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Abstract

When two electrolyte solutions of different temperature are placed in contact, a thermal diffusion potential (TDP) is established.
The phenomenon is studied numerically using finite element simulations of the temperature distribution within a hydrodynamic cell.
Experimentally, the hydrovoltaic flow cell is used to demonstrate how a temperature difference can induce redox reactions at
electrodes placed in the two liquids in order to extract a current continuously in an external circuit resulting in a power-generating
unit. When the concentration of the redox couple introduced in the solution is moderated, it is shown that the TDP is not negligible,
even if the main driving force is due to the temperature effect on the standard potential of the couple present. The numerical model
may also be applied in more general situations involving thermal effects in microsystems.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

A temperature gradient between two electrolyte so-
lutions of similar concentrations leads to a gradient in
the chemical potential, which depends on the magnitude
of the heats of transport of the ions constituting the
electrolyte. The heat of transport of a given ion is simply
the energy required to transport the ion between regions
of different temperature [1]. The heat of transport of
individual ions cannot be measured directly, therefore a
reference ion is chosen and from the measurable heats of
transport of salts, values of relative ionic heats of
transport can be obtained. Usually the heat of transport
of salts is positive, meaning that most salts transfer from
hot to cold regions in response to a temperature gradi-
ent. If we consider an electrolyte solution of uniform
concentration, the result of an imposed temperature
gradient is therefore normally a flux of electrolyte from
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hot to cold (this phenomenon is termed the Soret effect).
The thermal mobilities (i.e., the rates of mass transfer
for a given temperature gradient in the absence of an
external electric field) of the anion and cation in the
electrolyte are different due to differences in their ionic
mobilities and heats of transport, but they have to
transfer at the same rate to ensure internal electroneu-
trality of the solution. Consequently, a potential differ-
ence, termed a thermal diffusion potential (TDP), is
established quasi-instantaneously in response to a tem-
perature gradient in order to speed up the ion with the
lower thermal mobility and slow down the ion having
the higher thermal mobility. This phenomenon has for
instance been quantified in the case of immiscible liquids
in order to measure ionic transport entropies [2,3].

It is important to note that the TDP should not be
confused with a diffusion potential, which is solely es-
tablished as a result of an electrolyte concentration
gradient rather than a temperature gradient. However,
in situations where an electrolyte concentration gradient
is generated over time in response to a temperature
gradient, a diffusion potential opposing the TDP will
eventually be established.
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The generation of electricity between two laminar
flowing solutions (i.e., without a membrane to separate
the solutions) has previously been demonstrated by us-
ing different redox couples in the liquids [4-6] or by
taking advantage of a diffusion potential established due
to an electrolyte concentration gradient [7]. In this work,
we shall illustrate by numerical simulations how a
temperature gradient can induce a TDP when the species
have different thermal mobilities. For moderate values
of the redox couple concentration, this potential differ-
ence can also represent a non-negligible component of
the potential induced in a thermogalvanic cell (where the
redox reaction is driven by the variation of the standard
potential with temperature). Such a thermogalvanic cell
can be used to extract energy from two solutions of
different temperatures flowing in contact, as in previous
work dedicated to convective cells [6,8,9]. In contrast,
other studies have rather focused on static thermogal-
vanic cells [9-11]. This subject is important as practical
methods for extracting the low-grade excess energy from
solutions having modulated temperatures are in high
demand [12].

Concerning the numerical aspects, simulations of
heat transfer applied to flowing microsystems have been
frequently addressed in past years [13-24] but the TDP
has not been treated under such conditions. In this
paper, the temperature distributions and TDP are
analysed using finite element simulations of a flow cell
under open circuit conditions and are compared with
experimental results. This model follows a previous
simulation of the concentration diffusion potential in
microsystems [25]. The experimental investigation is
extended to include the effects of external electrical
loads, redox couple concentration, flow rate and elec-
trode surface.

2. Theory

When a temperature gradient is applied across an
electrolyte solution of uniform concentration, an en-
richment of electrolyte in one region (usually the cold
one) ensues. At a certain point a steady state is reached
and a concentration gradient given by [1]

1
;:gradm:agradT (1)

has been established. In this equation m is the molality
of the electrolyte solution, 7 is the temperature and o is
the Soret coefficient. The Soret coefficient, as defined by
Eq. (1), can be regarded as a proportionality factor that
links mass transport and thermal diffusion.

Immediately after the temperature gradient is im-
posed, and thus prior to steady state, a pure thermal
diffusion potential is established according to the fol-
lowing equation [2]:

Fgrad¢ = Zrk<(grad,uk)r‘p+%gradT>, (2)
k
where 1, = #;/z; is the reduced transport number (#; is
the Hittorf transport number), *Q; is the heat of trans-
port and g, is the chemical potential. The summation is
carried out on all the ions, k, in solution. The term
(gradpy), , is simply the gradient of the chemical po-
tential at constant temperature and pressure. The heat
of transport is related to the transport entropy accord-
ing to the following definition:

0, =T(S; = S)), 3)
where *S; is the transport entropy and S; is the partial
molar entropy.

Eq. (2) describes the thermal diffusion potential,
which is established when a hot solution comes into
contact with a cold solution in a flow cell as described in
Fig. 1. Except for a few sporadic reports, relatively few
studies have been reported on this topic [1-3]. The
thermal diffusion potential between point 2 and 3 in
Fig. 1 can be approximated by

F(gy—92) = =S i)y, - S “2ar, @)
k k

where AT = T3 — T». In situations where a concentration
gradient is not present (as in this work), the first term in
Eq. (4) can be omitted, leading to

F(gy—g2) = =5 AT (5)
k

Obviously, if the temperature gradient acts on the sys-
tem for a long time, a concentration gradient is gener-
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Fig. 1. Schematic illustration of the flow cell (not to scale), geometry
and boundary conditions used for the three-step numerical simulation
(fluidic, thermal and potential-concentration). Points 1 and 4 are
placed on the electrodes to describe the contribution given by the
temperature variation of the redox couple standard potential (Eq. (6)).
The initial concentrations ¢; and ¢, have a uniform distribution of
1 mM. The simulated TDP results are independent of the NaCl con-
centration because the migration and thermal diffusion terms of Eq.
(11) (which equilibrate themselves for electroneutrality) are both pro-
portional to this concentration.



J. Josserand et al. | Journal of Electroanalytical Chemistry 565 (2004) 65-75 67

ated according to Eq. (1). When a concentration gradi-
ent exists, the overall potential difference is composed of
the TDP and a concentration diffusion potential. How-
ever, at this point we shall be concerned only with the
situation where the two liquids are in contact for a very
short time and consequently no concentration gradient
is present in the system.

In the present cell the ferri/ferrocyanide redox couple
is present in both flowing solutions. Since the redox
potential of the redox couple is temperature dependent,
it will not have similar standard potential values at the
hot electrode 1 and the cold electrode 4. In other words,
the measured potential at open circuit between 1 and 4 is
the sum of a thermal diffusion potential given by Eq. (5)
and the temperature effect on the redox potential of the
redox couple. In the present set-up, the overall measured
potential difference, AE, can thus be expressed as:

aEF 3 4 *
¢(CN)3~ /Fe(CN) " Ok
AE = 6 AT — AT. 6

or Zk T (©)

The contribution from the thermal diffusion potential
can be calculated to be 11.3 mV for a temperature dif-
ference of 60 °C if it is assumed that only sodium
chloride contributes [1,12].

3. Numerical model for thermal diffusion potential
3.1. Equations

The open circuit configuration is treated using three
independent calculations: (i) the fluid velocity distribu-
tion (to be injected in the two following steps), (ii) the
temperature convection-conduction (including the ex-
ternal heat exchanges of the cell by natural convection
and radiation) and (iii) the diffusion-migration of the
species (including convection) which relies on the results
of (i) and (ii). The hot and cold fluids (typically 80-20 °C
for the reference case) are injected at the respective “up
and down” inlets of the channel in laminar conditions.
A typical value of the outlet Reynolds number is 30
(Re = Vw/v, where v is the kinematic viscosity of the
fluid (10-% m?/s), w is the width of the channel after the
junction (6 mm) and V is the mean value of the fluid
velocity in the channel, 7 = 5.2 mm s~'). The steady-
state Navier-Stokes equation (6) and the continuity
equation (7) are solved in the case of an incompressible
fluid flowing in a horizontal direction (no gravity effect)
in laminar conditions [26]:

pV -VV =—-Vp+uV*V, (7)
V-V=0, (8)

where p is the pressure, p is the density, u is the dynamic
viscosity of the fluid and V is the velocity vector of the
flowing solution. The variation of x and p with tem-

perature and species concentration is neglected in this
step to decouple the fluid velocity field from the other
unknowns and thus to calculate it in an independent
step. It should be noted that u is sensitive to temperature
variations (its value divided by 3 approximately from 20
to 80 °C), but this assumption can be made because the
Poiseuille velocity profile is independent of the viscosity
(in each flow inlet). However, it is clear that this remains
a first-order approximation for the region of tempera-
ture gradient.

The model validity also requires that the pumping
system deliver the same flow rates in both inlets what-
ever the temperature difference. The natural convection
effect has been minimised experimentally by infusing the
hot solution in the upper part of the channel. For this
reason, this effect is neglected in the present model. To
justify the 2D assumption of the flow, a large depth over
width of the channel is assumed for all the calculations
(i.e., a rectangular channel of infinite depth corre-
sponding to a flow between 2 parallel plates). In the
experimental case the value of this ratio at the inlets is 3,
which is at the limit of the validity of the 2D assump-
tion. The flow profile is assumed to be parabolic at the
channel inlets (established flow).

The temperature field 7 is obtained by solving the
convection-conduction equation (9), where A and C,
represent the thermal conductivity and the specific heat
capacity of the fluid, respectively [27]. Eq. (9) is ac-
companied by the Fourier condition at the outside walls
of the cell (Eq. (10)) to take into account the external
exchanges by convection and radiation [27]:

oT y)

— | ===vrT T) =

aﬁv < va +V> 0, 9)

—A—ZT:h(T—Tamb)Jraog(T“—T:mb), (10)
n

where &, 0y, ¢ and T, represent, respectively, the con-
vection coefficient at the wall|air interface, the Stephan
Boltzmann coefficient, the surface emissivity coefficient
and the local ambient temperature. The radiation ex-
change is assumed to be located at the wall|air interface,
even if the cell material is transparent. It is worth re-
membering that the thermal diffusivity 1/pC,, is 2 orders
of magnitude higher than the typical diffusion coefficient
of the species (i.e., 1077 compared with 10~ m?/s). As a
consequence, the miniaturisation is here limited to the
millimeter scale in order to prevent a diffusive mixing
that would cancel the temperature gradient. The tran-
sient expression of the flux conservation of the species i
(the salt anion and cation, respectively) can be written as

aci Zj

%L v (—Dve+ Ve —Epev
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O

R—TZD,-c,-VT> =0, i=1,2, (11)
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zZ1C1 + 260 = O, (12)

where ¢;, D;, z; and *Q; stand for the respective con-
centration, diffusion coefficient, electrical charge and
heat of transport in the Hittorf reference system [1]. F
and R denote the Faraday constant and the gas con-
stant. The diffusion-migration term (corresponding to
the Nernst-Planck equation) is here supplemented
with the convection term and the thermal transport [1-
3]. The temperature gradient induces a flux of the elec-
trolyte due to the Soret effect [1]. Consequently, an
electric field is generated in order to ensure the electro-
neutrality condition (Eq. (12)) via the migration term as
the two ions have different thermal mobilities. This gives
rise to the so-called thermal diffusion potential [1] by
analogy to the diffusion potential [7,26,28]. In Eq. (12)
the Poisson term has been neglected, due to the limited
values of the electric field gradient. The model is based
on the diluted solution assumption, assuming equality
between the concentrations of the species and their
activities.

3.1.1. Numerical parameters

All the present simulations have been performed us-
ing the finite element commercial software Flux-Expert®
(Simulog, 35 Chemin du Vieux Chéne, 38240 Meylan
Zirst, France. Contact: anne-marie.bernier@simulog.fr)
operated on a SGI Octane 2 Unix workstation (I Gb
RAM). The numerical formulation corresponding to the
last set of equations is described in Appendix A whereas
the hydrodynamic and thermal equations are standard.
All equations are solved in dimensional form and ap-
plied to 2D Cartesian geometries. Non-linear algorithms
based on the Gauss inversion method are used with a
convergence criteria fixed to 0.5% for the iterative
scheme. A steady-state algorithm is used for the hy-
drodynamic and thermal calculations while a transient
calculation is performed for concentration and poten-
tial. A typical time-step value for a flow velocity of 10
mm s~ is 0.01 s.

The studied geometry is presented in Fig. 1 with the
main boundary and initial conditions. For the fluidic
calculations, the boundary conditions are the parabolic
velocity profiles at the channel inlets and the no slip
conditions at the channel walls. For the temperature
calculations, the Dirichlet conditions are fixed at the
channel inlets (7 =80 and 20 °C for the upper and
lower inlets, respectively). On the external walls of the
cell, T,mp 1s fixed at 20 °C. For the third step (potential
and concentration calculations), the zero potential
condition (reference value) is fixed at one point on the
lower inlet of the channel. On all the other parts of
the domain, the electric potential is allowed to act on the
species in order to ensure the electroneutrality condi-
tion. In the fluidic calculation, parabolic flow profiles
are imposed at the inlets of the channel. The finite ele-

Table 1

Parameters used for the calculation of thermal diffusion (i.e., fluid
thermal conductivity (1) density (p), specific heat capacity (C,) and the
resulting thermal diffusivity (4/pCp))

yl ) Gy 1072071 ;!
Wm™' K (kgm™3) (KJkg!' K @m?s)
Water 0.6 1000 4.187 1.43
PMMA 0.21 1200 1.4 1.25
Pt 70 21,500 0.13 250

ment mesh is described in Appendix B. It has been
verified that the mesh elements sizes are sufficiently
small to have no significant influence on the results.
All calculations have been performed assuming a
parabolic shaped pressure driven flow. The 2.3 RT/F
value is fixed at 60 mV at 20 °C and the temperature
dependence of the diffusion coefficient is taken into ac-
count using the Stokes—Einstein relation [29]. The spe-
cies charge z, z; are equal to 1 and —1, respectively. The
diffusion coefficient values are explained in Appendix B.
The values of *0; and *Q, are —4229 and 7118 J/mol for
Na* and Cl-, respectively [1]. The thermal diffusivities
A/pC, are described in Table 1 [26,30]. The convection
coefficient at the wallair interface 4 is fixed at 10 W/m?
K, the Stephan Boltzmann coefficient equals 5.67x 103
W/m? K* and the surface emissivity coefficient, ¢, is fixed
at 0.85 for the polymethylmethacrylate (PMMA) inter-
face. The resulting transversal Biot number of the cell
(defined by hw/ 1) equals 0.38 and T,y is 20 °C.

4. Experimental

The experimental set-up consisted of a flow cell
comprising two platinum electrodes (area=0.5 cm?)
positioned face to face on the walls of the flow cell. For
the first experiments (open circuit conditions, see Fig. 5),
the electrodes were placed near the middle of the
channel, i.e., beginning 3 cm after the fluid inlets. This
corresponds to Fig. 1, where the last centimetre of the
channel is not represented (this cell design is similar to
what has been described in part I of this series [7]). For
the other experiments (power generation), the electrodes
were placed at the beginning of the channel. The channel
length was 5 cm, its width was 2 x 3 mm before the fluid
junction, and its depth was 1 cm (d/w = 3.33 before the
junction). A film was located between the two halves of
the cell to act as a spacer. For the first experiments and
the simulations, it was a 60 um polymer film. For the
power measurements, the spacer used was a 1 mm sili-
con film. This spacer was opened in the middle of the
cell, determining the contact surface between the two
solutions. The contact surface was equal to the surface
of each electrode. Two laminar flows were quickly es-
tablished and could be separated prior to the outlets
using the same spacer.
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The cell voltage and current were measured with a
digital multimeter (Hewlett Packard, 34401A, USA).
The solutions were introduced into the cell using a
peristaltic pump (Ismatec, Switzerland, IPC 0-100 for
Fig. 5, IPC-N-24 for the other figures) and tygon plastic
tubes (internal diameter =2.79 mm). For the power ex-
periments, the hot and cold solutions were both recir-
culated and thermostated in order to ensure the solution
temperature stability over time. The hot reservoir was
prevented from evaporation by using a glass coil. For all
these experiments (except for Fig. 5 for which Tioq
corresponds to ambient temperature), the cold solution
was refrigerated at a temperature fixed in the range of
10-12 °C. The length between the thermostated reser-
voirs and the cell inlets was 40 cm, the tubes of this part
of the circuit being insulated by tissues and aluminium
foils. The flow rate was obtained by collecting the so-
lution at the outlet and measuring the mass over time.
The concentrations of potassium ferricyanide and po-
tassium ferrocyanide were equimolar and ranged from 1
to 200 mM. The concentration of sodium chloride was
100 mM. All chemicals were purchased from Fluka
(Buchs, Switzerland) and used as received. The water
was obtained from a Millipore (Milli-Q) purification
system. The power measurements were performed after
10 min of open circuit conditions (resistance of the ex-
ternal electrical load, R, equivalent to infinite). Each
point of the power curve was obtained by decreasing the
resistance of the external load from 10 MQ to 1 Q, the
measurement being performed 20 s after the corre-
sponding resistance change. For the last experiment
(long electrode with high concentration of the redox
couple), this time was extended to 10 min in order to
reach stability of the potential.

5. Results and discussion
5.1. Numerical study (open circuit)

In the experimental part, this general study of the
thermal diffusion potential will be adapted to take into
account a redox couple.

5.1.1. Temperature distribution

In Fig. 2 is shown the effect of the flow rate on the
temperature difference between the electrodes on the
channel walls. As the velocity is increased, the overall
temperature difference increases, as the thermal diffusion
does not extend to the channel walls. At the lowest ve-
locity the system has time to equilibrate and conse-
quently the temperature difference is zero. The case with
the conductive spacer corresponds to the experimental
configuration (the spacer is very thin (60 um) and its
thermal diffusivity is of the same order of magnitude as
that of water, ie., 0.83x 1077 m?/s compared with

60 —
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5 30 — External insulation
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Fig. 2. Simulated temperature difference between the two electrodes
versus the fluid average velocity, for conductive spacer, insulation
spacer and external insulation, respectively.

1.43x107"m?/s). The simulation incorporating a ther-
mally insulating spacer shows that this configuration
enables the maximum potential to be reached with a 3
times lower fluid velocity, which can be useful when the
maximum flow rate given by the pump is limited as in
the experiment described above. Fig. 2 also shows the
effect of the external insulation of the cell (i.e., the case
in which the external natural convection and radiation
coefficients at the PMMA |air interface are reduced to
0.1% of their original value). In the present situation, the
gain given by this insulation is low (from 2% to 6%
depending on the flow rate) but this effect may be of
importance in the case of cells having thin walls. This
external heat exchange can be advantageous when the
upper part of the cell is exposed to the sun.

The temperature distribution is shown in Fig. 3(a) for
an intermediate flow rate value (2 mm s~!). It illustrates
the temperature mixing due to the thermal conductivity
of the spacer and the external cooling effect occurring at
the upper part of the cell. The present hot temperature
value (80 °C) corresponds to the limit of non-negligible
thermal radiation (its flux value is here 2/3 of the value
of the external natural convection flux).

5.1.2. Thermal diffusion potential

Fig. 4 illustrates the transversal distribution of the
thermal diffusion potential for different flow velocity
mean values (x = 0.5 cm). It confirms the increase in the
potential difference when the thickness of the thermal
boundary layer is decreased at high flow rates (note that
this thermal boundary layer turns to a mixing layer after
the fluid junction). It also appears that, due to the im-
pact of the cold flux coming from the external exchange
on the upper side of the cell (Fig. 3(a)), the potential
decreases slightly at the surface of the upper electrode.
This is also in accordance with the increase in the
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Fig. 3. Isovalue representation for different flow rates and spacer type. (a) and (b) represent the respective temperature and electrical potential for an
intermediate average velocity (2 mm s~!). The effect of a higher velocity (10.7 mm s!) is illustrated in (c). For the intermediate velocity (2 mm s~!),
the effect of an insulating spacer to reduce the spreading of the potential gradient is shown in part (d). In total there are 14 colours between the
indicated extremes on the figure (temperature) and 11 lines for the potential representations.

TDP difference / mV

y/ mm

Fig. 4. Transversal distribution of the TDP for different flow velocity
mean values (i.e., 0.5, 1, 2, 4, 10.7 mm s~'), at the middle of the
electrode (x = 0.5 cm from its leading edge). Full line: including ex-
ternal heat exchange. Broken line: external insulation.

temperature difference observed when the external in-
sulation of the cell is taken into account (Fig. 2). Al-
though this effect is small for the present system, it may
be of importance for cells exposed to external forced
convection.

Figs. 3(b)—(d) show the electrical potential isovalues
in the simulated cross-section. As illustrated in Fig. 3(b),
the simulated potential follows a similar pattern to the
temperature on the conductive domain (fluid section).
This finding is simply due to the direct relation between
these parameters as described by Egs. (2) and (11). It can
be noted how the merging of two flows after the spacer
narrows the temperature and potential isovalues be-
tween the electrodes. For the medium fluid velocity va-
lue chosen here (77 =2 mm s~!) the heat and potential
“mixing layers’ reach the electrodes, resulting in a po-
tential difference lower than maximal as is also shown by
the temperature difference in Fig. 2. Figs. 3(c) and (d)
illustrate two ways of reaching the maximum potential
for a given electrode position: (¢) a higher velocity
(V' =10.7 mm s7!) or (d) an insulating spacer. The sit-
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uation in Fig. 3(d) can also be obtained with a Y inlet
junction of the fluids (instead of a spacer) or by placing
the electrodes at the inlets of the channel. For this rea-
son, the electrodes will be placed at the beginning of the
channel for the second part of the experiments (power
generation).

5.2. Experimental study

5.2.1. Comparison with simulations (open circuit)

In this part, a redox couple was added to in the so-
lution (ferri/ferrocyanide redox couple) in order to ex-
tract a current, and thereby a power, from the
temperature difference between the two flowing solu-
tions. When the temperature of the liquids was varied, a
linear dependence was found between the temperature
difference and the open circuit potential, in agreement
with Eq. (5). These findings confirm that the tempera-
ture difference can induce a power generating redox re-
action at the electrodes. Recently, a similar study was
carried out, taking advantage of a difference in ion
concentration in the two flowing solutions [7]. The main
driving force is here the variation of the standard po-
tential of the redox couple with temperature [31-33].
Several reports exist on this effect; in one of them, the
temperature effect on the redox potential of the ferri/
ferrocyanide redox couple was reported to be —1.86 mV/
K [33]. For a temperature difference of 60 K, this leads
to a potential difference of 111 mV, which is much
higher than the thermal diffusion potential (the thermal
diffusion potential is on the order of 11 mV as shown by
Fig. 4 or calculated from the heats of transport if only
NaCl is considered (Eq. (5)). According to these values,
the resulting measured potential difference should have
an absolute value of approximately 100 mV, which is
higher than expected from the open circuit measure-
ments shown in Fig. 5(a) (triangles). A precise com-
parison is difficult, as the maximum value of the
measurable potential difference could not be attained for
this electrode position (the required flow rate could not
be reached with the peristaltic pump used, as shown in
Fig. 4). This result is due to the fast thermal diffusion
(which is about two orders of magnitude faster than
typical molecular diffusion) and, as pointed out above,
to the length and position of the electrodes (which are
here placed 3 mm downstream of the fluid inlets).
However, a direct comparison is hampered by the lack
of information on heats of transport for the ferrocya-
nide and ferricyanide ions. Therefore, any comparison
between simulations and experiments will have a purely
qualitative nature.

In Fig. 5(a) is also shown the numerical TDP and the
calculated potential difference based on Eq. (6) (i.e.,
including both the TDP and the effect on the redox
properties deduced from the temperature profile in
Fig. 2). It is apparent that the two curves corresponding

I
80— —
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E el .
|
|
Q
S sl .
&~ A —@— Calculated total potential
—A— Experimental potential
—+— Numerical TDP
20 —
0 =
0 1 2 3 4 5
(a) V (meanvalue) / mms'

1.0
0.9
0.8 —
0.7 4

A Experimental
— Numerical

0.6 -1
0.5
0.4
03
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0.1
0.0 4 T I T I |

0 1 2 3 4 5

Normalized potential difference / mV

(b) V (meanvalue)/ mms>1

Fig. 5. All these curves correspond to 0.5 cm? electrodes (0.5 x 1 cm)
placed at the middle of the channel under open circuit conditions
(initial experimental configuration, also chosen for the simulation as
described in Fig. 1). Temperatures are 20-80 °C. (a) Triangles: overall
absolute experimental value of the potential difference (i.e., contribu-
tions from the standard potential difference and TDP) measured be-
tween electrodes located at 1 and 4 in Fig. 1 at different flow rates, with
a temperature difference of 60 °C. Redox couple concentration is 50
mM. Diamonds: numerical TDP (based on simulated temperature
fields and literature values of the heat of transport of NaCl). Circles:
calculated total numerical potential difference taking into account both
the TDP and the temperature effect on the redox couple. All situations
correspond to the case employing a conductive spacer. (b) Experi-
mental and numerical total potential differences normalized by their
values at ¥ =52 mm s~! (maximum velocity of the experimental
range).

to the numerical and experimental overall potential
difference do not coincide. This finding is not surprising
since the TDP contributions from ferri-, ferrocyanide
and potassium have not been considered. Another point
concerns the temperature dependence on the standard
redox potential; in fact this coefficient is likely always to
be hampered to some extend by a TDP. However, the
relative values of the potential may provide a good
measure of the quality of the thermal simulations and
allow a comparison of the flow rate effect on the thermal
transfer. This is the idea behind Fig. 5(b) in which the
potential differences have been normalized by their value
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at a flow rate of 5.2 mm s~!. The good agreement be-
tween the normalized numerical and experimental val-
ues emphasizes that the numerical model can
successfully model the temperature distribution in the
system.

The curvature of the potential evolution for low flow
rates can be explained by the gap between the electrodes
and the channel inlet. The greater this gap, the flatter is
the potential increase at low flow rates. Indeed, due to
this gap and the diffusive mixing, a minimum fluid ve-
locity is needed to maintain the inlet temperature dif-
ference until the electrodes are reached. For greater
velocities, the potential increase is much faster, due to
the short electrode length compared to the gap. After
the temperature gradient has reached the end of the
electrodes, the maximum potential difference is reached,
leading to the observed asymptote and inflexion point.

5.2.2. Power generation

When electrodes placed on the walls of the flow cell
were connected through an external load, a current
could be measured in the external circuit. In Fig. 6(a) are
shown the potential differences and the deduced power
values versus the measured current, for different con-
centrations of the ferri/ferrocyanide redox couple
(equimolar values ranging from 1 to 200 mM). Fol-
lowing the simulation results, the 0.5 cm? electrodes are
here placed at the entry of the channel to increase the
performance of the system for a given flow rate value
(here 7 =2.3 mm s~!). As illustrated in Fig. 6(b), the
maximum value of the generated power follows the ex-
pected linear dependence versus the redox couple con-
centration, in the present concentration range (the
maximum concentration value being limited by the
precipitation of the redox species in the refrigerated
reservoir). The observed shift to higher currents is ex-
plained by the increase of the diffusion limiting current
with the redox couple concentration. As expected, the
same phenomenon is observed when the flow rate is
increased (Fig. 7). These experiments show that the
optimum velocity is lower than for previous experiments
(Fig. 5), due to the present position of the electrodes at
the channel inlet (no gap).

The effect of a larger electrode surface is presented in
Fig. 8 (2.5 cm? surface corresponding to a 5 times longer
electrode, i.e., 5x 50 mm), for AT =55 °C, 0.2 M of
redox couple concentration and ¥ = 4.6 mm s~!. One
may note that the difference with the previous maximum
pump value of 5.2 mm s~! is due to the thicker spacer.
The maximum power value reaches 200 pW, leading to
the expected gain of 5 (compared to the 0.5 cm? elec-
trodes placed at the entry of the channel giving near to
40 uW for the same velocity, as shown in Fig. 7). The
resulting order of magnitude of reachable power density
is 0. mW/cm? for a temperature difference of 55 °C
between the solutions in the cell. One of the conditions
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Fig. 6. The 0.5 cm? electrodes were placed at the entry of the channel to
increase the performance of the system for a given flow rate value
(V'=2.3 mm s7!). (a) Experimentally measured potential differences
and power values versus current values for different ferricyanide and
ferrocyanide concentrations (equimolar values of 1, 10, 25, 50, 100 and
200 mM). Sodium chloride concentrations were 100 mM. Each curve
was obtained by decreasing the external load value from 10 MQ to 1 Q.
Temperature difference is 55 °C. (b) Evolution of the maximum power
value versus the redox couple concentration.

for a scaling to meter square surfaces (i.e., 1 W/cm?) is to
work with a centimetre scale channel width in order to
ensure the non-mixing condition along all the electrode
length with a reasonable pressure drop of the flow. The
present value of power density is the same as that ob-
tained in [8] in a rotating cell with AT = 50 °C and the
same same redox couple concentration (0.2 M). These
results are also in the range given in [6], i.e., 0.3-2 W/m?,
for the same kind of flow cell with the same redox couple
concentration and a temperature difference of 40 °C (the
first value being experimental and the second being the
prediction without mass transfer limitations). Higher
values of power density could be reached, for a given
“floor space” of the electrodes, by using a multilayer
channel and electrode assembly.

In order to estimate the overall yield, the energy re-
quired to pump the solutions through the cell and the
energy required to heat one solution should be consid-
ered. The kinetic energy is 0.5mw72, where my, is the
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Fig. 7. Effect of the fluid flow rate on the potential difference and
power measurements. Flow rates range from 2 to 16 ml/min with 2 ml/
min increments, corresponding to ¥ values comprised between and
0.575 and 4.6 mm s~!. The 3 first intermediate values before reaching
the plateau of maximum power are 1.15, 1.73 and 2.3 mm s~!. Redox
couple concentration is 200 mM and temperature difference 55 °C.
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Fig. 8. Experimental potential differences and power values versus
current values for 2.5 cm? electrodes (5 x 50 mm dimensions) and 200

mM ferricyanide and ferrocyanide concentrations. Temperature dif-

ference is 55 °C. V = 4.6 mm s~'.

mass of water. The power (energy per unit time) can be
gczpressed in terms of the mass flow rate, V;, as: 0.5V},
V~. Using the experimental mass flow rate of 0.3 g/s
(V' = 5.2 mm s!), an estimated pump power of 1.5 nW
can be estimated.

The power required to heat the solution, Qye,t, can be
estimated as: Oneat = mwCpAT, where Cy, is the specific
heat capacity of water. The power required to heat the
solution, Pheat, is given by: Prear = 1/2Vn C, AT (only half
of the solution needs to be heated). Using V;, = 0.15 g/s
(using a channel depth identical to the spacer and elec-
trodes depth, i.e., 5 mm, corresponding to half the
present experimental channel depth) and using
Cp,=4.18J g7! K~! with AT = 55 K, the result is 17.3
W. The power required to pump the solution can thus be
neglected and we arrive at an approximate efficiency (see

Fig. 6(a)) of: 200 pW/17 W~ 1073%. Obviously this
efficiency yield is extremely low, but it should be stressed
that an efficient conversion yield was not the aim of this
system. It is simply an illustration of the ability to
sample energy in places where solutions of elevated
temperature are flowing in parallel under laminar con-
ditions (i.e., extraction of a small fraction of the energy
instead of a conversion, as the main part of the heat
content flows away). When the principle of electro-
chemical thermocouples is used in stationary systems
(employing a cation exchange membrane) higher con-
version efficiencies are obtained (i.e., in the order of
0.1%) [11]. The advantages of the present system are that
no membrane is required, as in [4-6,9,34] and that the
system can be installed in places where flowing solutions
of different temperatures are already present.

6. Conclusions

The hydrovoltaic cell principle, based on concen-
tration diffusion potentials, has been extended to con-
sider thermal effects. The numerical simulations (heat
transfer and open circuit thermal diffusion potential)
and the experimental results using a redox couple
confirm that hydrovoltaic cells in principle can be used
to generate electricity from low-grade heat sources. The
experimental and numerical studies are shown to be in
good agreement concerning the influence of the flow
rate on the thermal transfer. For the resulting measured
potential difference (mixed contribution of TDP and
redox couple effect), the agreement is qualitatively
good.

Due to its very low energetic efficiency, this system
has to be seen as a thermal energy sampler (rather than a
converter). The generated power per electrode surface is
low (1 W/m?) but, from further additional develop-
ments, one can envision the use of this concept in more
practical setups, such as multi-layer systems. Finally, the
temperature modelling outlined in this paper can also be
used to quantify unwanted temperature induced arte-
facts in (micro) analytical systems.
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Appendix A
Egs. (11) and (12) are derived in the global general

form (A.1) and (A.2), using the Galerkin formula-
tion (multiplication by a projective function « and
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integration on the domain of study, @), where i design
are the 1,2 species:

aC,‘ ZiF
‘/Q /Oilia"‘v <—D,‘VC1'+ VC[ _ﬁDiCiV(f)

‘0, o
RT? D,‘CiVT):| dQ = 07 1= 1,2, (Al)

/Q / dz101 — 2265] dQ = 0. (A2)

By decomposing the product between « and the diver-
gence, the second-order derivative of (A.1) and (A.2) is

oaV - (—D,‘VC[) =V- (_OCD,'VC,') + D,VOC . VC‘[. (A3)
Injecting (A.3) in (A.1) and (A.2) and using the Ostro-
gradsky theorem, the divergence term is rejected at the
boundary (A.4), where it expresses the flux conditions of

the species which here equals zero (no flux at the
boundaries of the domain)

@C,- Z,‘F
/ /Q {aa +D;Va-Ve;+aVVe + ﬁD,-c,-Voc -V

O

= D.c VT dOQ = A4
+RT2 iV - VT d 0 (A.4)
Applying (A.4) to (A.1) and (A.2), and writing it in a
matrix form, we obtain (A.5), where f is the interpola-
tion function of the unknown vector [c;, ¢a, ¢, T]
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0 0
2—7]‘:D1C1VO(VB %chlvaVﬁ
28Dy, VoV 24Dy, VaVp
0 0
0 DVoaVp + Vap
Ci
(&)
=0. (A.5)
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Appendix B

Due to the high value of the thermal diffusivity
(compared to the diffusion coefficients of the species in
solution) and in order to maintain a temperature gra-
dient, the flow velocity value and the channel thickness

are chosen larger than in a previous study [25]. As a
consequence, the diffusion coefficients of the species D
and D, (1.33 x 107 m?/s for Na® and 2.03x107° m?/s
for CI7) are artificially increased by 2 orders of magni-
tude in order to keep the mesh Peclet number at a rea-
sonable value. Indeed, real D values would imply a mesh
size that cannot be solved with our computer resources.
It has been verified that this scaling has no effect on the
electrical potential results. It can be easily explained
by the fact that the diffusion coefficient is present in both
the thermal transport and migration terms of Eq. (11),
the latter balancing the thermal one at each time. Con-
sequently, for a given geometry and species, the main
parameters governing the temperature and potential
distributions are the thermal diffusivity 1/pC, and the
flow rate. In order to verify the model and the approx-
imations in Eq. (11) it was confirmed that simulation of
the thermal diffusion potential results in a similar value
as obtained from Eq. (5).
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