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a b s t r a c t

This paper presents our analysis of the mass transfer phenomena in fuel cells. Our attention was specif-
ically focused on the parameter identification problems (briefly identification problems) related to the
interpretation of the experimental data on the limit current.

Two factors work together to make the interpretation of the limit current data difficult: the presence
of two interacting electrodes (electrode coupling phenomena) and the flow rate changes along each elec-
trode. The first effect can be well defined and understood by studying reagent-poor inlet flow rates to the
Mass transfer
Limit current
U
F

electrodes; the second effect can be analysed by superimposition. In this analysis, the asymptotic solu-
tions for complete decoupling conditions, that are complete anodic (or cathodic) mass transfer control,
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. Introduction

Today fuel cells are in a critical development stage, which can
e facilitated with a work aimed at investigating basic phenom-
na more deeply as well as improving technologies and processes
ptimising performance, lifetime and costs.

In this scenario, a careful study of the mass transfer resistances
an be interesting because operation under limiting-diffusion con-
itions can strongly penalise fuel cell functioning.

Usually studies focused on the improvement of fuel cell perfor-
ance take account of the effects of the mass transfer resistances in

erms of the concentration polarisation, the fuel utilisation factor
r the limit current [1–3], nevertheless the subject is not usually
pproached from the point of view of experimental data interpre-
ation. In this paper such an approach will be discussed.

Limit current experimental data, although relatively rare,
re the most specific and direct way to characterise the mass
ransfer resistances of a cell, because, by definition, the limit
urrents are completely controlled by these resistances, while
hey are completely independent of the intrinsic electrochemical
inetics.

Mass transfer resistances, however, cannot be automatically and

irectly determined by limit current data without using some inter-
retative procedure. In fact, two factors work together to make the
roblem of mass transfer identification difficult: the electrode cou-
ling phenomena and the flow rate changes along each electrode.
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The first effect corresponds to a mixed mass transfer control; it
cts when only a portion of the cell is controlled by anodic mass
ransfer phenomena (e.g. H2 is the limiting reactant) while the
emaining portion is controlled by cathodic ones (e.g. oxidant is
he limiting reactant) [4]. This effect can be isolated from the sec-
nd by studying reagent-poor inlet flow rates to the electrodes
nd determining the fraction of the cell surface which under-
oes anodic (or cathodic) mass transfer control under such simple
onditions.

The second effect depends on the non-linear relationship
etween the utilisation factor and the reagent concentration in
eagent-rich systems: as already shown in our previous works [5,6]
superficial analysis of the concentration field effects can lead to

ignificant errors in the estimation of the mass transfer coefficients.
In the following sections these two effects and their super-

mposition will be discussed in order to provide correct data
nterpretation.

The work refers in particular to molten carbonate fuel cell
MCFC) technology, but its matter is valid for each kind of fuel cells.

. The reference case

Reference has been made to a cross-flow fuel cell (in partic-
lar an MCFC, which is a molten carbonate fuel cell) of a typical

ndustrial laboratory scale (with a rectangular Lx × Ly shape, about

.1 m × 0.1 m) [6]. Such laboratory devices can be considered sub-
tantially isothermal and isobaric, while their flow field can be
chematised as a cross-coupling of two plug-flow systems, namely
n anodic one flowing from left to right and a cathodic one flowing
pwards.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:barbara.bosio@unige.it
dx.doi.org/10.1016/j.jpowsour.2008.07.038
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Nomenclature

C reactant concentration (mol m−3)
fA see Eq. (19)
fC see Eq. (20)
F Faraday’s constant (A s mol−1)
kc mass transport coefficient (m s−1)
I cell electrical current (A)
J cell electrical current density (A m−2)
Lx length of cell side parallel to anodic flow (m)
Ly length of cell side parallel to cathodic flow (m)
n number of electrons
q volumetric flow rate (m3 s−1)
r reaction rate per unit surface (mol m−2 s)
u utilisation factor
x dimensionless coordinate of the anodic flow, Eq. (4)
x′ see Eq. (24)
X coordinate of the anodic flow (m)
y dimensionless coordinate of the cathodic flow, Eq.

(4)
y′ see Eq. (24)
Y coordinate of the cathodic flow (m)
z molar fraction

Greek letters
� see Eq. (4) (mol m−2 s)
�A see Eq. (18)
�Ai stoichiometric coefficient of component i at the

anode
�ALA stoichiometric coefficient of limiting reactant at the

anode
�C see Eq. (20)
�Ci stoichiometric coefficient of component i at the

cathode
�CLC stoichiometric coefficient of limiting reactant at the

cathode e
ϕc fraction of the cell surface under cathodic control
˚c fraction of the cell surface under cathodic control
� see Eq. (A6)

Subscripts and superscripts
A anode
b boundary
C cathode
LA limiting reactant at the anode
LC limiting reactant at the cathode
o inlet
t total
* intersection point of asymptotic solutions (12) and
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The comparisons of the yx=0 value given by the second Eq. in (8)
(13)

Moreover, for a first, simplified approach, reagent-poor solu-
ions and invariant volumetric flow rates can be assumed for the
nodic (uniform qA) and the cathodic (uniform qC) sides, respec-
ively. Finally, explicit reference has been made to the limit current
ondition, which has been assumed over the entire cell plane, so
hat the local kinetics are everywhere controlled by transport phe-
omena and, more precisely, by which of the two reactant diffusive

ransport mechanisms is slower, the anodic or the cathodic:

= J

nF
= min(kcLACLA, kcLCCLC) (1)

a
g
E
c

ources 185 (2008) 1141–1146

For instance, in an MCFC, where the reactions

2 + CO3
2− → H2O + CO2 + 2e− (at the anode)

O2 + 1
2 O2 + 2e− → CO3

2− (at the cathode)

ccur (neglecting the possibility of direct oxidation of CO or hydro-
arbons), the anodic reactant is hydrogen (LA = H2) and the cathodic
imiting reactant is normally carbon dioxide (LC = CO2), while the
econd cathodic reactant, oxygen, is present in excess and does not
how any limiting effect.

In such simple circumstances the local mass balances of the
nodic reagent LA and the cathodic reagent LC can be written,
espectively as

A
∂CLA

∂X
= −min(kcLACLA, kcLCCLC)Ly, 0 < X < Lx,

= 0; CLA = CLAo (2)

nd

C
∂CLC

∂Y
= −min(kcLACLA, kcLCCLC)Lx, 0 < Y < Ly,

= 0; CLC = CLCo (3)

r in the compact forms

A = kcLaCLA, x = XkcLA
Ly

qA
, xt = LxkcLA

Ly

qA
;

C = kcLCCLC y = YkcLC
Lx

qC
, yt = LykcLC

Lx

qC
(4)

∂�A

∂x
= −min(�A, �C), 0 < x < xt = kc LALx

Ly

qA
, x = 0; �A = �Ao

(5)

∂�C

∂y
= −min(�A, �C), 0 < y < yt = kcLCLy

Lx

qC
,

= 0; �C = �Co = ��Ao (6)

ntroducing the parameter � = �Co/�Ao.

. Simple and mixed control conditions

According to Eqs. (5) and (6), the plane of the cell can be
ivided into two zones (Fig. 1): one, where �A < �C, which is con-
rolled by the anodic mass transfer phenomena, and one, where
C < �A, which is controlled by the cathodic transfer phenomena.
he boundary between these two zones is obviously defined by the
ondition �A = �C and, then, described by the straight line equation
see Appendix A):

= � (1 + x) − 1, � = �Co

�Ao
= kcLCCLCo

kcLACLAo
(7)

r, in terms of the intercept of the boundary on the left margin of
he cell:

= yx=0 + �x, yx=0 = � − 1 (8)
nd the yt value given by the second Eq. in (6) and of the y value
iven by the first Eq. in (7) and the xt value given by the second
q. in (5) show that the cell can undergo three different kinds of
urrent limitations:
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Fig. 1. Cross-flow fuel cell under limit current conditions. (a) Changing of the bound-
ary position for different values of parameter � . (b) Cell-surface fraction working
u
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Fig. 2. Cross-flow fuel cell under limit current conditions: an example of the trend
of the ratio �b/�Ao along the boundary between the anodically and cathodically con-
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for many purposes the validity of the asymptotic behaviour can be
extended to the intersection point.

� ∗ = yt[1 − exp(−xt)]
xt[1 − exp(−yt)]

(14)
nder cathodic control conditions versus parameter � (underlined as an example
he boundary for � = 0.75). For a cell with yt = 1, xt = 2, the complete anodic control
equires � > 2, while the complete cathodic control requires � < 1/3. In intermediate
onditions (1/3 < � < 2), the cell works under mixed control.

Simple anodic mass transfer control:

for � > 1 + yt (9)

The boundary position is characterised by y > yt for 0 < x < xt: the
boundary lies to the left of the upper-left edge of the cell and does
not cross it, so that �A < �C and the anodic mass transfer controls
each point of the cell. In such case the boundary can be called
“external”.
Simple cathodic mass transfer control:

for � < (1 + xt)
−1 (10)

The “external” boundary position is now characterised by y < 0
for 0 < x < xt: the boundary lies to the right of the lower-right edge
of the cell and again does not cross it. In this case �C < �A and the
cathodic mass transfer controls each point of the cell.
Mixed mass transfer control:

for (1 + xt)
−1 < � < 1 + yt (11)

In this case the boundary crosses really the cell and divides
it into two parts, the upper under anodic control and the lower
under cathodic control. Under such conditions, the fraction of the
cell surface working under cathodic control increases from zero
to unity with the decrease in parameter � in the range of Eq. (11).
An example of this trend is given in Fig. 1, which refers to a cell

“shape” xt = 1, yt = 2 and a mixed control range 1/3 < � < 2.

Using Eq. (7) the value of �b(x) acting on the boundary can also
e obtained (see Appendix A). An example is shown in Fig. 2.

F
o

rolled zones, for yt = 1, xt = 2 and different values of � (� = 1.5 for 0 < x < 0.33; � = 1.25
or 0 < x < 0.6; � = 1 for 0 < x < 1; � = 0.75 for 0.33 < x < 1.66; � = 0.5 for 1 < x < 2; � = 0.4
or 1.5 < x < 2). When � > 2 (complete anodic control) and � < 1/3 (complete cathodic
ontrol) the boundary does not cross the cell.

. The limit performance of the cell

The performance of a cell working under a simple mass transfer
ontrol can be straightforwardly predicted: for instance, the anodic
tilisation factor for a cell under simple anodic control is [4]

A = uLA = 1 − exp(−xt), � > 1 + yt (12)

Obviously a similar expression holds for the cathodic utilisation
nder simple cathodic control. In such circumstances the anodic
tilisation factor is

A = uLC
�xt

yt
, uLC = 1 − exp(−yt), � < (1 + xt)

−1 (13)

nder mixed control conditions, the anodic composition lies within
he limits of Eqs. (12) and (13) (see Appendix A). An example of the
esults obtained is given in Fig. 3, where the anodic utilisation is
eported as a function of the parameter � and the limit trends for
omplete anodic control, Eq. (12), and complete cathodic control,
q. (13), are shown as well.

In Fig. 3 complete anodic or cathodic control corresponds to
> 2 and � < 1/3, respectively, but it is evident that the asymp-

otic solutions (12) and (13) can be considered sufficiently accurate
ver wider ranges of values, namely � > 1 and � < 0.6. Moreover,
ig. 3. Cross-flow fuel cell under limit current conditions: an example of the trend
f the anodic utilisation factor for yt = 1, xt = 2 and for different values of �.
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ith a maximum error, just at the intersection point, of the order
f 10%. In such a way, the mixed control zone can be divided in two
arts:

∗ < � < 1 + yt, uA ≈ uLA (prevailing anodic control);

1+xt)
−1 < � < � ∗, uA ≈ uLC�

xt

yt
(prevailing cathodic control)

(15)

Another way of arranging the above results is to relate them to
cell working under constant inlet conditions in terms of reactant

oncentration for one electrode (e.g. the cathode, constant CLCo)
nd variable inlet conditions for the other (anode, variable CLAo).

As the cell current is proportional to the anodic utilisation and
he anodic reagent inlet rate

= nFqACLAouA (16)

he limit current of the cell can be obtained by Eq. (16), in which the
imit utilisation is expressed by equations such as (A16), (A17) or by
he approximations (15), (12), (13). In particular, for constant qA, qC,
LCo and variable CLAo, the limit current will be proportional to uA
nd the inlet ratio qACLAo/qCCLCo = const./� , so that the asymptotic
rends of the cell will be

> � ∗, I ≈ IA = const.
�

; � < � ∗, I ≈ IC = const. (17)

s shown in Fig. 4.
The relevant point is that experimental findings are char-

cterised by this kind of trend in terms of limit current and
nodic composition, see Fig. 5. As the anodic inlet concentration is
ncreased, the limit current increases too, initially: under these con-
itions there is complete, or at least prevailing, anodic control, in
ther words the two electrodes are completely decoupled and only
he anode is significant. After a narrow mixed control range (signif-
cantly coupled electrodes), the limit current becomes constant, as
t is controlled by the constant cathode: now the cell works under
omplete, or at least prevailing, cathodic control and the decou-
ling of the electrodes is again good, with only the cathode being
ignificant [4].

The experimentally confirmed applicability of the discussed
nalytical approach to small-size cells puts in evidence its useful-
ess in terms of analysis and diagnostic aims.
Considering commercial cells of full area (usually about 1 m2),
he non-uniformity of the chemico-physical properties on the cell
lane can be significant. In particular, the temperature, flow rate
nd transport coefficient distributions can affect the cell behaviour,

ig. 4. Cross-flow fuel cell under limit current conditions: the cell current as a
unction of the anodic inlet under constant cathodic conditions. The cell current
s reduced in respect to the complete conversion of the cathodic flow.

o

(
w

�

s

x

ig. 5. Cross-flow fuel cell under limit current conditions: the experimental cell
urrent as a function of the anodic inlet under constant cathodic conditions.

o that the predictable boundary position could need some cor-
ections. On the other hand, it is interesting to observe that the
oundary linearity is well confirmed for commercial MCFCs work-

ng under standard operating conditions. This fact has been verified
y means of simulation with a detailed model [7].

. Flow rate effects

As electrode reactions are not equimolar, the molar flow rates
an undergo significant changes in flowing along the electrode
aths. Under constant temperature and pressure the same changes
ffect the volumetric flow rates too. For instance, the anodic flow
ate in an MCFC increases along the reaction path and so depends
n the molar fraction of the hydrogen present [5]. In terms of vol-
metric flow rate and concentration the dependence is

A = qAo
C + �ACLAo

C + �ACLA
, �A = −

∑ �Ai

�ALA
(18)

r, by using the definition of �A in Eq. (4),

qA

qAo
= 1 + fA�Ao

1 + fA�A
, fA = �A

kcLAC
(19)

It is evident that, as �A = 1 in MCFCs, for a dilute reactant
CLA → 0) the volumetric flow rate can be considered as a constant,
hile it tends to a 100% variation if pure hydrogen is fed.

Similarly, the volumetric flow rate at the cathode, where
c = −1.5 in MCFCs, will decrease according to

qC

qCo
= 1 + fC�Co

1 + fC�C
, fC = �C

kcLCC
= −

∑
�Ci/�CLC

kcLCC
(20)

o that assuming now

= XkcLA
Ly

qAo
, y = YkcLC

Lx

qCo
(21)

Eqs. (5) and (6) become
(∂�A/∂x)(1 + fA�Ao)

(1 + fA�A)2
= −min(�A, �C), x = 0, �A = �Ao (22)

(∂�C/∂y)(1 + fC�Co)

(1 + fC�C)2
= −min(�A, �C), y = 0, �C = �Co (23)
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ig. 6. Cross-flow fuel cell under limit current conditions: an example of the effect
f changing the flow rate on the asymptotic solutions for the cell. The approximate
symptotic solutions, calculated assuming uniform flow rates along the electrodes
dotted lines), are compared to the correct ones (continuous lines).

The system (22), (23) can be reduced to the form (5), (6) when
he differential substitutions

x′ = (1 + fA�A)2

1 + fA�Ao
dx, dy′ = (1 + fC�C)2

(1 + fC�Co)
dy (24)

re introduced.
In such a way, most of the results of the previous section can be

ewritten and extended to those cases, frequent in practice, where
he hypothesis of uniform flow rates has to be rejected in a fairly
ccurate description. In particular, the anodic utilisation uA or the
ell current I can be calculated for any feed composition (zLAo, zLCo)
hen the transport coefficients (kcLA, kcLB) are known or, inversely,

n an identification problem, a best fit for the transport coefficients
an be performed from measured I data. When mixed mass-transfer
onditions are controlling, however, the calculations are not imme-
iate and the explicit solutions cannot be expressed in analytical
orm.

In particular, the asymptotic solutions (12) and (13) are substi-
uted by implicit equations such as the following:

Anodic asymptotic solution:

uA = uLA,
I

nF
= qAoCLAouLA

with xt = −[zLAo�AuLA + (1 + zLAo�A) ln(1 − uLA)] (25)

Cathodic asymptotic solution:

uA = uLCqCoCLCo

qAoCLAo
,

I

nF
= qCoCLCouLC

with yt = −[zLCo�CuLC + (1 + zLCo�C) ln(1 − uLC)] (26)

In such a case, if a cell is working under complete anodic con-
rol, the dependence of the limit current on the composition of
he anodic feed is no longer a simple proportionality (see Fig. 4).
n the contrary, significant non-linear effects are evident as the
ydrogen content increases: an example is shown in Fig. 6, where
he approximate asymptotic solutions, calculated assuming uni-
orm flow rates along the electrodes (dotted lines), are compared

ith the correct ones (continuous lines). The example refers to a

onstant inlet composition at the cathode (ZLCo = 0.2) and inlet flow
ate ratio (qCo/qAo = 5), the values being chosen with reference to a
ypical run of an laboratory MCFC [6].

d
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. Conclusion

In this paper a discussion of the parameter identification
roblems affecting a mass transport phenomena study has been
resented in order to provide a guide to a correct analysis of the

imit current in fuel cells. A particular reference to molten carbonate
uel cells has been done.

Analysing the behaviour of a laboratory fuel cell under limiting-
iffusion conditions and uniform temperature, a boundary on the
ell plane has been identified distinguishing the area under the
nodic control and the area under the cathodic control and so
nderlining the possibility of a mixed control. This boundary has
een demonstrated linear when the flow-rate variation along the
ell is negligible.

In addition, a linear trend of the cell limit current versus reagent
oncentration has been shown when complete decoupling condi-
ions, that are complete anodic (or cathodic) mass transfer control,
re considered. Such asymptotic solutions have been demonstrated
useful reference tool, which can involve a maximum error of the
rder of 10% in case of mixed control.

By this way the interpretation of the limit-current data, which
re the most specific and direct data to characterise the mass
ransfer resistances of a cell, has been shown complicated by two
on-linearity effects: mixed control and flow rate effects.

The interpretation of such non-linearity effects has been dis-
ussed and shown to be difficult to interpret, as the two effects
end to obscure each other.

In the light of such considerations, detailed local studies and spe-
ific tests involving complete electrode phenomena decoupling and
eagent-poor feeds are advisable for evaluating diffusion contribu-
ions. Using this approach it is possible to obtain a better analysis
f the fuel cell’s performance and, consequently, more effective
erformance-improvement policies can be set up.

ppendix A

.1. The position of the boundary

The boundary is defined by the position �A = �B = �b. Moreover,
tarting from the point (x, 0) and following the cathodic flow
pward (x = const.) through the anodic control zone to the boundary
oint (x, yb), we have

b = �Bo −
∫ yb

0

�A dy (A1)

nd, by differentiation and incorporating Eq. (5) in the above Eq.
A1),

d�b

dxb
= −

∫ yb

0

d�A

dx
dy − �Adyb

dxb
=

∫ yb

0

d�Ady − �Adyb

dxb
= �Co − �b

−�bdyb

dxb
(A2)

Similarly, starting from the point (0, y) and following the anodic
ow from left to right (y = const.) into the cathodic control zone to
he boundary point (xb, y), we have

d�b

dyb
= �Ao − �b − �bdxb

dyb
(A3)
By combining Eqs. (A2) and (A3), it is possible to obtain the
ifferential equation of the boundary line:

dyb

dxb
= �Co

�Ao
(A4)
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The boundary condition for Eq. (A4) can be obtained from Eq.
A1) written for x = 0:

= 0, yb = yx=0, �Ao = �Co − �Aoyx=0 (A5)

y putting

= �Co

�Ao
(A6)

Eqs. (A4) and (A5) can be rewritten

dyb

dxb
= �, x = 0, yb = yx=0 = � − 1 (A7)

o that, by integration, the boundary can be described by the
traight line equation:

b = �xb + � − 1 (A8)

.2. The degree of cathodic control

Starting from Eq. (8), elementary geometrical considerations
ake it possible to evaluate the fraction ϕc of the cell surface which

s under cathodic control. For instance, under the condition xt > yt,
e have (see Fig. 1)

ϕc = 0, for � > 1 + yt

ϕc = (yt − � + 1)2

2�ytxt
, for 1 < � < (1 + yt)

ϕc = yt − 2� + 2
2�xt

, for (1 + yt)(1 + xt)
−1 < � < 1

ϕc = (�xt − 1 + � )2

2�ytxt
, for (1 + xt)

−1 < � < (1 + yt)(1 + xt)
−1

ϕc = 1, for � < (1 + xt)
−1

(A9)

.3. The composition on the boundary

By combining the differential Eqs. (A2) and (A4) with the posi-
ion (A6), the changing composition along the boundary can be
escribed as

d�b

dxb
= ��Ao − �b(1 − � ) (A10)

The starting condition for Eq. (A10) can be

b = 0, �b = �Ao, 1 < � < 1 + yt (A11)

r

b = 1 − �

�
, �b = � �Ao, (1 + xt)

−1 < � < 1 (A12)

ccording to whether the boundary starts on the left side or on the
ower side of the cell.

[
[
[
[
[

ources 185 (2008) 1141–1146

The integration of the Eq. (A10) with the condition (A11) or (A12)
ives, respectively:

�b

�Ao
= � + exp[−(1 + � )xb]

1 + �
, 1 < � < 1 + yt (A13)

�b

�Ao
= � + � 2 exp[(1 − � 2)/� ] exp[−(1 + � ) xb]

1 + �
,

1 + xt)
−1 < � < 1 (A14)

.4. The performance of the cell in terms of utilisation

Under simple control conditions the anodic utilisation factor of
he cell is well described by Eqs. (12) and (13), for complete anodic
nd cathodic controls, respectively. Under mixed control condi-
ions, the anodic composition at a point on the right side, which
s delimited by the boundary and where the anodic mass transfer
s controlling, is

A(x) = �Ao exp(−x), xb < 0; �A(x) = �b exp(xb − x), xb > 0

(A15)

o that the mean outlet composition is

Am = �Ao(1 − uA) =
∫ y

0

�A(xt) dy (A16)

Substituting Eqs. (A13) or (A14) with �b and making the integral
n Eq. (A16), the following results can be obtained:

1 − uA = exp(−x), � > 1 + yt

1 − uA = exp(−x){� 2 exp[(yt/� ) − 1 + 1/� ] − exp(� − 1 − yt)}
(1 + � )yt

,

1 < � < 1 + yt

1−uA=exp(−x){� 2 exp[(yt/� ) − 1 + 1/� ]−exp[(�/1)−1 − yt)]}
(1 + � )yt

,

(1 + yt)/(1 + xt) < � < 1 + yt
(A17)

nd so on, from elementary symmetry considerations, as �
ecreases to (1 + xt)−1.

An example of the results obtained is given in Fig. 3.
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