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Abstract 
 
Several optimizations can be employed to create hydrogen or hydrogen and electricity from a 
wind energy source.  The key element in hydrogen production from any electrical source is an 
electrolyzer to convert water and electricity into hydrogen and oxygen.  An electrolyzer is 
inherently a nearly constant, low-voltage, direct-current device requiring some form of control 
system and power electronics to connect to a high-voltage, alternating-current source of power. 
 
Likewise, modern wind turbines employ a control system used in conjunction with power 
electronics in order to connect to the grid.  It may be possible to use the turbine’s controller and 
power electronics system to operate the electrolyzer as well, thereby eliminating component 
duplication.  Such a coupled system would reduce the overall cost of independent stand-alone 
systems.  Additionally, this approach would increase efficiency as only one electrical conversion 
(from AC to DC), instead of three (from AC to DC to AC and back to DC), would have to occur. 
 
Electrical power provided to the electrolyzer in such a system would be controllable with excess 
power provided to the grid.  Thus, a combined system would have more dispatchability than a 
wind-electric turbine alone.  Such dispatchability might be used to provide the utility with a 
measure of control over the wind farm’s total output that does not exist in current wind farms. 
 
Produced hydrogen needs to be stored, transported, and/or regenerated into electricity offering 
additional synergies.  For example, a wind turbine tower is generally a large-volume, cylindrical 
structure with sufficient wall-thickness to support storing hydrogen at substantial pressure.  The 
turbine power electronics could also be used as a grid interface for a fuel cell or combustion-type 
electrical generation system and/or battery.  This paper examines several coupled systems that 
offer enhanced capability, efficiency, and cost reduction opportunities over stand-alone 
component systems. 
 

Electrolyzer Basics 
 
An electrolyzer is usually composed of four basic components (Figure 1): the water supply, the 
power electronics, the controller, and the cell stack.  

 

Figure 1.  Basic electrolyzer configuration. 
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An electrolyzer cell stack absorbs clean water and electricity and uses this electricity to split the 
water molecule into its constituent elements, hydrogen and oxygen.  Electrically, the electrolyzer 
appears as a voltage source with a series resistor (Figure 2).  A voltage source is simply a device 
with constant voltage independent of current flow.  The terminal voltage of an electrolyzer will 
usually be proportional to the number of cells in series and to the temperature of the device.  The 
resistance is a product of the ionic conductivity of the electrolyte and the electrical conductivity 
of the electrodes. 

In this configuration, the voltage of the electrolyzer is equal to about 1.5V per cell plus the 
current times the equivalent resistance of the cell stack.  As the current changes from zero to the 
rated current of the electrolyzer, the voltage increases linearly by about 10% to 20%. 

Power Electronics Configurations 
 
A nearly infinite number of power electronics topologies can be used on a wind turbine.  
However, many share similar characteristics to the three in Figure 3. 

Figure 2 . Electrolyzer equivalent circuit. 

Current flow
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In the first configuration (Figure 3a), a diode bridge is used as an interface to a permanent 
magnet or electrically excited synchronous generator.  The DC bus voltage and the voltage on 
the capacitor are therefore proportional to the speed of the generator.  Since the electrolyzer 
operates at a nearly constant voltage, the machine would have to operate at a nearly constant 
speed, thereby reducing the benefits of variable-speed operation.  Therefore, this approach is 
probably undesirable.  However, a DC-DC converter, such as a chopper, could be used between 
the electrolyzer and the DC bus, thereby decoupling the speed of the turbine from the voltage on 

Figure 3 (a, b, c). Power electronics layouts. 
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the electrolyzer.  This would add complexity but would provide separate controllability of the 
devices, which is highly desirable. 
 
In the second configuration (Figure 3b), a full-processing or “back-to-back” converter is shown.  
This is likely the most common type of converter used on variable-speed wind turbines.  The left 
bridge would either interface to a synchronous generator or to the rotor windings of a “doubly 
fed” or “wound-rotor” induction generator.  Such a system would be capable of controlling the 
power flow to the grid separately from the DC bus voltage.  If an electrolyzer were placed in 
parallel with the DC bus capacitor, the DC bus voltage would control its power.  In this way, the 
turbine and electrolyzer could again be controlled separately. 
 
In the third configuration (Figure 3c), a matrix-converter is shown.  Each switch cell in the 
matrix uses an H-bridge, as shown on the left.  Each H-bridge contains a DC capacitor whose 
voltage can be controlled.  By placing an electrolyzer in parallel with each capacitor, the 
generator and electrolyzers could again be independently controlled.  The additional complexity 
of many individual electrolyzers, rather than one large one, might not be a problem.  
Electrolyzers are usually composed of many individual cells stacked in series and connected in 
parallel.  Therefore, the individual components of a standard electrolyzer would simply be 
connected to their individual matrix switches in this design rather than to each other. 
 
In all cases, the turbine controller would be employed to control the electrolysis system.  By 
eliminating the controller and power electronics systems from the electrolyzer, the cost of the 
electrolyzer could be reduced by approximately 30% to 50% (see Table 1) with little to no 
increase in the cost of the wind turbine.  Additionally, efficiency would be increased because two 
power conversion steps (from the DC bus back to AC and from the AC grid back to DC) would 
be eliminated.  Since each step results in a loss of approximately 3% to 5%, an overall increase 
in efficiency of 6% to 10% can be expected. 
 

Table 1. Electrolyzer Current and Projected Costs 

2003 Status 2010 Target 2003 Status 2010 Target 2003 Status 2010 Target 2003 Status 2010 Target 2003 Status 2010 Target
$120 $95 $150 $120 $160 $140 $300 $250 $360 $300
95% 97% 95% 97% 95% 97% 95% 97% 95% 97%
$205 $55 $255 $70 $280 $80 $450 $100 $485 $115
72% 81% 72% 81% 72% 81% 70% 80% 70% 80%
$45 $20 $55 $30 $70 $40 $200 $80 $300 $100

97% 98% 97% 98% 97% 98% 97% 98% 97% 98%
System Labor cost $15 $10 $25 $15 $40 $20 $60 $40 $90 $65

Total cost $385 $180 $485 $235 $550 $280 $1,010 $470 $1,235 $580
System Efficiency (LHV) 66% 77% 66% 77% 66% 77% 65% 76% 65% 76%

75 KW

Power Conditioning cost 
and efficiency (LHV)

Cell Assembly cost and 
efficiency (LHV)

200 KW

Balance of Plant cost and 
efficiency (LHV)

4.5 MW 1.5 MW 500 KW

 
 

The Tower as Storage 
 
The tower of a modern 1.5-MW wind turbine is usually 65 meters to 85 meters tall, tapered from 
five meters to two meters in diameter (bottom to top) with a wall thickness of about 25 
millimeters to 36 millimeters.  These towers contain 663.7 m3 to 867.9 m3 of volume.  Assuming 
only two-thirds of this could be employed (so that caps could be placed at the top and bottom and 
equipment could still be housed in the base), 442.5 m3 to 578.6 m3 of volume could be enclosed 
as a hydrogen tank.  Such a tank would hold at least 10 atmospheres of pressure permitting 4,425 



 5

Nm3 to 5,786 Nm3 of hydrogen storage.  Assuming 11.1 Nm3 of hydrogen equals 1 kg of 
hydrogen at standard temperature and pressure, 399 kg to 521 kg of hydrogen could be stored per 
tower.  Hydrogen’s lower heating value (LHV) is about 33.3 kWh/kg, thus a 1.5-MW wind 
turbine tower could store 13.3 MWh to 17.3 MWh (LHV) of hydrogen.  If the electrolyzer is 
80% efficient (HHV = 39.4 kWh/kg), it would take 49.25 kWh to produce 1 kg of hydrogen.  
Therefore, a tower could store 13.1 to 17.1 hours of turbine operation at full power—a 
substantial amount of energy storage. 
 
Because of hydrogen embrittlement, it may not be possible to make the tower out of currently 
used alloys.  A liner may be required, or it may be necessary to use alloys that are less sensitive 
to hydrogen embrittlement.  These measures would probably increase the tower cost. 

The Complete System (Including Regeneration) 
 
A complete system might include the turbine, an electrolyzer, a battery, and a generation source 
such as a fuel cell or combustion device.  Integrating these devices into the turbine again 
provides additional opportunities for optimization (Figure 4). 
 

The fuel cell or combustion device would be controlled by throttling or some other mechanical 
or chemical means, and the battery and electrolyzer would be controlled by the DC bus voltage 
and therefore by the turbine controller.  The multi-pole switch would choose which device to 
connect to the DC bus, possibly connecting both the fuel cell and the battery at the same time. 
 
For the full system, several components would be used more than once.  Most notably, the power 
electronics and turbine controller would be used for all devices, with only the addition of a 
switch or contactor for each device.  The tower could be used to store and release hydrogen from 
the electrolyzer and fuel cell.  If the battery were of the nickel-hydrogen type, the tower could be 
used for this storage as well.  Additionally, the wind farm hydrogen collection grid could be used 
to shuttle hydrogen from turbine to turbine and from turbine to pipeline and back, thereby 
increasing the available options for hydrogen storage, sale, and purchase. 

Figure 4. Full system layout. 
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System Optimization 
 
Including the afore-mentioned components into a wind energy power plant opens several 
avenues for total system optimization and site-specific customization.  Sizing of the components, 
the way in which they are controlled, and certain turbine design parameters are variables that can 
be utilized in a total system optimization. 
 
An example of one possible alteration is shown in Figure 5.  In this example, a standard 750-kW 
wind turbine is depicted by the far left bar. All the energy generated from this turbine is 
transferred to the grid.  As one moves to the right and the rated to mean wind speed ratio 
increases (i.e., a larger generator is used), more energy is generated, but the turbine also costs 
more.  However, all of this additional energy is transferred to hydrogen generation.  In the 
second and third sets of bars, the rating of the grid is decreased to 500 kW and 250 kW.  The grid 
rating is the maximum amount of power that can be transferred directly from the turbine to the 
grid.  By decreasing the grid rating but not changing the turbine rating, more hydrogen is 
produced to make up the difference.  This has the secondary effect of increasing the grid capacity 
factor.  This example is only one of a myriad of possibilities for such a system.  Even more 
opportunities are available if a regeneration device and/or a battery are included. 
 

Figure 5. Adding hydrogen generation allows an increase in both energy captured and capacity factor. 
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Conclusion 
 
It is possible to efficiently connect multiple hydrogen-generating and -consuming devices to a 
modern variable-speed wind turbine without substantial additional complexity in the electrical 
power control system.  In fact, it may be possible to connect an electrolyzer, regeneration device, 
and battery to an existing turbine design with only the addition of some switches and protection 
devices and no additional power electronics.  By reusing existing wind turbine components in 
this way, significant total system cost savings can be achieved. 
 
A wind energy system that includes an integrated hydrogen system also provides grid integration 
benefits.  By including components whose energy consumption or production can be controlled, 
dispatchability is added to the wind energy power plant system.  This dispatchability can be used 
to provide power at peak times of the day or year or to provide other ancillary services to the 
grid.  In addition, it may be possible to reduce transmission line capacity from the wind plant by 
using the hydrogen system to “clip the power peaks” of the wind output.  In this way, the grid 
capacity factor would be increased.  With regeneration or batteries added, capacity factor would 
be increased even more. 
 
One of the more exciting prospects for adding hydrogen components to a wind energy plant is 
the increased number of available options for site-specific optimization.  For example, one might 
choose to provide more electricity and less hydrogen if the winds are steady and grid needs are 
high (as in California).  One might also choose to produce more hydrogen and less electricity in 
locations with strong winds but small electrical loads (as in North Dakota).  Even the type of grid 
available could influence the system optimization.  Weak grids might need more hydrogen-based 
regeneration or more battery power when compared to stronger grids so that the wind plant could 
be dispatched when necessary to support the weaker grid. 
 
The addition of hydrogen to conventional renewable power generation offers numerous 
advantages over stand-alone systems.  Elimination of redundant systems, enhanced efficiency, 
improved performance capability, and opportunities to provide optimized application specific 
design are just a few of the possibilities.  Future in-depth analyses and systems integration 
studies will prove invaluable in determining the specific configurations and applications 
providing the lowest cost of energy. 
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