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METHOD AND SYSTEM FOR DETERMINING AND CONTROLLING METHANOL
CONCENTRATION IN DMFC BASED ON IMPEDANCE MEASUREMENTS

Field of the Invention
The present invention relates to methods and systems
for electrical determination and adjustment of the fuel

concentration in a direct alcoholic fuel cell such as a
direct methanol fuel cell (DMFC}.

Background ¢f the Invantion
Direct alcoheolic fuel cells convert an alcohol fuel to

hydrogen ions and carbon dioxide internally through a

reaction analogous to the followlng for a direct methanol
fuel cell:

Anode: CH,O0H + H,O0 => CO, + 6H' + be~ (1)
Hydrogen ions are conducted from the anode through the

polymer electrolyte. Electrons are conducted to the
cathode through the external electric circuit where oxygen

is reduced to water according to the reaction:

Cathode: 3/,0, + 6H' + 6e” => 3H,0 (2)
The complete electrochemical reaction is:
CH,OH + 3/,0,4H,0 => CQ,+3H,0 (3)

As shown by this reaction, the fuel cell relies on the
presence ©of liquid water to efficiently conduct the

protons, The theoretical voltage of the fuel cell based
upon this chemistry is 1.1B V.

The hydrogen ion conducting membrane separating the
anode and the cathode of the fuel cell is an acidic proton
conducting polymer selected from commercially available
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solid polymer electrolytes such as NAFION (a sulfonated

tetrafluorethylene copolymer; DuPont Fuel Cells,

Fayetteville, NC, USA), Flemion (a perfluorilnated

carboxvylic acid membrane), and ACIPLEX-S

(perfluorosulfonated 1onomer membrane, Asahi Chemical

Company, Kawasaki, Japan).

fr—

Maintenance of fuel cell efficiency depends on the

abi1lity to retain the methanol solution 1n the methanol

fuel compartment on the anode side of the membrane,

adequate fuel replenishment and on a low 1nternal

resistance 1n the cell.

Methanol diffusion through the electrolyte membrane

causes a phenomena known as "chemical short circuiting”™ o

the fuel cell. Methanol which reaches the cathode reacts

wastefully with oxygen 1n a simllar fashion to reaction

(3) . However, 1n this wasteful reaction electrons do not

traverse the external electrical circuilt and cannot

provide useful electrical energy. This situation 1s

aggravated when methanol concentrations 1n the anode fuel

compartment are ralsed because a high methanol

ﬁ ﬁ

"usion of methanol

concentration 1s a driving force for di

through the membrane.

f—

the electrochemical

On the other hand, malntenance o

f—

reaction rates depends on the supply of adegquate methanol.

F

Denudation of the methanol concentration leads to reduced

power generation.

In a DMFC stack, the fuel 1s circulated through the

stack and deplenished fuel 1s returned to the fuel

ﬁ

compartment. Since part of the methanol 1s used by the

electrochemical reaction, the methanol concentration in the
compartment 1s reduced. Consequently, the i1individual cell

and whole stack impedance will change unless the methanol

concentration 1s maintained. The methanol concentration
increases when water 1s lost thereby resulting 1in

lmpedance 1ncrease.
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It 1s therefore desirable to control methanol

concentration i1in fuel cells 1n order to optimize

f— f—

efficiency of the DMFC stack and maintaln output.

Satisfactory control can be achieved by measuring the

methanol concentration and compensating for methanol

F aad

consumption. Consumption of fuel can be calculated on the

fr—

basis of the electrical charge transferred. The methanol

concentration can be malntained at a specified level by

ﬁ ﬁ

addition of water as diluent or addition of alcohol as a

concentrate or as a pure substance.

Water and methanol can evaporate from the fuel tank,

fr—

thereby affecting the methanol concentration. In

ﬁ

addition, methanol 1s lost by diffusion through the

polymer electrolyte membrane (PEM) to the cathode side.

These concentration changes can be significant and may

cause large deviations from the 1deal alcohol
concentration.

Conventionally, methanol concentration changes caused
by the other mechanisms are detected by i1ntrusive sampling
and measurement technigues based on varilous princilples

ﬁ

such as refractive index of the ligquid, the speed of sound

1in the ligquid and the liguid density. A sensor may

convenlently be placed, for example, 1n the fuel reservoilr

or 1n the channels connecting the fuel reservolr and the

fuel cell stack. The properties measured depend on the

composition of the liguid. However, the properties

f— f—

"ected by the presence of CO, bubbles 1n the

measured are a

liguid and the signal 1s prone to 1l1naccuracles caused by

gaseous 1nclusions yielding unreliable measurements.

F aad

A general teaching of electrochemical 1mpedance

spectroscopy (EIS) 1s provided by Gamry Instruments

(Warminster, PA, USA) at gamry with the extension .com/App
Notes/EIS Primer/EIS Primer 2007.pdf of the world wide

1

web.
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EP1820040 discloses methods for detecting and

indicating faulty conditions 1n electrochemical cells.

U.S. Patent 7,201,980 discloses a fuel cell apparatus

and method for feeding fuel to a fuel cell wherein

information on the methanol concentration detected by a

concentration sensor 1s sent to a controller and referred

to when the fuel mixer adjusts the methanol concentration

f—

of the mixed solution. The concentration sensor provided

immediately before the fuel cell 1s disclosed to achieve

power generation while detecting the substantial methanol

fr—

concentration of the mixed solution fed to the fuel cell.

U.S. Patent 6,824,899 discloses apparatus and methods

for regulating methanol concentration i1n a direct methanol

fuel cell system without the need for a methanol

concentration sensor. One or more operating

fr—

characteristics of the fuel cell, such as the potential

across the load, open circuit potential, potential at the

anode proximate to the end of the fuel flow path and short

f—

clrcult current of the fuel cell, are used to actively

control the methanol concentration.

U.S. Patent 6,794,007 discloses a direct oxidation

fuel cell system 1n which the source fuel 1s diluted with

a diluting fluild prior to entering the fuel cell. For a

DMFC 1n which the methanol source fuel 1s diluted with

water, the dielectric constant of the fuel mix comprising

the source fuel and the diluting fluld 1s measured to

f—

determine the relative proportions of source fuel and

diluting fluid within this fuel mix. This measurement 1s

then used 1n a feedback loop to control the subsequent

F

mixing of the source fuel with the diluting fluid, and 1in

particular, to adjust the mix 1n the event the fuel mix 1s
too rich or too dilute as compared to a desired mixing
proportion. Additionally, a second dielectric constant

measurement 18 used to determine
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PCT/EP2009/055008

the source fuel level of a fuel tank providing source fuel

to the fuel cell. An optional telecommunications link 1s

used to automatically order a source

source fuel runs low.

fuel refill when the

U.S. Patent 6,098,278 discloses a method for 1ndirect

F

measurement of fuel concentration i1n a liquid feed fuel

cell wherein fuel concentration 1n the

f—

fuel stream 1s

calculated as a function of the observed current, the

ﬁ

temperature of the fuel stream entering the fuel cell

stack, and the temperature of

thereby eliminating the need

Summary of the Invention

the fuel cell stack 1tself,

for a separate sensor.

The present i1nvention provides an external,

nonintrusive system and method to monitor and control

methanol concentrations via electrochemical i1mpedance

spectroscopy (EIS) 1n an operating DMFC system. The

ﬁ

methods and systems of

cell operating condition,

the present 1nvention assess the

concentration, during

minimal 1nterruption.

and 1n particular the methanol
full operation without or with

n the present 1i1nvention,

electrodes are 1ncorporated directly 1n the fuel 1line 1n

contact with the methanol/water circuit.

provide the data necessary

concentration i1n the fuel

ﬁ

feed.

“Or control o:

These electrodes

- the methanol

An aspect of the present 1nvention relates to a method

for electrically measurling a

fuel cell stack during

operation, said method comprisling perturbing the fuel cell

stack during operation by applying an alternating voltage

(V,.) overlying the output voltage of

F

the

fuel cell stack

and measuring the electrical current response

characteristics of the

fuel cell stack.

Alternating

current (AC) 1mpedance measurement can be carried out

ﬁ

without interruption o:

obtalined from the AC response

- the electrical load. The results
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measurements may be optionally combined or supplemented by

direct voltage measurement technigques. The measurement

technigques are applied 1n order to control and adjust the

methanol concentration 1n the cell by either adding pure

5 methanol or pure water to the fuel compartment.

10
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20
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F

Another aspect of the present 1nvention relates to a

system comprising a fuel

cell stack, a means for measuring

and recording AC 1mpedance, a means for measuring and

recording direct current

(DC) and a means for adjusting

ﬁ

the methanol or water content of the fuel cell stack based

upon the AC i1mpedance and DC measurements.

Brief Description of the Figures

Figure 1 1s a line graph showling the open cell voltage

fr—

(OCV) as function of the methanol concentration 1n a DMFC.

FFigure 2 1s a line graph comparing the OCV as function

ﬁ

of time for a DMFC with

a 1M methanol concentration and a

M methanol concentration.

f—

FFigure 3 1s a diagram of key components 1n a DMFC

system.

Figure 4 1s a diagram showling the key components 1in

the DMFC system as depicted i1n Figure 3 and also i1nclusive

f—

f—

of an AC measuring system capable of measuring the AC

1mpedance at a fixed freguency 1n accordance with the

present 1nvention.

Figure 5 1s a line graph showing AC impedance as

fr—

function of the freguency o

f—

the applied AC signal and

various methanol concentrations. Impedance as a function

ﬁ

depicted by closed diamonds; 1impedance as a function of

of frequency at a methanol concentration of 0.5 M 1s

F aad

fr—

frequency at a methanol concentration of 1M 1s depicted by

f—

closed sqguares; 1mpedance as a function of freguency at a

methanol concentration o

triangles.

ﬁ

2.0 M 1s depicted by closed
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Detailed Description of the Invention

The present 1nvention relates to methods and systems

fr—

for determining deviation of fuel concentrations 1n a DMFC

f— f—

by detection and gquantification of a combilnation of

electrical measurements.

F aad F

A fuel cell stack 1s a composed of a plurality of

single cells connected 1n series. The cell 1mpedance of a

f— f—

single cell of the stack consists of an ohmic and a

ﬁ

reactive component. The reactive component of the

impedance measured depends largely on the capacitative
condltions 1n the cell. AC 1mpedance analysls has been
used to analyze electrochemilical reactions 1n cells.

It has now been found that AC 1mpedance analysis can

ﬁ

be applied for the purpose of analyzing fuel concentration

durlng uninterrupted operation.

fr—

FFigure 1 shows cell voltage measured as function of

the methanol concentration [MeOH]. As shown, the open cell
voltage (OCV) decreases as the methanol concentration
lncreases. Since higher energy content 1s assoclated with

a higher cell voltage, a lower methanol concentration 1s

beneficial for the energy output from the cell. However,

ﬁ

"1clent methanol mass transfer to the

at high loads, 1nsu

fr—

reaction sites limits power and efficilency. Power and

f—

efficiency would be expected to be enhanced at elevated

methanol concentration. However, 1ncreasing methanol

concentration raises the concentration gradient that drives

fr—

methanol diffusion through the permeable electrolyte

f—

"us1on and

membrane. This leads to 1ncreased methanol di

ensulng chemical short circuiting. A methanol

F

concentration of approximately 1M has been found to be the

optimum concentration.

f—

FFigure 2 shows an example of an OCV wversus time curve

for an unloaded fuel cell for methanol concentrations of

1M
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and Z2M. As shown, 1nitially the OCV for a 2Z2M methanol

concentration 1s higher than the approximately 0.8 Volts

obtained using a 1M concentration. Hereafter, the voltage

falls to approximately 400 mV and remalns a constant. The

methanol concentration deviates from the nominal 1M level.

Thus, the OCV will subsequently deviate from the i1nitial
OCV measurement, dependent on the current methanol
concentration.

ﬁ

FFigure 3 shows the principal components of a

conventional DMFC system. As shown therein, the system

comprises a fuel cell stack 2 consisting of stacked,

series connected, single cells, a methanol fuel solution

reservolr 3, a reservolr for pure methanol 4, a reservolr

for pure water 5, and a Cell Voltage Monitoring System

f—

the 1ndividual

(CVMS) 6 which monitors the voltages ©

fr—

the entire fuel cell stack

cells as well as the voltage o

via dilrect connections to each separator plate.

The present i1nvention provides methods and systems

f—

modified to determine deviation of fuel concentrations 1n

f—

a DMFC by detection and gquantification of AC impedance.

In one embodiment, the present invention provides

methods and systems, which apply AC measurement to the

fuel cell. In this embodliment, as depicted i1in Figure 4,

f—

cach cell of the fuel cell stack 1s connected electrically

using a cell voltage monitoring system (CVMS) 6 with a

frequency response analyzer. Alternating impedance 7 1s

applied by connecting an overlying superimposed AC signal

fr—

directly to the end terminals of the stack or to any

ﬁ

single cell or contiguous group of cells, typically as

alternating voltage with an amplitude between 5-25 mV. The

AC 1mpedance measurement eqgulpment 1s connected to either

fr—

the graphite plates of a single cell or the whole stack at

the terminals. The 1mpedance 1s measured 1n the freqguency

ﬁ

range of between
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0.1 Hz and 10 kHz. Exemplary eqguipment used to make these

measurements comprises an Electrochemical Workstation Model

No. IM6b supplied by ZAHNER-Elektrik Gmbh & CoKG

(Thueringer Strasse 12 D-96317 Kronach. Federal Republic

ﬁ

of Germany; see zahner with the extension

.de/workstations.html of the world wide web). The work

statlion 1ncorporates an 1ntegrated freguency generator, a

phase-sensitive detector, a lock—-in amplifier, and a

frequency response analyzer. Electrochemical Impedance

Spectroscopy (EIS) equipment 1s commercially avallable from

fr—

a wide range of suppliers i1ncluding, but not limited to,

Solartron Analvytical (Unit Bl, Armstrong Mall, Southwood

Business Park, Farnborough, Hampshire, GU1l4 ONR, UK; see

ﬁ

solartronanalytical with the extension .com/index.htm of

the world wide web) and Princeton Applied Research EG&G
(801 S. Illinois Ave., Oak Ridge, TN, 37830). The EIS

equlipment generates an AC signal that 1s connected via a

ﬁ

low 1mpedance connector to the separator plates of a

fr—

single cell, a contiguous number of single cells, a

f—

sequential group of i1ndividual cells or to the whole

stack. The response signal 1s detected via the CVMS system
which has a high 1mpedance, low voltage drop and loss, and

voltage measuriling capability.

The 1mpedance measurement 1s used for 1dentification

F aad

and quantification of the physical phenomena which

influence fuel cell performance. The alternating current

signal can be modulated 1n a manner which facilitates the

fr—

analysis of the response signal. The signal may optionally

be of sinusoid form or alternatively be a steep voltage

F

flank, such as a sqguare wave, which enables analysis of

- f_

"ect by means of fast Fourier

transient electrochemical e

Transforms and other mathematical analysis technigues.

In one embodiment, a small AC voltage signal 1s

superimposed on a DC electromotive force supplied by the
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rate which 1s a complex function o

10

F

fuel cell. A response 1s sensed 1n the charge transfer

ﬁ

ohmic and reactive

processes 1n the fuel cell. By variation of the

superimposed AC freguency, diagnostic data 1s obtained

from the current signal. The AC current response signal 1s

characterized by the amplitude and phase shift and 1is

fr—

dependent on the relaxation time of the wvarious coupled

processes taking place 1n the fuel cell. The AC current

response signal 1s analyzed using established functional

transforms such as Fast Fourilier or other mathematical

analysils technigques of sinusoldal functions.

fr—

1)

S fr—
-

"ects of

reaction kinetics, mass—-transport processes and 1onic

conductivity care are discerned and evaluated as each

characteristic electrochemical process occurs with speci:

" |

1C

time—-scale characteristics. A deviation from the nominal

methanol concentration 1s 1ndicated as a characteristic

ﬁ

phase shift component of the response signal. Methanol

concentration 1s detected using an applied superimposed

voltage signal 1n the frequency range between 0.1-10 Hz

and with an amplitude of 5 mV.

ﬁ

An embodiment for measurement of impedance 1s as

follows:

The AC 1mpedance at a fixed fregquency close to 1 Hz 1s

fr—

measured at regular time 1ntervals during operation of the

the

d ]

f—

fuel cell. The phase angle 1s obtained automatically from

IS equipment and represents the phase angle

"erence between the applied voltage driver signal and

the response current. The phase angle for any applied

frequency 1s then compared to an established standard

F F

curve of phase angle as a function of methanol

concentration. The comparison 1ndlcates the methanol

concentration deviliation from the optimal nominal value of

)

ﬁ

1M. Lower 1mpedance 1s 1ndicative of a lower methanol

concentration, while a higher impedance
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F aad

1s 1ndicative of the methanol concentration exceeding the

nominal wvalue. The methanol concentration 1s then

adjusted by adding elther pure methanol or water depending

f—

"ort to re-—-establish

on the 1mpedance measurement 1n an e

ﬁ

the optimal concentration of 1M. Such feed-back control

processes are well known to those skilled in the art and

f—

are amenable to be effectuated automatically using

established and conventional control technigues.
The methanol concentration can be measured

periodically. While wvarious suitable intervals can be

used, 1t has been found that every 5 minutes 1s convenlent

and suitable. Control measurements can also be continual

and corresponding automatic corrections of the methanol

concentration can be made using conventional means for

f—

trend leveling and detection of spurlous results.

fr—

The 1mpedance measured as a function of the AC applied

ﬁ

"erent methanol concentrations

frequency for cells with d:

1s shown 1n Figure »o.

Methanol and water are added according to the

load (current), which can be calculated from the

ﬁ

electrochemical reaction. Because of methanol and water

crossover and evaporation, the amount does not always

comply with 1M Methanol. This wvariation 1n concentration

1n TtThe fuel tank can cause low fuel cell stack

a—— F P

performance. If the amount of fuel 1in the fuel tank

decreases due to methanol and water crossover oOr

fr—

evaporation, an amount of water and methanol 1s added to

comply with 1M Methanol.

In another embodiment, a supplementary DC technique 1s

F aad

added and a combination of DC and AC methods are used to

monitor fuel concentration. It 1s conventional practice

to monitor the cell voltage and 1nternal cell resistance

in DMFEC cells via DC measurements requiliring a brief

ﬁ

interruption of the electrical load on the fuel cell

stack.



5

10

15

2.0

20

30

CA 02722352 2010-10-22

WO 2009/130325 PCT/EP2009/055008
12

Accordingly, 1n the present 1i1nvention, DC measurements are

facilitated by using equipment already conventionally

fitted 1n an operational fuel cell systemn. In this

fr—

embodliment of the present 1nvention, AC 1mpedance and

supplementary DC measurements are combined to provide a

diagnostic tool for single cell or stack management which

measures methanol concentration 1n the single cell and

f— f—

assessment of the condition of any cell or the whole

stack. Routine control 1s made using AC measurement.

However, when greater accuracy 1s reqguired and/or there

fr—

arises a need for advanced diagnostics of the performance

- -

of a single cell, a region of cells, or the whole stack,

DC measurements can be made to determine more precilisely

the condition of the cells and the corresponding methanol

concentration. In this embodiment, to control the

methanol concentration by the DC method, the fuel cell

stack 1s subject to brief periodical load 1interruptions

ﬁ

followed by measurements of the resulting voltage

fr—

transients of the entire fuel cell stack. The period

between the 1nterruptions 1s typically about 5 minutes,

and the interruptions typically have a duration 1in the

ﬁ

range of 1-5 milliseconds. The corresponding voltage

transilents are measured and digilitally logged and compared

f—

to the 1nitial open cell voltage of the stack. Accordiling

to the measured transient voltage, either methanol or

water may be automatically added to the fuel reservoir.

p—

the measured transient 1s lower than the 1nitial open

cell voltage, the methanol concentration 1s too low, and

methanol 1s added to the fuel reservoir, while water 1s

F

added 1f the opposite 1s the case.
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CLAIMS:

1. A system for measuring fuel concentration of a fuel cell

stack comprising a fuel cell stack with a plurality of fuel

cells, a means for applying a direct current to one or more
fuel cells of the fuel cell stack, a means for applying an
alternating voltage at a fregquency range between 0.1-10 Hz and

with an amplitude of 5 mV to one or more fuel cells of a fuel

cell stack, and a means for measuring alternating current

1mpedance of one or more fuel cells of the fuel cells stack

following application of the alternating voltage, wherein a

deviation from nominal methanol concentration is indicated as

a Characteristic phase shift component of a response signal.

g
p—

a fuel cell

2 . A method for measuring fuel concentration o:

stack during operation comprising perturbing the fuel cell

stack by applying an alternating voltage (Vi) overlying the

 aad
—v

output voltage of the fuel cell stack, said Vi being applied

at a frequency range between 0.1 to 10 Hz and an amplitude of

5> mV, measuring the electrical resonance characteristics of

the fuel cell stack followed by interrupting load of the fuel

cell stack for a brief period and measuring voltage transients

1n direct current as compared to initial open cell voltage of
the stack, wherein a deviation from nominal methanol
concentration is indicated as a characteristic phase shift
component of a response signal.

P

3. A method ftor optimizing fuel concentration of a fuel cell

-

stack comprising measuring fuel concentration of a fuel cell

stack 1n accordance with the method of claim 2 and adjusting
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an amount of fuel or an amount of water provided to the fuel

cell stack so that the fuel concentration in the fuel cell

stack 1s at optimal concentration.
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