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IntroductionIntroductionIntroductionIntroduction

 CIEMAT CIEMAT –– CSIC Fuel Cells CSIC Fuel Cells GroupGroup
 Fuel Cells Fuel Cells and Integration Systems Unit and Integration Systems Unit ––CIEMATCIEMAT
 Fuel Cells UnitFuel Cells Unit--ICPICP--CSICCSIC
 The groupThe group works in Fuel Cells since 1994works in Fuel Cells since 1994
 Covers PEMFC, MCFC and SOFC. Catalytic development and Covers PEMFC, MCFC and SOFC. Catalytic development and 

hydrogen productionhydrogen production
 Works in development of components (mainly electrodes and Works in development of components (mainly electrodes and 

MEAs)MEAs)
 Works in testing of cells (single cells and stacks)Works in testing of cells (single cells and stacks)
 Develops integrated systems and applicationsDevelops integrated systems and applications
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Integrated systemsIntegrated systemsIntegrated systemsIntegrated systems

 ExperienceExperience
 PhotovoltaicsPhotovoltaics--HH22--Fuel Cell: Fuel Cell: 

FIRST ProjectFIRST ProjectFIRST ProjectFIRST Project

 PhotovoltaicsPhotovoltaics--Wind Wind 
TurbineTurbine--Fuel Cell: Fuel Cell: Projects: Projects: 
AEROPILA, PROFITAEROPILA, PROFIT--Aragon, ENERCAMAragon, ENERCAM

 BiogasBiogas--Fuel Cell: Fuel Cell: Projects: Projects: 
EFFECTIVE, AMONCO, IRMATECH, EFFECTIVE, AMONCO, IRMATECH, 
PROFITPROFIT EMUASA ENERCAM CENITEMUASA ENERCAM CENITPROFITPROFIT--EMUASA, ENERCAM, CENIT EMUASA, ENERCAM, CENIT 
SOSTAQUASOSTAQUA
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GELSHI: ObjectivesGELSHI: ObjectivesGELSHI: ObjectivesGELSHI: Objectives
GGeneración de eneración de EEnergía nergía LLimpia mediante impia mediante SSistemas istemas HIHIbridosbridos

 Acronym in Spanish of Clean Energy Management Acronym in Spanish of Clean Energy Management 
through Hybrid Systemthrough Hybrid System

 Integrating different renewable energy sourcesIntegrating different renewable energy sourcesIntegrating different renewable energy sourcesIntegrating different renewable energy sources
 Developing an effective Energy Management System Developing an effective Energy Management System 

that controls the integrated systemthat controls the integrated system
 Applied as uninterrupted, grid isolated, power Applied as uninterrupted, grid isolated, power 

generationgeneration
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ComponentsComponentsComponentsComponents
Fuel cell (FC)

E M SPhotovoltaic panel (PV) E M S

Hydride container
Wind turbine (WT)

Data acquisition system

Wind turbine (WT)

q y

Battery (inside)
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Components:Components:
Photovoltaic panelPhotovoltaic panel

 Isofoton mIsofoton monocristaline onocristaline 
siliconsilicon

 Open circuit voltage 18 VOpen circuit voltage 18 VOpen circuit voltage 18 VOpen circuit voltage 18 V
 Current at short circuit 8ACurrent at short circuit 8A
 Peak power of 94 WPeak power of 94 Wpp (75 (75 

W i i t dW i i t dW maximum registered W maximum registered 
under working conditions)under working conditions)

 Orientation: South,Orientation: South,Orientation: South, Orientation: South, 
inclination 50ºinclination 50º
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Components:Components:
Photovoltaic panelPhotovoltaic panel

 Power curve under one day working conditionsPower curve under one day working conditions
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Components:Components:
Fuel cellFuel cell

 MESMES--DEA PEMFCDEA PEMFC
 Number of Cells: 22Number of Cells: 22
 Maximum power: 500 WMaximum power: 500 W Maximum power: 500 WMaximum power: 500 W
 Voltage: 21 Voltage: 21 –– 13 V13 V
 Maximum current: 30 AMaximum current: 30 A
 Air forced refrigerationAir forced refrigeration
 Graphite bipolar platesGraphite bipolar plates

Channelled cathode plateChannelled cathode plate Channelled cathode plateChannelled cathode plate
 Carbon paper as gas Carbon paper as gas 

diffuser diffuser 
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Components:Components:
Fuel cellFuel cell

 Polarization curve under working conditionsPolarization curve under working conditions

Fuel cell polarization curve
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Components:Components:
Wind turbineWind turbine

 Air X MarineAir X Marine
 Diameter: 1.15 mDiameter: 1.15 m
 StartStart--up wind speed: 3 m/sup wind speed: 3 m/s
 Max wind speed: 50 m/sMax wind speed: 50 m/s

V lt 12VV lt 12V Voltage: 12VVoltage: 12V
 Power capacity: Power capacity: 400 W at 12.5 400 W at 12.5 

m/sm/s
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Components:Components:
BatteryBattery

 Sealed type stationary Sealed type stationary 
leadlead--acid storage acid storage 
batterybattery

 Voltage: 12VVoltage: 12V
 Power capacity: 65 AhPower capacity: 65 Ah
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Components:Components:
Hydrogen storageHydrogen storage

 Developed at the Catalysis Institute (CSIC)Developed at the Catalysis Institute (CSIC)
 Metal hydride system Metal hydride system 
 Alloy of LaAlloy of La--CeCe--NiNi--AlAl--SnSn
 Capacity: 10 NmCapacity: 10 Nm33 of hydrogen at 30 barof hydrogen at 30 baryy y gy g
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Components:Components:
Energy Management SystemEnergy Management System

D l d b F l C ll GD l d b F l C ll G Developed by our Fuel Cell GroupDeveloped by our Fuel Cell Group
 Based on Based on 

 Software: Labview applicationSoftware: Labview application
 Hardware: measuring instrumentation, Hardware: measuring instrumentation, 

switches, data loggerswitches, data logger
 Management of power generation Management of power generation 

and consumptionand consumptionand consumptionand consumption
 Control of components on/offControl of components on/off
 Control parameters: Control parameters: 

 Power generation rate (solar, wind, Power generation rate (solar, wind, 
fuel cell)fuel cell)

 Battery stateBattery state--ofof--charge (voltage)charge (voltage)
 Power consumption (electronic load)Power consumption (electronic load)
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Components:Components:
Data acquisitionData acquisition

 Continuous data Continuous data 
monitoringmonitoring

 Continuous data Continuous data 
monitoringmonitoring

 Analysis of power Analysis of power 
generation and generation and 
consumptionconsumption

 Analysis of power Analysis of power 
generation and generation and 
consumptionconsumptionconsumptionconsumptionconsumptionconsumption

 Multiple data storage:
 V, I, W of each element (PV-WT-FC-Bat)

 Multiple data storage:
 V, I, W of each element (PV-WT-FC-Bat), , ( )
 FC operating data: cell voltages & temperatures
 Load consumption

, , ( )
 FC operating data: cell voltages & temperatures
 Load consumption
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EMS development, control and EMS development, control and p ,p ,
data acquisition (EMSdata acquisition (EMS--DA) DA) 

GELSHI ON

 Flow diagram and control loopsFlow diagram and control loops

Measure of 
V, I, W of 

components 

Corrective 
action 

Is any 
change 
needed? 

yes

Actions:
PV feeds the Load 
Battery feeds the load 
FC on and feeds the load
FC off

no

Feed the load

. . . 
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EMS development, control and dataEMS development, control and dataEMS development, control and data EMS development, control and data 
acquisition (EMSacquisition (EMS--DA) DA) 

C t l lC t l l
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 Control panelControl panel



EMS development, control and dataEMS development, control and dataEMS development, control and data EMS development, control and data 
acquisition (EMSacquisition (EMS--DA) DA) 

C t l lC t l l
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 Control panelControl panel



EMS development, control and dataEMS development, control and dataEMS development, control and data EMS development, control and data 
acquisition (EMSacquisition (EMS--DA) DA) 

G hi i dG hi i d
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 Graphics windowGraphics window



EMS development, control and dataEMS development, control and dataEMS development, control and data EMS development, control and data 
acquisition (EMSacquisition (EMS--DA) DA) 

L d fil d fi itiL d fil d fi iti Load profile definitionLoad profile definition
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Operation modesOperation modesOperation modesOperation modes

 Hydrogen production modeHydrogen production mode
 The system optimises the energy consumption as The system optimises the energy consumption as 

f ti f il bilit f i t t ff ti f il bilit f i t t fa function of energy availability: of interest for a function of energy availability: of interest for 
continuous hydrogen generationcontinuous hydrogen generation

 Load profileLoad profileLoad profileLoad profile
 The energy consumption follows a profile The energy consumption follows a profile 

(constant or variable).(constant or variable).
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Operation mode. Operation mode. 
Hydrogen production modeHydrogen production modeHydrogen production modeHydrogen production mode

Solar 
energy

Chemical Chemical energyChemical 
energy

Electrical 
energy

Electrical 
energy

Electrical

Information

Electrical 
energy

L d
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Operation mode. Operation mode. 
Hydrogen production modeHydrogen production modeHydrogen production modeHydrogen production mode

 PV, WT generates energy along light/windy PV, WT generates energy along light/windy 
hourshours
 Battery generates or stores electricity as Battery generates or stores electricity as 

requiredrequired
 FC starts up or shuts down to supply basic FC starts up or shuts down to supply basic 

system consumptionssystem consumptions
 EMS controls load consumption EMS controls load consumption 
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Operation mode. Operation mode. 
H d d ti dH d d ti d

80
Energy balance: Automatic load. Sunny 
d

Hydrogen production modeHydrogen production mode

40
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W

h 
0.00 Wh FC
406.14 Wh PV
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-40

0:00 4:00 8:00 12:00 16:00 20:00 0:00
TimeTime

 Along the night the battery supplies the needed energy for system basic Along the night the battery supplies the needed energy for system basic 
consumptionconsumption

 Along the day photovoltaic panels supply excess energyAlong the day photovoltaic panels supply excess energy
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g y p p pp y gyg y p p pp y gy
 The EMS maintains the battery SOC over an optimum value and supply The EMS maintains the battery SOC over an optimum value and supply 

the excess to the loadthe excess to the load



Operation mode. Operation mode. 
H d d ti dH d d ti dHydrogen production modeHydrogen production mode

Energy balance. Automatic load. Windy dayEnergy balance. Automatic load. Windy daygy y y
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 Simultaneous PV and WT generation (1 day Simultaneous PV and WT generation (1 day –– 1 hour). 1 hour). 



Operation mode. Operation mode. 
H d d ti dH d d ti dHydrogen production modeHydrogen production mode

 Hours of operationHours of operation
Day FC 

h 
PV 
h 

WT
h 

Battery
h 

Load
h 

1 0,00 6,64 0,00 15,36 0,00 
2 0,00 1,17 0,24 23,80 23,83
3 0,00 7,57 0,11 23,57 5,21, , , , ,
4 1,04 8,20 0,41 14,01 3,33 
5 0,00 7,20 0,00 22,91 0,00 
6 0,00 9,40 0,00 23,73 3,85 
7 0,00 9,81 3,00 23,42 6,76 
8 0,00 10,19 3,84 23,38 6,19
9 0,00 10,79 0,19 23,27 5,67 
10 0,00 11,01 0,00 23,59 6,50 
11 6,60 11,66 0,00 23,08 8,32 
12 0 00 11 18 0 00 23 57 6 2012 0,00 11,18 0,00 23,57 6,20
13 0,00 11,81 0,00 23,41 5,31 
14 0,00 12,43 0,05 23,41 2,71 
15 0,00 10,66 0,00 22,86 0,00 
16 6,88 11,60 0,05 22,99 0,32 
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Total 14,53 151,30 7,89 356,35 84,20



Operating mode. Operating mode. 
H d d ti dH d d ti dHydrogen production modeHydrogen production mode

 Energy generationEnergy generation
 Photovoltaic panels are the Photovoltaic panels are the 

Day FC 
(Wh) 

PV
(Wh) 

WT
(Wh) 

1 0.00 135.47 0.00 
2 0.00 4.04 2.73 
3 0.00 287.12 0.14 pp

main generatorsmain generators
 Fuel cell contributes few Fuel cell contributes few 

times to maintain the system times to maintain the system 

4 208.24 224.57 1.68
5 0.00 60.31 0.00 
6 0.00 364.59 0.00 
7 0.00 477.57 101.75
8 0.00 454.68 112.43 yy

working.working.
 Wind turbine generates only Wind turbine generates only 

a few windy daysa few windy days

9 0.00 452.66 3.98 
10 0.00 472.01 0.00 
11 318.86 455.74 0.00 
12 0.00 388.50 0.00 
13 0 00 398 41 0 00 y yy y13 0.00 398.41 0.00
14 0.00 317.81 0.60 
15 0.00 176.44 0.00 
16 232.83 167.04 1.01 

Total 759.92 4836.96 224.31
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Operating mode. Operating mode. 
C t t l dC t t l dConstant loadConstant load

more 

 Series of fifteen working daysSeries of fifteen working days
 Constant load of 20 WConstant load of 20 W
 Photovoltaic panel and fuel cell as electric generatorsPhotovoltaic panel and fuel cell as electric generators

frequent 
cycles due 
to battery 
failure 
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 Photovoltaic panel and fuel cell as electric generatorsPhotovoltaic panel and fuel cell as electric generators
 Battery as energy bufferBattery as energy buffer



Operating mode. Operating mode. 
C t t l dC t t l dConstant loadConstant load

Third day operation

 FC and photovoltaics generation (no WT)FC and photovoltaics generation (no WT)
 Uninterrumpted load consumptionUninterrumpted load consumption

10/04/201010/04/2010 2009 Fuel Cell Seminar & Exposition 2009 Fuel Cell Seminar & Exposition 2828

Uninterrumpted load consumptionUninterrumpted load consumption



Operating mode. Operating mode. 
C t t l dC t t l dConstant loadConstant load

Fifteen day operation
 Battery charge cycles overnight (by FC)Battery charge cycles overnight (by FC)
 Mixed battery charge, by FC and PV, during dayMixed battery charge, by FC and PV, during day

Fifteen day operation
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Fuel Cell operationFuel Cell operationpp

 500 h operation during 6 months500 h operation during 6 months
 1000 on/off cycles1000 on/off cycles
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Fuel Cell operationFuel Cell operationpp

 Bottom cells have some inferior performanceBottom cells have some inferior performance
 Other cells maintain its performance near the initialOther cells maintain its performance near the initial
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Fuel Cell operationFuel Cell operationpp

 Cell temperatures: 50 Cell temperatures: 50 -- 70 ºC70 ºC
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Final remarksFinal remarks
 A power generation system based on renewable A power generation system based on renewable 

energies and fuel cell is presented working under two energies and fuel cell is presented working under two 
different modes: automatic generation and constant different modes: automatic generation and constant 
loadload

 The EMS developed assures proper working conditions The EMS developed assures proper working conditions 
depending on the operation modedepending on the operation modedepending on the operation modedepending on the operation mode

 The system has been operated during 1 year at both The system has been operated during 1 year at both 
operating modesoperating modes
M j f il t d i th b tt dM j f il t d i th b tt d Major failures are encountered in the battery and some Major failures are encountered in the battery and some 
cells of the FC stackcells of the FC stack
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Fuel Cell GroupFuel Cell GroupFuel Cell GroupFuel Cell Group

CIEMATCIEMAT ICP-CSIC
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Thank you for Thank you for 
your attentionyour attention
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