of 

hydrogen. 

Wind farm 

The annual energy yield by a wind farm can be calculated by adding the contribution of 

each turbine. The energy generated by each turbine, as explained in the introduction, depends on 

the turbine power curve and the wind speed distribution. For a particular turbine in a specific 

site, we can define the annual capacity factor as the quotient of the energy generated during a 

year (MWh) and the turbine rated power (MW) times the number of hours in a year. 

The same definition can be extrapolated to the wind farm. The rated power of a wind farm 

is obtained by adding the rated power of the turbines used. Then we must consider the array 

losses. An array efficiency can be defined as the coefficient between the annual energy produced 

by the array and the energy that would be produced by an isolated turbine in the same position 

multiplied by the number of turbines in the array. 

Finally, before the electricity can be utilized for electrolysis, it is necessary to match the 

power and voltage. The devices for voltage regulation can be designed with efficiencies as high 

as 93-95%, but this efficiency might be achieved only in a narrow power range [2]. 

Electrolysis system 

The hydrogen produced in the electrolyzers is a function of the electricity available and can 

be calculated by dividing it by the electrolyzer’s energy consumption. The electrolyzer energy 

consumption is the amount of energy required to produce a certain amount of hydrogen. 

Another way of characterizing an electrolyzer is by its efficiency. The electrolyzer 

efficiency can be defined as the energy in the hydrogen produced, usually using the higher 
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heating value (HHV), divided by the energy used to produce it. In this way, the total hydrogen 

production would equal the product of the total energy available times the efficiency of the 

electrolyzer and divided by the HHV of hydrogen. 

In many models developed for energy storage [27], the efficiency of electrolyzers is not 

considered constant since it runs at different power according to the electricity produced by the 

wind farm. For this study, it was considered that due to the magnitude of the production, and the 

availability of multiple electrolysis modules, it would be possible to control the electrolysers in 

use to obtain a maximum performance by running the operational ones at their maximum 

efficiency. With proper wind forecasts, these periods of inactivity can be used for maintenance, 

reducing maintenance downtimes in the production. 

Water consumption 

Hydrogen conversion efficiencies of 80% were assumed for the model, resulting in 11.25 

kg of water required to produce 1 kg of hydrogen (11.13Nm3). This would not include the 

cooling water. The information on cooling water requirements for electrolyzers is very scarce. 

Some studies assume that the cooling water is included in the 80% conversion efficiency [16, 

17], based on information of electrolysis systems commercially available. These systems are 

small and do not require cooling. Teledyne’s Titan™ EC Generator requires a maximum flow 

rate of 189lpm (50gpm) at a maximum inlet temperature of 40°C to produce 5 kg/hr of hydrogen 

(56 Nm3/hr). This is the requirement specified by the manufacturer for an extreme condition, 

considering the use of rather hot water. That represents a maximum of 2268 l/kg of hydrogen 

produced. This water is used for cooling and must be available to run the process. 

Storage 

The amount of storage needed depends on the annual throughput and storage time. Once 

the storage required is determined, the equipment necessary will depend on the technology used. 
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It is important to remember that if the hydrogen is to be transported in pipelines, and particularly 

in this case where the distances are large, the pipelines might provide enough hydrogen storage. 

For example, reducing the pressure from 20 MPa to 15 MPa in a 2,100 km pipeline of 0.25 m 

diameter would represent 442 tons of hydrogen (4.92 million NM3). 

For this model, no onsite storage was considered. It was assumed that all the production 

would be sent to the pipeline, and differences between the production and consumption would be 

handled by varying the operation pressure of the pipeline. 

Another option would be to connect the wind farm to the power grid and supply electricity 

to it when the demand for hydrogen is low. This option was not studied but could be subject of 

future research. 

Hydrogen pipeline 

Even though there are studies on the transportation of hydrogen in natural gas pipelines, 

for the calculations of the model it was assumed the construction of a new pipeline that would 

run from the site where the electrolysis system is located to the coast, and then north, parallel to 

the existing natural gas lines, to Buenos Aires, where the main consumption centers are located. 

This would require 2,100 km (1,300 miles) of pipeline. 

The pipeline was assumed to have a diameter of 0.25 m (10 in.), a delivery pressure of 20 

MPa (2,900 psia), and a pipeline gas temperature of 10°C. At these conditions the pipeline would 

be holding approximately 3.94 × 107 Nm3 of hydrogen (3.54 × 106 kg) that is 1.32 days of 

production for a 1 × 1010 Nm3 annual hydrogen production. 

Technical Feasibility 

To determine the technical feasibility a literature search was conducted for each of the 

different components of the process. The main components are the wind farm, the electrolysis 

system and the storage and distribution system. 



 

54 

Economic Feasibility 

Different researchers have developed several models for the calculation of hydrogen cost 

[9, 28-31]. The model chosen for this study is an adaptation from the one used by Mirabal [9], 

which was originally created by Steinberg and Cheng of Brookhaven National Laboratory in 

1989 [28]. 

The model divides the cost in three main areas, the capital investment of the plant, the 

annual operating costs and the return on the investment. As it was originally conceived to 

compare different production technologies, the data were normalized to a single year to allow for 

comparison. This was not necessary for this study since we are only planning to estimate the cost 

for the final product in the particular case of wind power electrolysis. Also, the studies presented 

by Mirabal and Steinberg and Cheng, for the case of water electrolysis, considered the electricity 

as a feedstock, while we included the complete wind farm in the calculation of the cost. 

The cost of the different components found in the literature did not always agree. For that 

reason, in such cases, the lowest and highest costs found were used to calculate a minimum and a 

maximum hydrogen cost. Table D-2 in the Appendix D summarizes the costs assumed for the 

different components. All the lowest costs were used to calculate the minimum hydrogen cost, 

and in the same way, all the highest were used to calculate the maximum hydrogen cost. The cost 

of hydrogen produced with this process would then be expected to fall in this range. 

Capital Investment 

The capital investment includes the cost of the facilities, interest during the construction 

and working capital and any other startup expenses. Again the cost can be divided among the 

wind farm, the electrolysis system and the storage/distribution system. 
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The interest was assumed as 10% for the equipment and facility cost, the startup expenses 

2% of the equipment cost and for the working capital 2 months of the operation and maintenance 

costs were included. 

Operating Costs 

The operating costs include the cost of the feedstock, maintenance, labor and other 

expenses necessary to run the facility.  

In the case studied, the electricity is obtained from the wind, then, the only feedstock is the 

water used in the system. Since the water is assumed to be obtained from a river, no cost is 

considered except that necessary to treat the water before going in the electrolyzer. 

Return on Investment 

The return on the investment accounts for the profit expected to be obtained from the 

investment. The percentage assigned to the profit will determine the payback time. The annual 

return on the investment was assumed to be 20% of the total capital investment. 

Hydrogen Cost 

The hydrogen cost is calculated as the total revenue required per year divided by the 

hydrogen production. The total annual revenue required is the annual return on the investment 

plus the annual depreciation and the total annual operation costs. The hydrogen production used 

is the total available as a final product, i.e. the total produced minus the losses in the storage and 

transportation. The annual depreciation was simply calculated as the division of the total 

equipment and facilities cost by the total project life; and the return on the investment as a 

percentage of the total capital investment. 

Finally, the use of electrolysis to produce hydrogen has a valuable by-product, oxygen. If 

the oxygen can be commercialized, the total cost can be distributed between these two products 

resulting in a lower hydrogen cost. To evaluate this, the costs of transporting the oxygen, the size 
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of the market and price of oxygen must be evaluated, and a credit for by-product oxygen 

estimated. 

Data acquisition and model assumptions 

The following sections detail the assumptions used in the calculation of the capacity of the 

plant and cost of the hydrogen produced. The values were obtained from the literature and in the 

cases were large variations were found in the cost of a component, the lower and higher cost 

were assumed to calculate a minimum and a maximum hydrogen cost. 

The assumptions used in the capacity calculation can be found in Table D-1 in Appendix 

D, and the assumptions for the cost calculation are available in Table D-2. Table D-2 shows the 

values used to calculate the minimum and the maximum hydrogen cost. The minimum cost uses 

the lowest values for the components found in the literature, while the maximum cost uses the 

highest. 

The minimum and maximum hydrogen costs calculated in this way define a range in which 

the actual hydrogen cost produced with the process described is expected to fall. 

Wind speeds and wind farm 

The setting up of a wind farm requires many activities that are necessary for the 

installation of the wind turbines, from planning and management to the construction of 

foundations and access roads. For onshore installation in flat terrain, the total investment cost can 

be estimated to be 1.3 times the cost of the turbines [32]. For other sites, like remote or upland 

areas, the costs are usually higher. A typical breakdown of costs are detailed in Table 2-1. 

Table 2-1. Typical breakdown cost for a 10 MWe wind farm [32]. 
Component % of total cost 
Wind turbines 65 
Civil works (including foundations) 13 
Wind farm electrical infrastructure 8 
Electrical network connection 6 
Project development and management costs 8 
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In that case the total investment cost would amount to 1.54 times the cost of the turbines. 

In the particular case of this study, the location selected is flat but remote, but due to the size of 

the project a factor of 1.3 was used in the calculations. Since the price for the turbines available 

is for installed turbines, and considering that the civil works represent 10% of the turbine cost, a 

factor of 1.18 of the installed turbine cost for the total investment was assumed. 

The Repower 5M, manufactured by REpower Systems AG, was the turbine chosen for the 

theoretical model. With a rated power of 5MW and a 126-meter rotor diameter, it is one of the 

largest in the world. The specifications of this turbine can be found in the Appendix A, in Table 

A-1, and its power curve can be found in Figure A-1. The information was obtained from the 

wind turbine brochure provided by REpower Systems AG [33]. 

The specifications for this turbine were input into the “SIG Eólico” to calculate the 

capacity factor and annual energy capacity for these turbines installed in the site selected. SIG 

Eólico or “Mapa de Potencial Eólico Argentino” (Argentine Wind Power Map) is software 

developed by the Subsecretaría de Coordinación y Control de Gestión del Ministerio de 

Planificación Federal, Inversión Pública y Servicios (Sub secretary of Coordination and 

Management Control of the Federal Planning, Public Investment and Services Ministry) and the 

Centro Regional de Energía Eólica (Wind Power Regional Center) that contains wind speed 

information and calculates the power that could be obtained at any location by a given turbine. It 

also contains information on roads, permanent rivers, electricity distribution lines and cities. The 

information included comes from the model G-TOPO 30, a global digital model of terrain 

elevation, information gathered by Argentine satellites, and the Global Land Cover 

Characterization of the U.S. Geological Survey. The wind speed information represents data 

compiled for 5 years gathered from different meteorological stations in the country. The software 
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includes maps of wind speeds, energy density, terrain and roughness. Images of the software can 

be seen in Figure C-2 to C-4. 

The software calculates the annual energy that could be obtained by the wind turbine in a 

chosen location using the wind data, the terrain roughness and the turbine power curve. It also 

gives the annual capacity factor corresponding to the turbine rated power. For the site selected 

the annual capacity factor averaged between 54 and 55%. A factor of 54% was used in the 

calculations. The wind rose and probability density function of the wind speed plot for the site 

selected are included in the Appendix C in Figure C-5 and C-6. Table C-2 shows the capacity 

factors and other information calculated by the software for the REpower 5M turbine located in 

different points in the area. 

Regarding the area needed for the wind farm, it was determined from the literature that it 

could be assumed that 5 MW of wind turbine capacity could be installed per square kilometer 

[30]. In the case of the REpower 5M turbine, considering 10 rotor diameters for downwind 

spacing, and 5 for crosswind, we can assume an array efficiency of 90%. Assuming that 80% of 

the land is usable, we obtain a turbine density of one turbine per square kilometer (5 MW/km2). 

To estimate the investment necessary for the wind farm a literature search was carried out, 

resulting in the conclusion that investment costs are typically expressed in the cost of the 

electricity per kWh. Information on the cost of wind turbine installation is scarce and highly 

variable. A report from Lawrence Berkeley National Laboratory summarizes information on 

wind power installed in the United States between 1982 and 2006. According to the report, due 

to the weakness of the dollar, the rising cost of materials and energy (e.g., steel and oil), a 

shortage of components and turbines, a move of the manufacturers to increase their profitability 

and an up-scaling of turbine size and sophistication, the wind turbine cost has began to increase 
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in the year 2006 [35].  After many years of decline, the cost of installed projects started to rise, 

driven by the increase in turbine costs. The report indicates an average of $1,680/kW for 

installed projects in the year 2006 and could reach as high as $1,800/kW in future years [35]. For 

wind turbines, the average value for 2006 is $1,100/kW and includes the turbine, tower, erection, 

and limited warranty and service agreements [35]. This means that the cost of an installed 5MW 

turbine should be in the order of $5.5 million. As a point of comparison, the Energy Information 

Administration reports that current construction costs for a typical natural gas or coal plant range 

from $536 per kilowatt for combined-cycle technologies to $1,367 per kilowatt for coal-steam 

technologies. 

For the model calculation a lowest cost of $4 million and a maximum of $6 for a 5 MW 

installed turbine were assumed, although it would be expected that due to the size of the project, 

the localization of parts by the manufacturer of the wind turbine and the economy of scale the 

cost could be reduced. 

With respect to Operation and Maintenance Costs (O&M), the information available is not 

only scarce, but also has been changing drastically in the last few years. There is some 

experience now to estimate these costs, but the technology has been changing fast so it is not 

easy to extrapolate historical data. The average of available data shows a sharp decrease of the 

annual operation and maintenance cost for the last few years, being as low as $8/MWh for 2006 

[35]. It is also true that O&M costs are expected to increase as turbines age, but at the same time 

they are expected to decrease with larger turbines and more sophisticated designs. It would also 

be expected that the costs would reduce with the size of the project. For the model, the annual 

O&M costs were assumed to be $8/MWh. 
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Finally the cost of renting the land for the installation of the wind turbines was included in 

the operation and maintenance costs of the wind farm. There is no experience on land rental with 

this purpose in Argentina. The existing wind farms are located in land owned by the utility. The 

value was estimated to be between $1000 and $1500 per installed MW per year, based on 

conversations with personnel from the Argentine Sub secretary of Coordination and 

Management Control of the Federal Planning, Public Investment and Services Ministry. 

Electrolysis system 

As there are no large-scale electrolysis commercial systems, it is hard to estimate the costs 

of the eletrolyzers. Currently, electrolysis is only used in small scale (up to 11,590 Nm3 H2/day), 

and it is found that the main cost in the hydrogen produced is the cost of the electricity used, 

being 58% and the capital costs only 32% (using electricity from the grid) [15]. For the 

calculations, different estimations obtained from the literature were evaluated to obtain the costs 

for capital investment and operation and maintenance per kilogram of hydrogen produced. Also, 

different publications were reviewed for the modeling of the electrolyzer performance [15, 36, 

37]. Even though there are no data for large-scale electrolyzers, there are many designs of such 

plants with capacities up to several hundred MW. The information is summarized in Table 2-2. 

Table 2-2. Electrolyzer energy consumption estimated developement [36, 37]. 
Data source 1995 (kWh/Nm3)* 2010 Projected value 

(kWh/Nm3) * 
2050 Optimistic value 

(kWh/Nm3) * 
Fluor-Daniel 4.4 n/a n/a 
Norsk Hydro 4.9 4.1-4.3 3.6-3.7 
Teledyne Brown 4.3 3.8 2.5 
Stuart Energy 4.7 n/a n/a 
Model Value  4.0  
* Normal Cubic Meter (Nm³) is a measures of the quantity of gas equal to a cubic meter of volume at 0°C 
(273.15 K) and 101.325 kPa. Density of H2 = 0.0899 kg/Nm3 
 

The Fluor Daniel Inc value corresponds to a 100 MW plant producing 21,788 Nm3/h with 

an energy consumption value of 4.4 kWh/Nm3. The Norsk Hydro data is for a 265 MW plant 
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producing 396 million Nm3/yr. The Teledyne Brown Engineering data are for their HP size 

hydrogen generating plant. The data from Stuart Energy Systems Inc. are for a central 

electrolysis plant producing 38 tons of hydrogen per day [37]. 

A study from the National Renewable Energy Laboratory that analyzed the production of 

hydrogen from renewable sources, estimated current electrolyzer technology requires 53 kWh to 

produce a kilogram of hydrogen (4.76 kWh/Nm3) [30]. This would be a 75% efficient system 

based on the H2 HHV, and includes the electrolysis stack, auxiliary systems and other losses. 

It was found in the literature that an energy consumption of around 4 kWh/Nm3 is a 

reasonable assumption for the year 2010, and rates of around 3.6 kWh/Nm3 are estimated for the 

year 2050 [16]. The output pressure was assumed to be 40 MPa, that is the objective for the next 

years, although some systems already reach this pressure but with higher electricity 

consumption. 

In the future, the costs of PEM electrolyzers are expected to be lower than for conventional 

alkaline electrolyzers. Different publications estimated costs between $32 and $55/GJ ($4.45-

$7.65/kg H2 year) for alkaline systems of 500 kW to 12 MW and $13/GJ ($1.81/kg H2 year) for a 

530 MWe PEM system [38].  Mirabal estimated an equipment and facility cost of $275.32 

million for an annual hydrogen production of 11,870,000 GJ/year (85,396 tons/year) for 20 years 

project life [9]. This corresponds to $23.19/GJ year ($3.22/kg H2 year). 

Another recent publication that evaluated several hydrogen production methods for the 

short and medium term, estimates the cost of the total capital investment for water electrolysis in 

the year 2020 to be $2.39/kg H2 year (considering $1.54 = €1) and annual operation and 

maintenance costs of $0.12/kg H2 year plus $0.04/kg H2 year for a 1000 Nm3/h pressurized 

alkaline electrolyzer [39]. Also, Steinberg and Cheng estimated the cost for hydrogen production 
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for a production capacity of 2.4 × 106 Nm3/day (33 × 109 scf/year). Their total capital investment, 

including facilities, interest, startup costs and working capital was of $131.8 million ($1.66/kg 

H2 year), and annual operating costs, without including feedstock electricity, of $13.6 

million/year ($0.17/kg H2 year) [28]. The values were converted to the same unit and compared 

in Table 2-3. The estimations used in the calculations are also shown in the table and were 

chosen according to the most recent reference. 

Table 2-3. Electrolyzer cost data 
Reference Year Total capital investment 

($/kg year of hydrogen) 
Annual O&M costs 

($/kg year of hydrogen) 
[28] 1989 1.66 0.17 
[38] 1999 1.81 – 7.65  
[9] 2003 3.22  

[39] 2007 2.39 0.16 
Model 1.8-3 0.16 

 
With respect to water treatment, large-scale reverse osmosis systems are treating 

conventional water at $0.26 per 1000 liters ($1 per 1000 gal) [18]. The cost for treating seawater 

is around $0.53 – $0.79 per 1000 liters ($2 – 3 per 1000 gallons) [18]. For the calculations, this 

cost was included in the operation and maintenance costs of the electrolysis system. 

There is no legislation in Argentina regarding the consumption of water for energy 

production in the form of hydrogen. Initially there is usually no charge for extracting water from 

rivers for process in factories or utilities. Due to the amount of water necessary and the fact that 

the water does not return to the source, it will be required to assess the effects of its extraction 

and work with the authorities to establish if a price should be paid for the consumption, and the 

maximum quantities available for a sustainable production. For very large production there is the 

possibility of utilizing seawater at a higher cost due to the necessary desalination. It is very hard 

to estimate a cost for the water at this time; therefore the model assumes the cost of treating the 
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water as the total water cost. The value used is $0.26 per cubic meter for conventional water, and 

$0.53-$0.79/m3 for seawater. 

Storage and distribution facilities 

As explained before, it was assumed that no large storage was necessary since the pipelines 

would provide all the storage necessary. The cost of the pipelines was calculated with the length 

and cost per kilometer obtained from the literature. With an output pressure from the electrolyzer 

of 40 MPa, there is no compression work necessary to supply the pipeline. 

A large fraction of the cost of a pipeline is its installation, and it does not differ much from 

the installation of natural gas pipelines. For that reason, the cost of a hydrogen pipeline can be 

estimated with good accuracy. Table 2-4 shows the typical costs for some pipelines [4]. The 

costs were available in 1995 dollars and were converted using an inflation rate of 1.39 obtained 

from the Inflation Calculator from the Bureau of Labor Statistics. 

Table 2-4. Pipeline installation costs in 2008 dollars [4] 
Length Cost 

km mi $ $/km $/mi Source 

78.4 48.7 $25,020,000  $319,000 $514,000 TransCanada Pipeline, Ltd. 1996 
108.5 67.4 $116,760,000  $1,076,000 $1,732,000 TransCanada Pipeline, Ltd. 1996 
46.9 29.1 $66,720,000  $1,423,000 $2,293,000 TransCanada Pipeline, Ltd. 1996 
731 454 $1,264,900,000  $1,730,000 $2,786,000 TransCanada Pipeline, Ltd. 1993 
561 349 $533,760,000  $951,000 $1,529,000 TransCanada Pipeline, Ltd. 1997 

40.2 25 $7,367,000  $183,000 $295,000 NYSEG 1996  
 
The main portion of operation and maintenance costs for pipelines is the compressor power 

and maintenance. The hydrogen losses are expected to be very low since in the case of natural 

gas they are lower than 1% [4]. Many studies indicate that pipelines are the cheapest means to 

transport large quantities of hydrogen, except in the case of transport across the ocean, in which 

case the transport of liquid hydrogen by ship is cheaper. The costs for O&M estimated by 

different studies are $0.39/kg ($0.18/lb) for the United States and between $0.90-$1.20/kg 
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($0.41-$0.53/lb) for a particular case of a pipeline from North Africa to Central Europe (3,300 

km / 2,050 mi) [4]. 

For the model a minimum and maximum pipeline cost of $600,000/km -  $1,000,000/km 

($960,000/mile - $1,600,000/mile) was assumed for the 2,100 km (1,300 miles) pipeline; and an 

operation and maintenance cost of $0.4/kg - $1/kg ($0.18/lb - $0.45/lb). 

By-product oxygen 

We can estimate the size of Argentine oxygen market by analyzing the statistics for oxygen 

production. Figure 2-2 shows the annual oxygen production in Argentina from 1995 to 2006. It 

can be seen that the production is increasing steadily, and that it grew around 5% in 2005 and 

2006 reaching around 175 million cubic meters in 2006. 

 

Figure 2-2. Annual oxygen production in Argentina. Source: INDEC, Industrial Product 
Statistics, December 2007. 

A by-product oxygen credit of $40/ton ($0.057/m3) was used in some estimations of the 

hydrogen cost [28]. An average price for oxygen in Argentina was found to be around 70¢/ m3 

($490/ton). Assuming a market share of 10%, only 17.5 million cubic meters of oxygen would be 

commercialized annually (0.3% of the total oxygen production for a plant producing 1 × 1010 
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Nm3 of hydrogen per year), generating $1 million credit annually (at $40/ton). This would 

represent a negligible reduction of the cost of the hydrogen produced. For this reason the credit 

for by-product oxygen was not included in this study. In future studies the possibility of 

exporting oxygen should be analyzed.
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CHAPTER 3 
RESULTS 

Technical Feasibility 

The technical feasibility of the project was determined by reviewing the literature on the 

different components and analyzing the technical aspects of integrating these components into a 

production system. 

The wind power technology is well proven and currently commercially available. It can be 

considered a mature technology although it is still constantly improving [3, 19-21, 32, 35]. 

There are already some commercially available electrolyzers, but the technology for the 

production of very high volumes of hydrogen is still under development. However, electrolyzers 

are modular, so any capacity can be reached by combining individual units. There are also many 

designs for large-scale electrolyzers, and even though a large-scale (over 1 million Nm3/day) 

electrolyzer has not been built, electrolysis is a very developed technology and it is reasonable to 

consider that such a system can be built. 

In the case of storage and transportation of hydrogen, the technologies necessary are 

mature and commercially available [2]. Recently, hydrogen pipeline construction was added to 

the ASME B31.12 code. 

In conclusion, the technology necessary for the integration of the components into an 

operable system is available. Perhaps the efficiency of the electrolysis and cost of wind-

generated power are not favorable at this time, but they are expected to improve considerably in 

the near future. 

Economic Feasibility 

A range of costs (minimum and maximum) of hydrogen delivered to Buenos Aires, located 

2,100 km (1,300 miles) from the hydrogen plant, was estimated for different production sizes. 
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Buenos Aires was chosen as the final destination for the hydrogen because the population in 

Argentina is centralized in that region (Figure B-4), so it is where the most energy is consumed 

in the country. 

For a pipeline of that length it was found that the price of hydrogen decreases drastically 

until a hydrogen annual production of approximately 1 × 1010 Nm3 (Figure 3-1). For higher 

capacities the price still decreases but no so sharply. The delivered hydrogen price for that 

capacity would be between $31.9/GJ and $50.4/GJ ($4.43/kg – $7.01/kg) considering hydrogen’s 

HHV. The wind farm required would have a rated power of 11 GW consisting of 2,200 5MW 

turbines and requiring an area of approximately 2,200 km2 (Figure 3-2). The calculations and 

assumptions are included in Appendix D. 

 

Figure 3-1. Hydrogen cost for different production capacities calculated based on assumptions 
listed in Tables D-1 and D-2. Data available in Tables D-3, D-4, D-6 and D-8.  
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Figure 3-2. Calculated required wind farm area. 

The total capital investment for a plant of this capacity is estimated to be between $12.5 

and $19.4 billion, and for the pipeline between $1.5 and $2.5 billion (109). The total capital 

investment for the hydrogen plant is comprised of $10.5 – $16.01 billion for the wind farm and 

$2.02 - $3.35 for the electrolysis system. The total capital investment including the pipeline is 

then $14 – $21.9 billion for a plant producing 1 × 1010 Nm3 of hydrogen per year (Figure 3-3). 

The estimated costs agree well with other published values (Figure 3-4). They might seem 

slightly higher, but this can be explained by the cost assumed for the wind-generated electricity 

(Figure 3-5). 

The electricity prices used in the other estimations are based on prices of wind-generated 

electricity for market conditions. These values agree with current values and estimations. For 

example the average price for electricity in 2006 was $36/MWh, but these prices are subsidized 

by the receipt of any available state and federal incentives and the value that might be received 

through the separate sale of renewable energy certificates [35]. Therefore they do no reflect the 

actual wind generated electricity costs. 
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Figure 3-3. Total capital investment for different production capacities calculated based on 

assumptions listed in Tables D-1 and D-2 in Appendix D. Data available in tables D-
3, D-4 and D-6. 

 

Figure 3-4. Comparison of the estimated hydrogen cost against different published estimations. 
The costs were corrected to 2007 dollars for comparison. Data available in Table D-9 
in Appendix D. 
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Figure 3-5. Comparison of electricity costs used to estimate the hydrogen cost. The costs were 
corrected to 2007 dollars for comparison. Data available in Table D-9 in Appendix D. 

Analyzing the cost breakdown it was found that, if the transportation of hydrogen is not 

considered, the main cost component is the wind farm (81 – 82% of the cost) and the rest (18 – 

19%) corresponds to the electrolysis system. If we consider that the cost component of the wind 

farm relates to the electricity cost in other estimations, the model agrees well with other 

publications. Other breakdowns show the feedstock (includes electricity from wind power) 

representing 81.9% of the hydrogen cost, the capital costs 14.1% and O&M costs 4.0% [28]. 

Another case shows that electricity accounts for 58%, and capital costs for 32% [15]. In this case 

the difference can be explained by the higher electricity costs. Figure 3-6 shows the cost 

breakdown for hydrogen for the lowest cost estimation. 

As a comparison, steam methane reformation produces hydrogen at a cost of around $5.44 

- $7.46/GJ (using hydrogen’s HHV), where the feedstock costs are 52%-68% of the total cost 
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and the remaining mostly capital charges [38]. So if the cost of methane were to double, the cost 

of hydrogen from this process would reach $8.7 - $11.94/GJ. 

When the transportation is included (Figure 3-6 B), it accounts for 21-27% of the hydrogen 

cost, when considering a production of 1 × 1010 Nm3 of hydrogen per year. This is important to 

remember since the cost of transportation through pipelines is very dependent on the amount of 

hydrogen transmitted. 

 

Figure 3-6. Estimated hydrogen cost breakdown (lowest cost). Data available in Tables D-5 and 
D-8. A) without the pipeline and B) including the pipeline for delivery to Buenos 
Aires 

Water Consumption 

The total water feedstock consumption amounts to a total of 30,500 cubic meters per day 

for a plant capacity of 1 × 1010 Nm3 of hydrogen per year (average 3 × 107 Nm3 of hydrogen per 

day). The amount of water required for different capacities is shown in Figure 3-7. The cost of 

treating that amount of water was estimated to be $3 million per year. This represents around 

0.06% of the total hydrogen cost without transportation. This assumes that the water is 

essentially a free resource, which could change in the future. 
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If seawater were used at double or triple treatment cost, the effect on the hydrogen cost for 

large-scale production would be negligible. So from the economic point of view, the use of 

seawater is feasible. 

 

Figure 3-7. Water consumption for different plant capacities calculated based on assumptions 
listed in Table D-1. Data available in Table D-3.

 

ASSUMPTION 
Electrolyzer water 
conversion efficiency: 80% 
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CHAPTER 4 
CONCLUSIONS  

Conclusions 

The cost analysis performed used data obtained from the literature. With the available data, 

a range of hydrogen costs was calculated. The delivered hydrogen cost was found to be between 

$31.9 and $50.4/GJ ($26.3 – $38.7/GJ without transportation). The price of hydrogen produced 

with this technology is not competitive with natural gas in the Argentine market, where the 

current price for natural gas for large consumers without tax is around $1.05/GJ (considering $1 

equivalent to 3.15 Argentine pesos) [40].  

However, in the beginning, hydrogen would compete with liquid fossil fuels. A price of 

gasoline of $3/gal, which includes taxes, represents $22.88/GJ. The estimated cost of delivered 

hydrogen is 39 -120% higher. Without transportation or storage, the cost of hydrogen is only 

14.9-69.1% higher than gasoline at $3/gal. 

The cost of hydrogen produced by steam methane reformation is around $5.44 – $7.46/GJ. 

The hydrogen cost without transportation produced with electrolysis using wind power 

electricity would be between 2.5 and 6.1 times higher. 

When comparing hydrogen with other fuels there are different factors to consider. 

Hydrogen utilization is usually more efficient than other fuels. Also we must consider the hidden 

costs of utilizing fossil fuels, like pollution and the emission of green house gases. This is very 

difficult to quantify, but as the legislation regulating these emissions increase, the use of 

hydrogen might become more convenient. 

Considering all the information presented, the study concludes: 

• The construction of a plant for producing hydrogen using water electrolysis using wind-
generated electricity is technically feasible. 
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• The technology for electrolysis has not reached yet the efficiency assumed in the study and 
no plant of such capacity has ever been built. 

•  From the economic point of view, but without considering the environmental cost of fossil 
fuels, hydrogen produced in this way is still not competitive with liquid fossil fuels like 
gasoline.  

• Even considering the large uncertainty in the costs calculated, the cost of hydrogen 
produced in this way is still too high to justify a more detailed analysis; at least until there 
is a breakthrough in the technology or a strong reduction of the costs. 

Recommendations for Future Studies 

Even if the costs estimated in this thesis might discourage a more detailed analysis at the 

present time, some recommendations for future studies can include: 

• A better estimation of the costs involved should be carried out with collaboration of 
potential suppliers of wind turbines and electrolyzers, particularly if an improvement in 
electrolyzers efficiency takes place. 

• Other factors that might favor the use of hydrogen, like pollution, a global transition to a 
hydrogen economy or the assurance of a local energy source should be assessed. 

• The wind resource in Patagonia is important, so other ways of transporting the energy from 
Patagonia, like HVDC, should be studied and compared. 
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APPENDIX A 
HYDROGEN PROPERTIES 

Table A-1.  Lower and higher heating values of hydrogen and fuels [13]. 
Fuels Lower Heating Value (LHV) *1 Higher Heating Value (HHV) *1 

Gaseous Fuels Btu/scf *2 Btu/lb *3 MJ/kg *4 Btu/scf *2 Btu/lb *3 MJ/kg *4 
Gaseous Hydrogen 289 52,226 121 331 59,816 139
Natural Gas 983 20,267 47.1 1,089 22,453 52.2

Liquid Fuels Btu/gal *2 Btu/lb *3 MJ/kg *4 Btu/gal Btu/lb *3 MJ/kg *4 
Crude Oil 129,670 18,352 42.7 138,350 19,580 45.5
Conventional Gasoline 116,090 18,679 43.4 124,340 20,007 46.5
Reformulated Gasoline (RFG) 113,602 18,208 42.4 121,848 19,530 45.4
California RFG  113,927 18,273 42.5 122,174 19,596 45.6
U.S. Conventional Diesel 128,450 18,397 42.8 137,380 19,676 45.8
Low-sulfur Diesel 129,488 18,320 42.6 138,490 19,594 45.6
Methanol 57,250 8,639 20.1 65,200 9,838 22.9
Ethanol 76,330 11,587 27.0 84,530 12,832 29.8
Residual Oil 140,353 16,968 39.5 150,110 18,147 42.2
Liquefied Petroleum Gas (LPG) 84,950 20,038 46.6 91,410 21,561 50.2
Liquefied Natural Gas (LNG) 74,720 20,908 48.6 84,820 23,734 55.2
Propane 84,250 19,904 46.3 91,420 21,597 50.2

Solid Fuels Btu/ton *2 Btu/lb *5 MJ/kg *3 Btu/ton Btu/lb *5 MJ/kg *3 
Bituminous Coal (as received) 22,460,600 11,230 26.1 23,445,900 11,723 27.3
Coking Coal (as received) 24,600,497 12,300 28.6 25,679,670 12,840 29.9
Woody Biomass (dry) 16,811,000 8,406 19.6 17,703,170 8,852 20.6
Herbaceous Biomass (dry) 14,797,555 7,399 17.2 15,582,870 7,791 18.1
*1 The lower heating value (also known as net calorific value) of a fuel is defined as the amount of heat released by 
combusting a specified quantity (initially at 25°C) and returning the temperature of the combustion products to 
150°C, which assumes the latent heat of vaporization of water in the reaction products is not recovered. 
    The higher heating value (also known gross calorific value or gross energy) of a fuel is defined as the amount of 
heat released by a specified quantity (initially at 25°C) once it is combusted and the products have returned to a 
temperature of 25°C, which takes into account the latent heat of vaporization of water in the combustion products. 
*2 Btu =  British thermal units; scf = standard cubic feet.  
*3 The heating values for gaseous fuels in units of Btu/lb are calculated based on the heating values in units of 
Btu/scf and the corresponding fuel density values. The heating values for liquid fuels in units of Btu/lb are 
calculated based on heating values in unit of Btu/gal and the corresponding fuels density values. 
*4 The heating values in units of MJ/kg, are converted from the heating values in units of Btu/lb. 
*5 For solid fuels, the heating values in units of Btu/lb are converted from the heating values in units of Btu/ton. 
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Table A-1 continued. 
Fuels Density 

Gaseous Fuels grams/scf *2 
Gaseous Hydrogen 2.51
Natural Gas 22.0

Liquid Fuels grams/gal 
Crude Oil 3,205
Conventional Gasoline 2,819
Reformulated Gasoline (RFG) 2,830
California RFG  2,828
U.S. Conventional Diesel 3,167
Low-sulfur Diesel 3,206
Methanol 3,006
Ethanol 2,988
Residual Oil 3,752
Liquefied Petroleum Gas (LPG) 1,923
Liquefied Natural Gas (LNG) 1,621
Propane 1,920
*2 Btu =  British thermal units; scf = standard cubic feet. 
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Figure A-1. Energy density by weight for various storage forms [3]. 
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Figure A-2. Energy density by volume for various storage forms [3]. 
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Figure A-3. Cycle efficiency for various storage forms [3]. 
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APPENDIX B 
MAPS 

 

 
Figure B-1. Location of Argentina in the world. 
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Figure B-2. Argentine map showing average wind speed at 50 m above ground and Patagonia. 
Source: “Mapa de Potencial Eólico Argentino” (Argentine Wind Power Map) 
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Figure B-3. Patagonia’s topography. Source: “Mapa de Potencial Eólico Argentino” (Argentine 

Wind Power Map) 
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Figure B-4. Argentine population distribution per province. Source: “Secretaría de Ambiente y 
Desarrollo Sustentable. Jefatura de Gabinete de Ministros” 
(http://www.ambiente.gov.ar/) 
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Figure B-5. Patagonia map showing average wind speed at 50 m above ground and permanent 
rivers. Source: “Mapa de Potencial Eólico Argentino” (Argentine Wind Power Map)
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APPENDIX C 
WIND POWER CALCULATION DATA 

 

 
Figure C-1. REpower 5M power curve 
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Table C-1. REpower 5M technical data 
Design data   

Rated power  5,000kW 
Cut-in speed  3.5m/s 

Rated wind speed  13 m/s 
Cut-out speed  25 m/s onshore 

 30 m/s offshore 

Rotor   
Diameter  126 m 

Rotor area  12,469 m2 
Rotor speed  6.9 – 12.1rpm (+15.0 %) 

Masses  
Nacelle (without rotor) Aprox. 290 metric tons 

Rotor Aprox. 120 metric tons 

Rotor blade   
Length  61.5m 

Type   Graphite fiber composite (GFC)/Carbon fiber composite (CFC) shell 
construction with epoxy, pre-bent 
 

Yaw system   
Type  Externally geared four-point bearing 

Drive system  Gear motors with multi-disc brakes 
Stabilization  Disc brake with hydraulically operated brake shoes 

Gear system   
Type  Two helical planetary stage and one spur gear stage or(optional) helical planetary 

step-up gear with one spur gear step 
Transmission ratio  i = approx. 97 

Electrical system   
Generator type  Double-fed asynchronous generator, 6-pole 

Rated power  5,000kW 
Rated rotor voltage  660V 

Rated stator voltage  950V 
Rated speed  670 – 1,170 rpm (+15.0 %) 

Power control   
Principle  Electrical blade angle adjustment - pitch and speed control 

Tower   
Type  Steel tube or concrete tower or concrete/steel hybrid construction 

Hub height  100 / 117m onshore 
 approx. 90 m offshore (depending on site conditions) 

Foundation   
Onshore Reinforced concrete foundation, depending on site conditions 
Offshore Substructure suitable for actual site 

Safety system   
• Individually adjustable blades (electrically controlled) - fail-safe system 
• Extensive temperature and speed sensing system including built-in redundancy 
• Fully integrated lightning protection  
• Automatic fire protection system  
• Shielded cables protecting people and machinery  
• Rotor holding brake with soft-brake function  
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Figure C-2. SIG Eólico. © 2006 Ministerio de Planificación Federal - Centro Regional de 

Energía Eólica (Chubut) 

 

 

Figure C-3. SIG Eólico, main screen. © 2006 Ministerio de Planificación Federal - Centro 
Regional de Energía Eólica (Chubut) 
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Figure C-4. SIG Eólico, wind power information screen. © 2006 Ministerio de Planificación 
Federal - Centro Regional de Energía Eólica (Chubut) 
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Table C-2. Wind power data for the wind farm site utilizing a single REpower 5M turbine. 

Data 
point Latitude Longitude 

Average 
wind speed 

(m/s) 

Power 
density 
(W/m2) 

Annual energy 
produced 

(MWh/year) 

Capacity 
factor 
(%) 

1 -48° 37' 59" -70° 7' 25" 14.16 3,799 23,380 53.39 
2 -49° 2' 9" -70° 51' 0" 11.43 1,803 23,920 54.61 
3 -48° 12' 15" -70° 25' 0" 12.51 2,508 24,270 55.42 
4 -48° 55' 35" -69° 50' 20" 12.31 2,383 25,260 57.68 
5 -48° 21' 11" -69° 46' 24" 13.88 3,420 22,820 52.10 
6 -48° 37' 59" -70° 6' 53" 14.16 3,799 23,380 53.39 

Model -48° 17' -70° 26'   23,650 54.00 
 

 

Figure C-5. Wind rose for data point 1. Source: SIG Eólico. © 2006 Ministerio de Planificación 
Federal - Centro Regional de Energía Eólica (Chubut) 
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Figure C-6. Probability density function of the wind speed for data point 1. Source: SIG Eólico. 
© 2006 Ministerio de Planificación Federal - Centro Regional de Energía Eólica 
(Chubut) 
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APPENDIX D 
CALCULATIONS 

Table D-1. Capacity calculation assumptions. 
Wind Farm  
Turbines  

Rated Power (MW) 5
Rotor Diameter (m) 126

Crosswind spacing (rotor diam.) 10
Downwind spacing (rotor diam.) 5
Area required per turbine (km2) 0.79

Wind  
Annual capacity factor 54%

Array  
Array Efficiency 90%

Voltage regulation / Conversion efficiency 94%
Land usability 80%

  
Electrolysis  

Consumption (kWh/Nm3) 4.0
Consumption (kWh/kg) 44.5

Electrolyzer water conversion efficiency 80%
  
Storage & Distribution  

Leakage losses 1%
Pipeline length (km) 2100

Diameter (m) 0.25
Pipeline volume (m3) 1.03E+05
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Table D-2. Cost calculation assumptions. 
Project  

Project life (years) 20  
Annual Interest (%) 10%  

Startup costs (% of equipment cost) 2%  
Return on the investment (%) 20%  

   
Wind Farm Lowest Highest 
Capital investment   

Wind turbine unitary cost (million $) 3.6 5.5 
Total capital investment with respect to turbines cost 1.18 1.18 

Operation and Maintenance   
Annual O&M costs ($/MWh) 8 8 

Annual land rental ($/MW) 1000 1500 
   
Electrolysis Lowest Highest 
Capital investment  

Electrolyzer cost ($/kg H2) 1.8 3 
Operation and Maintenance  

Electrolyzer Annual O&M costs ($/kg H2) 0.16 0.16 
Conventional Water treatment ($/m3) 0.26 0.26 

Seawater treatment ($/m3) 0.53 0.79 
   
Hydrogen pipeline Lowest Highest 
Capital investment  

Pipelines cost (million $/km) 0.6 1 
Opertion and Maintenance   

Annual O&M costs ($/kg H2) 0.4 1 
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Table D-3. Capacity calculations. 
Wind Farm Electrolysis     

Array Electrolyzer Water Consumption Hydrogen  (Final product) Oxygen 

Number 
of 

turbines 

Rated 
Power 
(MW) 

Annual 
energy 
from 
wind 
farm 
(106 

MWh) 

Area 
(km2) 

Annual 
Hydrogen 
production 
(106 Nm3) 

Consumption 
(103 m3/year) 

Average 
water 

consumption 
(m3/day) 

Total 
annual 

production 
(106 Nm3) 

Average 
Daily 

production 
(106 Nm3) 

Equivalent 
annual 
energy 
(GWh) 

Total 
annual 

production 
(106 Nm3) 

100 500 2 99 500 506 1386 496 1.4 1754 252
200 1000 4 198 1000 1012 2772 991 2.7 3508 504
400 2000 8 397 2001 2024 5544 1982 5.4 7017 1007
600 3000 12 595 3001 3036 8317 2973 8.1 10525 1511
800 4000 16 794 4002 4047 11089 3964 10.9 14033 2014

1000 5000 20 992 5002 5059 13861 4955 13.6 17541 2518
1200 6000 24 1191 6003 6071 16633 5946 16.3 21050 3021
1400 7000 28 1389 7003 7083 19405 6937 19.0 24558 3525
1600 8000 32 1588 8004 8095 22177 7928 21.7 28066 4028
1800 9000 36 1786 9004 9107 24950 8919 24.4 31574 4532
2000 10000 40 1985 10005 10118 27722 9910 27.2 35083 5035
2200 11000 44 2183 11005 11130 30494 10901 29.9 38591 5539
2400 12000 48 2381 12006 12142 33266 11893 32.6 42099 6042
2600 13000 52 2580 13006 13154 36038 12884 35.3 45608 6546
2800 14000 56 2778 14007 14166 38811 13875 38.0 49116 7049
3000 15000 60 2977 15007 15178 41583 14866 40.7 52624 7553
3200 16000 64 3175 16008 16190 44355 15857 43.4 56132 8056
3400 17000 68 3374 17008 17201 47127 16848 46.2 59641 8560
3600 18000 72 3572 18009 18213 49899 17839 48.9 63149 9063
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Table D-4. Lowest cost calculations for different plant capacities. Values in million $. 
 Wind Farm 
 Capital Investment O&M Electricity Cost 

Wind 
Farm 
Rated 
Power 
(GW) 

Wind 
Turbine 

cost 

Total 
Wind 
Farm 

Interest Startup 
costs 

Work-
ing 

capital 
Total 

Annual 
O&M 
cost 

Annual 
Land 

Rental 

Total 
O&M 
costs 

Return on 
the 

investment 

Annual 
Deprecia-

tion 

Revenue 
required 
per year 

Cost of 
electricity 
($/MWh) 

0.5 360 425 42 7 3 477 16 1 17 95 18 130 64.9
1 720 850 85 14 6 954 32 1 33 191 36 260 64.9
2 1440 1699 170 29 11 1909 64 2 66 382 72 520 64.9
3 2160 2549 255 43 17 2863 96 3 99 573 108 780 64.9
4 2880 3398 340 58 22 3818 128 4 132 764 144 1040 64.9
5 3600 4248 425 72 28 4772 160 5 165 954 180 1300 64.9
6 4320 5098 510 86 33 5727 192 6 198 1145 216 1559 64.9
7 5040 5947 595 101 39 6681 224 7 231 1336 252 1819 64.9
8 5760 6797 680 115 44 7636 256 8 264 1527 288 2079 64.9
9 6480 7646 765 130 50 8590 288 9 297 1718 324 2339 64.9

10 7200 8496 850 144 55 9545 320 10 330 1909 360 2599 64.9
11 7920 9346 935 158 61 10499 352 11 363 2100 396 2859 64.9
12 8640 10195 1020 173 66 11454 384 12 396 2291 432 3119 64.9
13 9360 11045 1104 187 72 12408 416 13 429 2482 468 3379 64.9
14 10080 11894 1189 202 77 13362 448 14 462 2672 504 3639 64.9
15 10800 12744 1274 216 83 14317 480 15 495 2863 540 3899 64.9
16 11520 13594 1359 230 88 15271 512 16 528 3054 576 4159 64.9
17 12240 14443 1444 245 94 16226 544 17 561 3245 612 4418 64.9
18 12960 15293 1529 259 99 17180 576 18 594 3436 648 4678 64.9
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Table D-4. Continued. 
 Electrolysis System 
 Capital Investment O&M 

Wind 
Farm 
Rated 
Power 
(GW) 

Total 
Electrolysis 

Annual 
Interest 

Startup 
cost 

Working 
capital Total 

Electrolyser 
Annual 

O&M costs 

Water 
Treatment

Annual 
O&M 
cost 

0.5 81 8 2 1 92 7 0.13 7
1 162 16 3 2 184 14 0.27 15
2 324 32 6 5 367 29 0.53 29
3 486 49 10 7 551 43 0.80 44
4 648 65 13 10 735 58 1.07 59
5 809 81 16 12 919 72 1.34 73
6 971 97 19 14 1102 86 1.60 88
7 1133 113 23 17 1286 101 1.87 103
8 1295 130 26 19 1470 115 2.14 117
9 1457 146 29 22 1653 130 2.41 132

10 1619 162 32 24 1837 144 2.67 147
11 1781 178 36 26 2021 158 2.94 161
12 1943 194 39 29 2205 173 3.21 176
13 2105 210 42 31 2388 187 3.47 191
14 2267 227 45 34 2572 201 3.74 205
15 2428 243 49 36 2756 216 4.01 220
16 2590 259 52 38 2940 230 4.28 235
17 2752 275 55 41 3123 245 4.54 249
18 2914 291 58 43 3307 259 4.81 264
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Table D-4. Continued. 
 Hydrogen Pipeline 
 Capital Investment O&M 

Wind 
Farm 
Rated 
Power 
(GW) 

Pipeline 
cost 

Annual 
Interest 

Startup 
costs 

Working 
capital Total 

Annual 
O&M 
cost 

0.5 1260 126 25 3 1414 18
1 1260 126 25 6 1417 36
2 1260 126 25 12 1423 72
3 1260 126 25 18 1429 108
4 1260 126 25 24 1435 144
5 1260 126 25 30 1441 180
6 1260 126 25 36 1447 216
7 1260 126 25 42 1453 252
8 1260 126 25 48 1459 288
9 1260 126 25 54 1465 324

10 1260 126 25 60 1471 360
11 1260 126 25 66 1477 396
12 1260 126 25 72 1483 432
13 1260 126 25 78 1489 468
14 1260 126 25 84 1495 504
15 1260 126 25 90 1501 540
16 1260 126 25 96 1507 576
17 1260 126 25 102 1513 612
18 1260 126 25 108 1519 648
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Table D-5. Lowest hydrogen cost breakdown for different plant capacities. 
 Hydrogen cost breakdown 
 Annual values ($/kg) 

Wind 
Farm 
Rated 
Power 
(GW) 

Wind 
Farm 

Depre-
ciation 

Wind Farm 
Return on 

the 
investment 

Wind 
Farm 
O&M

Electro-
lysis 

Depre-
ciation 

Electrolysis 
Return on 

the 
investment 

Electro-
lysis 

O&M 

Pipeline 
Depre-
ciation 

Pipeline 
Return on 

the 
investment

Pipeline 
O&M 

Water 
treatment

Cost of 
h2 

($/kg) 

Cost 
of H2

1 
($/GJ) 

0.5 0.48 2.14 0.37 0.09 0.41 0.16 1.42 6.35 0.40 0.003 11.83 85.1
1 0.48 2.14 0.37 0.09 0.41 0.16 0.71 3.18 0.40 0.003 7.95 57.2
2 0.48 2.14 0.37 0.09 0.41 0.16 0.35 1.60 0.40 0.003 6.02 43.3
3 0.48 2.14 0.37 0.09 0.41 0.16 0.24 1.07 0.40 0.003 5.37 38.6
4 0.48 2.14 0.37 0.09 0.41 0.16 0.18 0.81 0.40 0.003 5.05 36.3
5 0.48 2.14 0.37 0.09 0.41 0.16 0.14 0.65 0.40 0.003 4.85 34.9
6 0.48 2.14 0.37 0.09 0.41 0.16 0.12 0.54 0.40 0.003 4.72 34.0
7 0.48 2.14 0.37 0.09 0.41 0.16 0.10 0.47 0.40 0.003 4.63 33.3
8 0.48 2.14 0.37 0.09 0.41 0.16 0.09 0.41 0.40 0.003 4.56 32.8
9 0.48 2.14 0.37 0.09 0.41 0.16 0.08 0.37 0.40 0.003 4.51 32.4

10 0.48 2.14 0.37 0.09 0.41 0.16 0.07 0.33 0.40 0.003 4.47 32.1
11 0.48 2.14 0.37 0.09 0.41 0.16 0.06 0.30 0.40 0.003 4.43 31.9
12 0.48 2.14 0.37 0.09 0.41 0.16 0.06 0.28 0.40 0.003 4.40 31.7
13 0.48 2.14 0.37 0.09 0.41 0.16 0.05 0.26 0.40 0.003 4.38 31.5
14 0.48 2.14 0.37 0.09 0.41 0.16 0.05 0.24 0.40 0.003 4.35 31.3
15 0.48 2.14 0.37 0.09 0.41 0.16 0.05 0.22 0.40 0.003 4.34 31.2
16 0.48 2.14 0.37 0.09 0.41 0.16 0.04 0.21 0.40 0.003 4.32 31.1
17 0.48 2.14 0.37 0.09 0.41 0.16 0.04 0.20 0.40 0.003 4.31 31.0
18 0.48 2.14 0.37 0.09 0.41 0.16 0.04 0.19 0.40 0.003 4.29 30.9

1 Considering hydrogen’s high heating value 
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Table D-6. Highest cost calculations for different plant capacities. Values in million $. 
 Wind Farm 
 Capital Investment O&M Electricity Cost 

Wind 
Farm 
Rated 
Power 
(GW) 

Wind 
Turbine 

cost 

Total 
Wind 
Farm 

Interest Startup 
costs 

Working 
capital Total 

Annual 
O&M 
cost 

Annual 
Land 

Rental 

Total 
O&M 
costs 

Return 
on the 
invest-
ment 

Annual 
Deprecia-

tion 

Revenue 
required 
per year 

Cost of 
electricity 
($/MWh) 

0.5 550 649 65 11 3 728 16 1 17 146 28 190 94.9
1 1100 1298 130 22 6 1455 32 2 34 291 55 380 94.9
2 2200 2596 260 44 11 2911 64 3 67 582 110 759 94.9
3 3300 3894 389 66 17 4366 96 5 101 873 165 1139 94.9
4 4400 5192 519 88 22 5822 128 6 134 1164 220 1518 94.9
5 5500 6490 649 110 28 7277 160 8 168 1455 275 1898 94.9
6 6600 7788 779 132 34 8732 192 9 201 1746 330 2278 94.9
7 7700 9086 909 154 39 10188 224 11 235 2038 385 2657 94.9
8 8800 10384 1038 176 45 11643 256 12 268 2329 440 3037 94.9
9 9900 11682 1168 198 50 13098 288 14 302 2620 495 3416 94.9

10 11000 12980 1298 220 56 14554 320 15 335 2911 550 3796 94.9
11 12100 14278 1428 242 61 16009 352 17 369 3202 605 4176 94.9
12 13200 15576 1558 264 67 17465 384 18 402 3493 660 4555 94.9
13 14300 16874 1687 286 73 18920 416 20 436 3784 715 4935 94.9
14 15400 18172 1817 308 78 20375 448 21 469 4075 770 5314 94.9
15 16500 19470 1947 330 84 21831 480 23 503 4366 825 5694 94.9
16 17600 20768 2077 352 89 23286 512 24 536 4657 880 6073 94.9
17 18700 22066 2207 374 95 24742 544 26 570 4948 935 6453 94.9
18 19800 23364 2336 396 101 26197 576 27 603 5239 990 6833 94.9
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Table D-6. Continued. 
 Electrolysis System 
 Capital Investment O&M 

Wind 
Farm 
Rated 
Power 
(GW) 

Total 
Electrolysis 

Annual 
Interest 

Startup 
cost 

Working 
capital Total 

Electrolyser 
Annual 

O&M costs 

Water 
Treatment

Annual 
O&M 
cost 

0.5 135 13 3 1 152 7 0.13 7
1 270 27 5 2 305 14 0.27 15
2 540 54 11 5 609 29 0.53 29
3 809 81 16 7 914 43 0.80 44
4 1079 108 22 10 1218 58 1.07 59
5 1349 135 27 12 1523 72 1.34 73
6 1619 162 32 14 1828 86 1.60 88
7 1889 189 38 17 2132 101 1.87 103
8 2159 216 43 19 2437 115 2.14 117
9 2428 243 49 22 2741 130 2.41 132

10 2698 270 54 24 3046 144 2.67 147
11 2968 297 59 26 3351 158 2.94 161
12 3238 324 65 29 3655 173 3.21 176
13 3508 351 70 31 3960 187 3.47 191
14 3778 378 76 34 4264 201 3.74 205
15 4047 405 81 36 4569 216 4.01 220
16 4317 432 86 38 4874 230 4.28 235
17 4587 459 92 41 5178 245 4.54 249
18 4857 486 97 43 5483 259 4.81 264
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Table D-6. Continued. 
 Hydrogen Pipeline 
 Capital Investment O&M 

Wind 
Farm 
Rated 
Power 
(GW) 

Pipeline 
cost 

Annual 
Interest 

Startup 
costs 

Working 
capital Total 

Annual 
O&M 
cost 

0.5 2100 210 42 7 2359 45
1 2100 210 42 15 2367 90
2 2100 210 42 30 2382 180
3 2100 210 42 45 2397 270
4 2100 210 42 60 2412 360
5 2100 210 42 75 2427 450
6 2100 210 42 90 2442 540
7 2100 210 42 105 2457 630
8 2100 210 42 120 2472 720
9 2100 210 42 135 2487 809

10 2100 210 42 150 2502 899
11 2100 210 42 165 2517 989
12 2100 210 42 180 2532 1079
13 2100 210 42 195 2547 1169
14 2100 210 42 210 2562 1259
15 2100 210 42 225 2577 1349
16 2100 210 42 240 2592 1439
17 2100 210 42 255 2607 1529
18 2100 210 42 270 2622 1619
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Table D-7. Highest hydrogen cost breakdown for different plant capacities. 
 Hydrogen cost breakdown 
 Annual values ($/kg) 

Wind 
Farm 
Rated 
Power 
(GW) 

Wind 
Farm 

Depre-
ciation 

Wind 
Farm 

Return on 
the 

investment 

Wind 
Farm 
O&M 

Electro-
lysis 

Depre-
ciation 

Electro-
lysis 

Return 
on the 
invest-
ment 

Electro-
lysis 

O&M 

Pipeline 
Depre-
ciation 

Pipeline 
Return 
on the 
invest-
ment 

Pipeline 
O&M 

Water 
treatment

Cost of 
hydrogen 

($/kg) 

Cost 
of H2

1 
($/GJ) 

0.5 0.73 3.27 0.38 0.15 0.68 0.16 2.36 10.60 1.01 0.003 19.34 139.2 
1 0.73 3.27 0.38 0.15 0.68 0.16 1.18 5.32 1.01 0.003 12.88 92.7 
2 0.73 3.27 0.38 0.15 0.68 0.16 0.59 2.68 1.01 0.003 9.65 69.4 
3 0.73 3.27 0.38 0.15 0.68 0.16 0.39 1.79 1.01 0.003 8.57 61.7 
4 0.73 3.27 0.38 0.15 0.68 0.16 0.29 1.35 1.01 0.003 8.03 57.8 
5 0.73 3.27 0.38 0.15 0.68 0.16 0.24 1.09 1.01 0.003 7.71 55.5 
6 0.73 3.27 0.38 0.15 0.68 0.16 0.20 0.91 1.01 0.003 7.50 53.9 
7 0.73 3.27 0.38 0.15 0.68 0.16 0.17 0.79 1.01 0.003 7.34 52.8 
8 0.73 3.27 0.38 0.15 0.68 0.16 0.15 0.69 1.01 0.003 7.23 52.0 
9 0.73 3.27 0.38 0.15 0.68 0.16 0.13 0.62 1.01 0.003 7.14 51.3 

10 0.73 3.27 0.38 0.15 0.68 0.16 0.12 0.56 1.01 0.003 7.06 50.8 
11 0.73 3.27 0.38 0.15 0.68 0.16 0.11 0.51 1.01 0.003 7.01 50.4 
12 0.73 3.27 0.38 0.15 0.68 0.16 0.10 0.47 1.01 0.003 6.96 50.0 
13 0.73 3.27 0.38 0.15 0.68 0.16 0.09 0.44 1.01 0.003 6.92 49.8 
14 0.73 3.27 0.38 0.15 0.68 0.16 0.08 0.41 1.01 0.003 6.88 49.5 
15 0.73 3.27 0.38 0.15 0.68 0.16 0.08 0.39 1.01 0.003 6.85 49.3 
16 0.73 3.27 0.38 0.15 0.68 0.16 0.07 0.36 1.01 0.003 6.82 49.1 
17 0.73 3.27 0.38 0.15 0.68 0.16 0.07 0.34 1.01 0.003 6.80 48.9 
18 0.73 3.27 0.38 0.15 0.68 0.16 0.07 0.33 1.01 0.003 6.78 48.8 

1 Considering hydrogen’s high heating value 
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Table D-8. Hydrogen cost breakdown without transportation. 
 Hydrogen cost breakdown without transport 
 Annual values ($/kg) 

Cost 
assumption 

Wind Farm 
Depreciation 

Wind 
Farm 

Return on 
the 

investment

Wind 
Farm 
O&M

Electrolysis 
Depreciation

Electrolysis 
Return on 

the 
investment 

Electrolysis 
O&M 

Water 
treatment

Cost of 
hydrogen 
without 

transport 
($/kg) 

Cost of 
H2 

without 
transport 
($/GJ)1 

Lowest 0.48 2.14 0.37 0.09 0.41 0.16 0.003 3.66 26.3 
Highest 0.73 3.27 0.38 0.15 0.68 0.16 0.003 5.37 38.7 

1 Considering hydrogen’s high heating value 
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Table D-9. Comparison of different estimations for the cost of hydrogen produced by electrolysis using wind generated electricity. 
The costs were corrected to 2007 dollars for comparison. 

Reference Year Capacity 
(Nm3/day) 

Electricity cost 
($/kWh) 

Published value 

Hydrogen cost 
($/GJ)1 

Published value 

Inflation from 
model year to 

2007 4 

Electricity cost 
($/kWh)  

Inflation corrected 

Hydrogen cost 
($/GJ)1   

Inflation corrected 
Model – Delivered 27.4 × 106 0.065 - 0.095 31.9 - 50.4 - 0.065 - 0.095 31.9 - 50.4 
Model – No transportation - 0.065 - 0.095 26.3 - 38.7 - 0.065 - 0.095 26.3 - 38.7 

[28] 1989 2.68 × 106 0.049 19.23 2 1.67 0.082 32.1 
2000 0.25 × 106 - 20.2 1.24 - 25 

[38] 2010 0.28 × 106 - 11 1.24 - 13.6 
[9] 2003 2.68 × 106 0.04 20.75 1.13 0.0452 23.4 

[15] 2005 0.011 × 106 0.0483 29.23 3 1.06 0.0512 31 
1 Considering hydrogen’s high heating value. 
2 Credit for by-product oxygen considered. 
3 Electricity price does not consider source. 
4 Source Inflation Calculator from the Bureau of Labor Statistics 
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