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a b s t r a c t

The main obstacles of most renewable energies are their variability and availability; thus,

we propose the ‘hydrogen option’ as a means of energy management, and we study its

feasibility in a specific wind farm. The installation will be capable to store electrochemi-

cally the surplus energy and return the electricity to the grid during the peak hours. The

solution was to connect the system, so that we store the energy as hydrogen when the

wind generation exceeds a threshold; this is done by an electrolyzer set, with the appro-

priate nominal power, where, besides the electrical conversion devices, we have designed

a control programme for tuning the voltage and current densities to the optimal operation

of the cells. To utilize the hydrogen downstream the storage subsystem, we have selected

a fuel-cell and the output is finally converted to the grid requirements.

The nominal power of the wind farm studied is 48.8 MW, and it generates 18.4% of surplus

electricity which cannot be evacuated through the node during the off-peak hours; this is

converted into nearly 13 GWh of hydrogen per year, which can be used to produce peak

electricity (raising the power of the hybrid system to 12.3%). Thus, it presents many

advantages, which could facilitate the penetration of the wind resource, leading to

a cleaner energy production and moving one step forward to the ‘hydrogen economy’.

ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
1. Introduction or the limit that the grid can absorb and then the wind farms
Hydrogen has attractive features for energy integration,

primarily on account of its multi-functionality: it acts as

a storable ‘energy carrier’ that can be either converted back

into electricity e providing a balancing service to power

generators and suppliers e or can be used as a ‘zero emission’

fuel for other applications, such as transport [1e3].

When wind power is added to an electrical grid it increases

the system variability due to the wind fluctuations and results

in a need for additional peak-load generators. In areas with

growing wind penetration the intermittency of the source

imposes additional requirements on the operation and

management of the systems, the availability of reserve

capacity, and costly network reinforcements. Moreover,

sometimes wind generation exceeds the demand of electricity
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have to be disconnected.

To absorb the excess power, sufficient balancing capabil-

ities must be available. These can be acquired by different

initiatives, like strengthening of transmission capacities,

utilization of price demand elasticity and smart appliances in

households, usage of electricity for vehicle battery charging or

hydrogen production, etc. However, if energy storage is

introduced in the system, power facilities can provide most of

the peak requirements avoiding the need to build large

generators and other limitations. The energy storage system

could keep wind power excess so that the energy returns into

the grid during low generation periods. In this way, the plant

load factors would increase in relation to the power limit and

its management would be similar to that of conventional

generation plants.
ublished by Elsevier Ltd. All rights reserved.
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For bulk storage of momentarily surplus grid electricity

there are only a fewmethods of ‘parking’ the energy until it is

needed. These have been reviewed extensively, including the

strategies and limitations for storage in supply-demand

matching on grids whose input power is provided by inter-

mittent resources. In particular, the feasibility of joining

hydrogen and renewables to ensure the energy supply in

different systems has been studied by many authors, as well

as the utilization of wind energy to generate hydrogen in

parallel with the possibilities to use the hydrogen to enhance

wind power competitiveness. The key idea is to convert

hydrogen into electricity when the renewable energy is off

(e.g., no wind); to have this fuel during high potential periods,

the extra energy is converted by electrolysis leading to an

important research work in the optimization and control of

these installations, i.e., the renewable energy sources (RES),

electrolyzers, hydrogen storage and fuel-cells [4e11].

In such systems, hydrogen production by grid connected

electrolysis can be optimized by operating the electrolyzers

part time (i.e., peak-shaving mode), while the above

mentioned studies can be classified basically in two cate-

gories: models based upon their applicability for simulation

purposes (input phenomena and components), and ‘specific

cases’, conditioned by the location sceneries, seasonal varia-

tions and other aspects, which greatly affect the energy

utilization analysis. It can be concluded that significant efforts

have been made to study the major individual components of

renewable hydrogen generation and utilization systems,

including simulation and experimental research, though

further efforts are needed to reduce generally the empirical

nature of models and design methodologies need to explore

the details of each specific overall system.

Thus, this paper deals with a selected ‘wind case’ in Spain,

where the productivity of this technology accounts for more

than 10% of its power consumption; although in occasional

periods it exceeds the electricity demand in some areas, and

there are times of energy curtailments when windmills are

shutdown in order not to overload the power network. The

study considers the problem of feasibility of a wind-hydrogen

conversion and regeneration system to optimize the produc-

tion of electrical energy by increasing the storage capacity:

this process involves water electrolysis and compression of H2

in a tank of finite capacity, and it includes adjusting the

generation and demand curves and storing the energy when

the production exceeds the power limit at the point of

common-coupling (node); the last transformation process,

involving fuel-cells, turns hydrogen into energy ready to be

sold and distributed.

Seen in this perspective, emphases are not only to improve

performance of existing technologies, but also to integrate

them effectively with RES, whereas practically no real studies

focus on the evacuation problems in the nodes or the vari-

ability of the wind phenomena in the macro-meteorological

range, which affects the power management strategies and

the design of the systems with finite storage capacities.

Finally, we analyze the wind-H2 facility to determine its

economical viability, where the increase of power density and

energy efficiency at a competitive cost is a great challenge for

the industrial implementation of these devices. This can be

achieved through the research of new materials and
components for the stack (as in other studies), but also by the

optimization of the design and control of the whole system e

the main objective in this case. Since the technology,

manufacturing, and marketing of a great deal of the system

components are still in early stages of development, the costs

data are more uncertain, but this topic is addressed with price

estimates as pointed out below. Additionally, the wind based

hydrogen production system can offer some services to the

grid to improve the quality of electricity supply and reduce the

peak to average load ratios, as far as the new regulations for

renewable energies make explicit references to predictability,

stability and efficiency to guarantee the ‘sustainability of

energy systems’ (i.e., equilibrium between manageable/vari-

able generation and tariff gaps) [12].
2. Wind power penetration and energy
storage

Since 2009, wind power in Spain (with near 17 000 MW)

occupies a third place in their electricity generating systemse

after combined cycle and hydropower installations e with

a projection of 40 000 MW in 2020, which can greatly

contribute to the 20% renewable target of the European Union

for that year [13].

Focusing on the demand side, wind energy nearly covered

12% of the Spanish electricity consumption in 2008,whichwas

above the large hydro production of the whole country; wind

generation reached more than 27 000 GWh, covering more

than 20% of the electricity demand for several consecutive

days, with momentary supplies of 43%. This growing pene-

tration level of wind energy is a remarkably strategic and

environmental advantage for the country, but poses its elec-

trical system in the forefront of novel and fascinating chal-

lenges [14].

Like many other renewable sources wind energy is intrin-

sically variable, and this represents a problem for electric load

management as its contribution to the power mix increases.

Daily average curves for wind production and energy demand

do not typically follow the same patterns and wind peaks

usually arise during night hours when electricity consump-

tion is lower: e.g., during a real situation which arose on 2nd

November 2008, the electric operator in Spain gave the order

to stop more than 37% of wind production at this point to

maintain the grid stability (Fig. 1). All this suggests that we

need solutions to make the intermittent wind energy in

a more manageable resource, which at the same time can

overcome the technical limits to its deployment.

Pump hydro storage has been used to manage the surplus

energy in these periods, but its yield is not very high and it is

limited by hydrographic configurations; actually, there are

plans to increase its capacity to 4000MW in Spain [15], but it is

difficult to go much further. Another form of energy coupling

is to increase the demand during off-peak periods bymeans of

price incentives to the consumers or new battery vehicles

which are charged at night when electricity is cheaper.

Other storage means could be applied, like batteries, ultra

capacitors, inertia, etc., but amore promising system seems to

be hydrogen which can be used again for peak power gener-

ation, new vehicle fuels or other applications. There is such an
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Fig. 1 e Restrictions for energy evacuation in Spain (as

showed by the wind generation curve of 2/11/2008).
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interest to exploit wind-hydrogen synergies, that the Inter-

national Energy Agency (IEA) recently approved a Spanish

proposal on hydrogen called Wind Energy and System Inte-

gration (Task 24) [16]. Today there are already some examples

of such integrations, e.g., the first project to produce hydrogen

in a Spanish wind site, built in Galicia (Sotavento), the wind-

hydrogen demonstration system for remote areas launched in

Norway (Utsira), while a hybrid industrial plant which

combines wind, hydrogen and biogas is scheduled to start in

Germany in 2010 (Uckermark).

Hydrogen is the most abundant element of the universe,

though it is forming only practically compounds like water or

hydrocarbons in our planet,meaning that itmust be separated

and stored (both requiring energy and technology). It can be

produced basically by water reduction with carbon or elec-

trolysis, with the advantage in the last case that if electricity is

generated from renewables, hydrogen constitutes an energy

carrierwithnearly zeroemissions [17]. Theelectrolysisprocess

consists of the oxy-reduction ofwatermolecules, promoted by

a direct electric current (DC), that permits to obtain hydrogen

with high purity: the voltage to be applied is the sum of the

reversible potential, the polarization at the electrodes and the

ohmic losses in the cell (which are proportional to the current

density); thus, a greater intensity in the electrolyzer increases

productivity, but at the same time the voltage becomes higher

and this reduces process efficiency (leading to a delicate trade-

off analysis to reach the optimal performance) [18]; a detailed

discussion of such strategies in electrolyzer operations for

managingsurpluselectricity loadscanbe found inourprevious

paper in this journal [19]. Finally, hydrogen can be used to

produce energy in motors or gas turbines, but the best alter-

native is to use it directly in fuel-cells due to their higher

expected efficiencies (min. 60%) [20].
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Fig. 2 e Histogram and cumulative probability of electricity

production in the node during off-peak hours.
3. Analysis of wind generation

As we have argued in the previous section, if wind power

penetration becomes high in the Spanish electrical grid, then

energymanagement will be necessary for somewind farms to
adjust the generation curve to the demand curve. To analyze

the feasibility of wind-hydrogen integration in a specific case

study, we performed a statistical analysis of one year elec-

tricity generation in a Spanish wind farm, placed in the

northwest region and named Park A to preserve the property’s

identity. The nominal power of this park is 48.8 MW and the

total energy produced was 116.8 GWh/year (equivalent to

2390 h), but we used the hourly production data to calculate

the “average day” which constitutes a first approach to the

park generation patterns. As expected, the data show a great

dispersion from average values, both hourly and seasonal,

with a range between near zero and 28 MWh/h and higher

production in autumn or spring. This analysis was carried

out with the cooperation of the Spain’s wind association

(AEE) [21].

These data are considered as area representative of the

wind resources in the zone, and thus, properly scaled, they

were compared during off-peak hours (22.00e12.00 h inwinter

and their equivalent hours in summertime) with the evacua-

tion limits in the electrical node (with a total connected wind

power of 560 MW). The scale factor is 11.5, and for the statis-

tical analysis of the hourly production data, these values were

grouped and normalized in intervals of 0e560 MWh, whose

frequency distribution and annual cumulative probabilities

are shown in Fig. 2.

To verify the surplus generation of electricity during off-

peak hours we must quantify this energy along the year and

evaluate the node tolerances against wind production. Addi-

tionally, the operation of the system means that one cannot

supply the power demand with wind solely, but we need an

electrical mix composed of other generating plants to guar-

antee the stability of the grid. Thus, all the energy sources are

faced to a reduction of their contributions to the demand,

specially during off-peak periods, and this represents an

evacuation limit of 200 MW for the wind farms connected to

the node (according with the restrictions fixed by the Spanish

grid operator e REE e in this location).

This is why, to evaluate when and how much this limit is

exceeded by the wind supply in our case, we calculated the

cumulative probabilities as shown in Fig. 2, which determine

the occurrence of all the values below the indicated one: P

(production) � P0 (200 000 kW); one can see that this proba-

bility is 64%, i.e., 36% of the time windmills are generating on

average more energy than the node could evacuate during
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off-peak hours, and one could foresee the magnitude of this

problem in the future, as well as for the whole electricity

system of the country, as penetration of wind an other vari-

able energy sources grow.

Clearly, we can reuse these surplus electricity loads e

which otherwise will be wasted e in the form of hydrogen to

reach a more efficient management of the wind resource. To

estimate the amount of excess energy in the year, we subtract

the evacuation capacity of the node during off-peak hours (i.e.,

200 000 kWh) to the values of such energy range, and in this

way we obtain a cumulative overproduction of 247.6 GWh/

year; this is equivalent to 18.4% of the wind power produced

along the year and can be translated to an economical value of

18.7 MV at the regulated prices for wind electricity

(7.5681 cent/kWh in 2008).

It can also be noticed that the surplus energy is much

better distributed around specific values than the global wind

production; now, the most usual figure of the excess elec-

tricity is 90 000 kWh, but a wide range of values between

20 000 and 230 000 kWh e which cannot be easily dumped to

the grid e appear with nearly the same frequencies.

A partial solution to this problem could be to build new

electricity lines for transporting the surplus energy to other

consumption centers, located at longer distances from the

production point. But these grid reinforcements are usually

costly, require time and cause some energy losses and

impacts; contrarily, in-situ devices which are capable to store

the excess power, not only permit to increase the resource use

but also facilitate the management of the system, as the

stored energy can be supplied again to the grid and this can

greatly improve the reliability of wind generation.
4. Wind-hydrogen system

The configuration of these systems to store and reuse the

electrical energy in the form of hydrogen consist basically in

a set of electrolyzers, pressurized deposits and conversion

devices (like fuel-cells), all of which are interdependent.
Fig. 3 e Daily average surplus of energy in the node d
4.1. Water electrolysis

The main difficulty for designing this component comes from

the great variability of the excess energy throughout the year

(Fig. 3). The relationship between the energy input and the

hydrogen output is a nonlinear function (efficiency) which

depends on the transformation device (electrolyzer); then,

what is sought are equipments which are capable to convert

the maximum available energy and to work most of the time

with the highest efficiency.

From the power overproduction data discussed in the

previous section, if we limit the electrolyzers size to 250 MW,

we found values in excess to this capacity during only 11% of

the surplus periods; this represents 194 h of the 1771 off-peak

hours with excess electricity per year (or 22.3% of the energy),

but with a limiter of the power input to the equipment we

make only not use of: 247 600� 0.223� 250� 194¼ 6700 MWh

(i.e., 2.7% of annual surplus energy).

Obviously there are not units of this size, but one could

think in technical arrangements in parallel which have the

additional advantages of admitting a wider range of input

energy values and a more flexible operation by means of

a controller which incorporate them depending on the avail-

able energy. It has been seen in all demonstrations that the

intermittent renewable energy and the electrolyzer dynamic

behavior are closely correlated, and this responds rapidly to

the varying electricity yields from wind converters [22].
4.2. Hydrogen storage

To approach the design of this component we took into

account the characteristics of the wind phenomena in the

macro-meteorological range, which can show aleatory peaks

in typical time intervals of 12 h, 4 days or even monthly (see

the left side of Fig. 4).

From this analysis, it follows that if we are running across

a semi-diurnal overproductionpeakduring thenighthours,we

could easily evacuate the stored energy during the next peak

demand period; but with a four days peak we cannot probably
uring the off-peak periods of electricity demand.
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consume the surplus electricitye stored as hydrogene during

the next daytimes of excess wind generation. A mathematical

description of this problem is depicted by:

Ep þ Ev � h < U (1)

where, Ep: electricity produced during peak hours, Ev: excess

electricity during off-peak hours, h: global efficiency of the

energy conversion system, U: evacuation limit in the node

during peak hours.

Thus, if the above condition is not satisfied we need to

increase the storage capacities for a better utilization of the

surplus electricity: e.g., if we size the deposit to fit the daily

average excess energy multiplied by typical electrolyzer effi-

ciencies (21 900 kg of hydrogen), we will have 30 days where it

is not possible to return to the grid the energy in excess from

the night before and the system is not capable to utilize the

one of the following day (this amount in our case 15 700 MWh

or 1.19 MV at the regulated prices); but this scenery changes if

we store the energy corresponding to the average production

of two days, because the thirty critical days are minimized

when doubling the size of the deposit, as we have more

reserves to distribute the surplus energy in a greater number

of days and this matches better with the production planning.

4.3. Fuel-cells

All the above elements need to be combined with hydrogen-

to-electricity devices, i.e., capable to convert the stored

energy, which could limit the performance of the whole

system if they are not properly sized; its nominal power is

a key point of the installation because it determines the

capacity to supply regenerated energy to the grid, at the same

time that its economy is one of the most sensible items of the

project (around 700 V/kW).

We have focused in fuel-cells instead of conventional

motors by the great difference of efficiencies (70% vs. 30%),

though the former constitute a new technology, with short

learning curves and where the priority is to reduce costs.
Fig. 5 e Scheme of the installation of aerogenerators

connected to the hydrogen storage and conversion system.
5. Description of the installation

As shown in Fig. 5 the installation connects with the medium

voltage (MT) output of the parke in parallel with themedium/
high voltage (MT/AT) transformer to the grid e by means of

a converter in series which receives a three-phase input from

the aerogenerators (AG) at a lower voltage (BT 400 V) and turns

it into DC for the electrolysis. After this converter, there is an

electronic controller for tuning voltages and current densities

to the electrolyzers.

In approaching an optimal size for the equivalent electro-

lyzer, there is always a cost-benefit balance which depends on

variables like prices of electricity, times of operation and the

power of installations (as shown in other papers); but in this

case the total power of electrolyzers can be scaled to a limit

value of 21.3 MW (for the park A), which has the potential to

convert more than 97% of the surplus energy in the node (this

is discussed in Section 7). Then, we have chosen to connect 10

units in parallel (2.13MW),whichwere the biggest and the best

performance atmosphericmodels found in themarket, and for

this reason the controller must be able to manage the starting

of the electrolyzer lines according with the energy available in

each moment and always at the maximal efficiency.

Each electrolyzer consists of 230 cells (0.60 m2) and oper-

ates with 5.15 kA at the maximum power, so that the current

density is 8.6 kA/m2 and the potential between electrodes

1.8 V, with a hydrogen production efficiency of 62% [23]. It is

necessary to provide water for electrolysis by means of a tank

of enough capacity (i.e., about 1 L per Nm3
H2
), though we can

reuse a great part of it from the fuel-cell. Downstream of the

electrolyzers we need a compressor for increasing the exit

pressure to 135 atm, and storing two average days of hydrogen

(3800 kg) in a spherical deposit of 9.55 m diameter (340 m3).

The last important element of the set is the hydrogen fuel-

cell, the size of which could be established by multiplying the

nominal power and the efficiency of the electrolyzerse as this

is the maximum hourly energy available in the form of

hydrogen e and finally by the output efficiency of the fuel-cell

(i.e., approx. 21.3 � 0.62 � 0.70 ¼ 9.2 MW); but this leads to

oversize the cell, as this flow is only available at themaximum

electrolyzer capacity and we never produce the hydrogen at

the same time as we return it into electricity.

Thus, if we consider the problem globally, it results more

relevant to build an adequate deposit than a hydrogen-cell of

the maximum power, provided that it do not create a bottle-

neck for the rest of the installation, as well as the costs impel

to look for the minimum sizes of this equipment; after eval-

uating all these criteria, we have selected a fuel-cell of 6 MW,
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which still permit to supply a considerable peak energy and to

face eventual turnings of production away; the hydrogen

power system can also offer other services to the grid (like

stable active and reactive supplies, voltage and frequency

regulation, etc.) becoming an active wind energy conversion

system [24].

Finally, the DC output of the cell is rectified in the second

block of the converter at 400 V, so that the resulting AC output

can be turned to 20 kV (MT) by using the same transformer

which served to derivate the surplus electricity of the park;

thismeans that the current intensity could reach 15 kA (6MW/

400 V) and it must be taken into account for sizing the elec-

trical circuit, the insulations, switches, etc.
6. Control of the electrolyzers

The management of electrolyzers is done by an electronic

controller which decides how many and which units are in

operation, ordering the corresponding starts or shutdowns, at

the same time that determines their set points (V & I). The

voltage comes from the Tafel curve (Fig. 6), which is the sum of

the Gibbs potential (Uc
�), the ohmic losses (IR), and the electrode

effects (h), and must be multiplied by the number of cells [25].

These barriers are proportional to the current densities ( j ),

changing the voltage in function of the applied intensity and

modifying the efficiency of the electrolysis process (he¼ 1.23/V).

To quantify the instantaneous power input to the instal-

lation the controller measures the intensity only, as the

voltage from the rectifier is constant: Pe (kW) ¼ i (A)$400 (volt);

then, its distribution between the electrolyzer set is done by

fixing the optimal values of the intensity and voltage for the
Table 1 e Control programme of the electrolyzers.

L<Pe < 2L ¼> running n ¼ 1 P1 ¼ Pe
2L<Pe < 3L ¼> running n ¼ 1 þ 2 V1 ¼ 347 volts

P2 ¼ Pe � L

. . .

10L < Pe < Pmax Pn ¼ Pe/10

Pn ¼ Vn$in ¼ (4.2 � 10�5$j þ 1.44) $in
different condition of operation, in the linear range of high

current densities which are of interest:

VðvoltÞ ¼ 1:44þ 4:2� 10�5$j
�
A=m2

�
(2)

The electrolyzers operate in a range from 20 to 100% of the

nominal intensity, meaning that they can start running at

1030 A, which correspond to 1.51 V, and thus we require

358 kW to activate the equipment (230 cells); this means that

the electrolyzer system is capable to operate from an input

equivalent to 1.7% of the nominal power (21.3 MW).

Thus, operatively, the controller measures continuously the

energy input and starts the electrolyzers in such away that only

one unit is working at the least energy values; then, once the

availableenergydoubles the limit for runningoneelectrolyzer, it

starts the next unit to maintain the minimum intensity in each

equipment; and the same applies to the rest of the installation,

as the maximal efficiency depends on maintaining the lowest

current densities;when all units are running (n¼ 10), the energy

is distributed in parallel, i.e., with the same voltages and inten-

sities (Vn, in), so that, if the power input changes, theymove over

the Tafel’s line as with the previous sequence (Eq. (2)).

Table 1 summarizes the control programme,whichhas been

designed to ensure the maximal efficiency for all power inputs

to the system, as far as it lets each electrolyzer to operate at the

minimum current densities, optimizing their productivities.
7. Hydrogen production and economic
analysis

To calculate the electrolytic production, we need to filter the

surplus energy data from those values out of the range of

operation, i.e., lower than 358 kWh (the minimum hourly

energy to the electrolyzers), or higher than the nominal power

of the installation (which are then substituted by the

maximum capacity of the electrolyzer set: 21 300 kWh). The

result of this correction is that the energy wasted represents

only 3% of the total available off-peak electricity.

The efficiency of converting electricity-to-hydrogen varies

with the hourly power inputs, due to the performance of

electrolyzers; thus we can group the data in the different

sequences of operation, as explained above, and evaluate the

production of hydrogen with:

ProdH2
ðkgÞ ¼ Pn � henerg �

0:03kgH2

kWh
(3)

Then, for any number of electrolyzers in operation (from 1

to 10) Eq. (3) can be expressed generically using the expression:
Pe: Instantaneous power input to the system (kW)

L: Activation value (358 kW)

n: Electrolyzer branch in parallel (1,2,3,.n.10)

Pn: Instantaneous power through electrolyzer n

Vn: Regulated voltage to electrolyzer n

in: Electric intensityin electrolyzer n

jn: Regulated voltage to electrolyzer n

j: Current density (in/0.60)

Pmax: Curtailment power (21.3 MW)
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ProdH2
ðkgÞ¼ Pn �henerg �

0:03kgH2

kWh
þðn�1Þ �L�hL �

0:03kgH2

kWh
(4)
estimations of the installation.

Equipment Prices
(V/MW)

Nominal power
(MW)

Cost (V)

Transformer 15,000 22.0 330,000

Electrolyzers 280,000 21.3 5,9670,000

Deposit and

compressor

8,500 125.7 1,070,000

Fuel-cell 700,000 6.0 4,200,000

Frequency

converter

50,000 22.0 1,100,000

Construction and installation (10%) 1,270,000

Engineering and general expenses (6%) 760,000

Total 14,690,000
Finally, after starting the 10th unit:

ProdH2
ðkgÞ ¼ 10$Pn$henerg$

0:03kgH2

kWh
(5)

As shown in Fig. 7, which summarizes the system perfor-

mance vs. the variable power to the electrolyzers, the process

efficiency varies globally in a nonlinear form: the first inter-

vals reflect the production of hydrogen during the initial

sequences before running all the electrolyzers, while the

longer part of the curve represents the ten units working at

one time (the average yield is approximately 0.62 kWh of

hydrogen per kWh of electrical energy input to the cells).

We present a summary of data with the values of the

energy profitable, its relation with the energy available (97%),

and the energy stored as hydrogen (62%):

e Total energy profitable (Park A): (247 600/11.5)

� 0.97 ¼ 20 900 MWh

e Energy stored as hydrogen: 20 900 � 0.62 ¼ 13 000 MWh

The park studied has a nominal power of 48.8 MW, but

thanks to the hydrogenmanagement devices this power could

rise 12.3% to reach 54.8 MW, which permits to sell peak elec-

tricity in the market and avoid turnings of production away:

when the park generates energy in excess, it can be stored as

hydrogen, or otherwise, if the balance is negativewe canmake

use of the parallel generation of the fuel-cell (which runs only

during peak hours, when the price of electricity is higher and

the payback times become lower); other advantages are that

the fuel-cell output is regulated electronically to the reactive

energy requirements of the electrical grid, and in the case of

curtailments or failures of the park we could easily start it up

again by means of the energy storage and conversion system.

For an economical analysis of the project, we performed

cost estimations by using the average prices of equipments

and other installations (as shown in Table 2). We can appre-

ciate that the investment is quite high, but it could supply the

electrical grid with 6 MW during peak hours at a cost of 2.45 V

per each watt of additional power; though this could be

reduced to 1.34 V/W if a new wind farm and hydrogen-elec-

tricity systems were built ex-novo, with a cost of the installed

wind power of 1.20 V/W.
0

1000

2000

3000

4000

5000

20000150001000050000

Input power (KWh)

P
r
o

d
u

c
t
i
o

n
 
(
N

m
3
)

L<P<2L

2L<P<3L

3L<P<4L

4L<P<5L

5L<P<6L

6L<P<7L

7L<P<8L

8L<P<9L

9L<P<10L

10L<P<2130 MW

Fig. 7 e Production of hydrogen vs. energy input to the

electrolyzers in all the power range.
Concerning the profitability of the project, the result of

multiplying the hydrogen production and energy conversion

efficiencies gives 9.1 GWh per year, which amounts to 1.1 MV

at the price of the electricity generated by fuel-cells

(12.1533 cent/kWh) [26]; from all these data, together with the

maintenance cost and interest rates, we estimated the return

of investment in less than 20 years, with a net present value

near to 700 000 V and return rates of 3%.

We could add other favorable factors to this analysis, like

the cost reductions which are expected from technology

learning, savings in conventional power generation and new

electrical lines, bonus for a better regulation of the grid, the

deployment of renewable energy sources, as well as envi-

ronmental benefits of all kind.
8. Conclusions

Wind energy contributes to the Spanish generation system by

supplying more than 10% of the electricity demand, while its

growth pattern is foreseeing amuch faster penetration level in

near future; e.g., 43% of new power capacity installed in the

European Union in 2008 was wind generation, well above gas,

coal and nuclear technologies [27]. Thus, it becomes critical to

profit at maximum these power resources for a better

management of electrical grids, as well as for a more rational

utilization of the energy and their environmental benefits.

We used historical data of the hourly renewable energy

available for one year period in a real emplacement, where

the maximum power that can be generated is 48.8 MW and

the power limit is 17.4MWduring off-peak periods; comparing

the annual available wind power to its capacity in the farm

case, we obtain a wind capacity factor of 27%, and 36% of the

time the windmills are generating more off-peak electricity

than we could evacuate in the node.

Thus, the operation of an electricity powered hydrogen

production system was analyzed and optimized, revealing its

role in managing this surplus energy; the simulation of the

intermittent operation shows the benefits which could be

achieved by using low prized electricity during off-peak

periods of electricity demand, as well as the leveling effect on

the energy balances of the park.

Theproposedschemeincludestheuseof theexcessenergy to

run a water electrolysis process, where the hydrogen produced

is an ideal fuel for the highly efficient new electrochemical cells.
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Once proved that it was not possible to evacuate all yearly

generated electricity which is connected to the electrical node,

we have designed the installation to manage this overload: the

electrolyzer capacity is 21.3 MW and the expected efficiency is

62%, while the selected operation has resulted very versatile, as

electrolyzers are able to run into a range from 1.7 to 100% of

themaximum power, by using of an adequate control.

Downstreamof the electrolyzers, the system includes water

and hydrogen storages, as well as one stationary fuel-cell to

supply the electrical grid: the hydrogen tank was sized for

3800 kg, and the maximum capacity of the recovery system is

6.0 MW, with an efficiency of 70%. Considering the average

efficiencies of the equivalent electrolyzer, the electrical devices,

the compression-storage losses and the fuel-cell, the projected

systemhasstill a globalyieldof about40%,which represents the

percentage of excess generation fromwind that we are capable

to reintegrate in the grid if it were wasted in any circumstance.

The continuous improvement in relevant hydrogen tech-

nologies were decisive for selecting this alternative of energy

storage and wind management, though they need longer

learning periods for a better performances and lower costs;

but even using the current economies, the wind-hydrogen

installations could attain a payback into their lifetimes. We

should considermore detailed geographical evaluations of the

grid for planning the installations or operating the devices at

optimal performance, taking into account the balances

between the supply and the demand at large scales. Studies

for wide source availability and variability across the country

are in progress, including the load sequences to operate the

electrolyzers and avoid the negative impact of dynamic cycles

[28,29]; thus, they will be the objective of further research

where we plan to analyze how renewables need hydrogen to

facilitate their contribution to the electricity trade, since so far

all utilization of no storable energies is restricted mainly to

local applications.
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