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Abstract 

tSpai4 

The design of a flow-distribution system for a 0.1 kW Fe/Cr redox flow battery has been 
based on the application of shunt current calculation model to a 20-cell bipolar system. 
A model to simulate the intra-stack flow distribution has also been proposed. Both shunt- 
current and flow-distribution analysis have yielded a prototype with a 93% current efficiency 
with an homogeneous intrastack flow distribution. 

Introduction 

The concept of a redox flow battery as an energy ‘bulk accumulation system is 
based on the storage of two fully soluble redox couples which are continuously puniped 
through a power conversion cell. Due to this feature, the energy storage capacity and 
the power of this kind of systems are able to be independently sized. Therefore, these 
systems are suitable for their use in load-leveling and stand-alone applications [l, 21. 
A basic cell consists of two inert electrodes separated by an ion-exchange membrane. 
From the previous studies developed, the electrolytes selected were two identical 
solutions for both half-cells (1.25 M CrCl,+ 1.25 M FeC1,+2.3 M HCl) [3, 41. 

During battery operation, hydrogen evolution has been reported as a competitive 
process to Cr(II1) ion reduction that produces a decrease in the coulombic efficiency 
[S, 61. To avoid this evolution, PbClz was added to both electrolytes in agreement 
with the results reported on the Cr(III)/Cr(II) couple electrocatalysis on carbonaceous 
electrodes [4, 6, 71. 

The transmission of electric energy has a higher energy efficiency when it is 
performed by high voltage/low current devices than when it is performed by low voltage/ 
high current ones. For this reason, batteries arranged in bipolar assemblies are preferred 
to monopolar ones. When these bipolar systems have a common electrolyte, as it is 
in the case of redox flow batteries, shunt currents appear due to the electrolyte 
connections between electrodes. 

Thus, a fraction of the energy provided to the system is shunted through these 
electrolyte paths, not being used by the electrochemical process, and producing a 
decrease in the energy efficiency. Moreover, other undesirable processes induced by 
these shunt currents, as electrode corrosion and gas evolution, must be pointed out. 
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Shunt current analysis has been carried out by several authors by applying Kirchhoffs 
laws to electrical circuit analogs of an stack of cells [&13]. The procedures to decrease 
shunt currents usually originate in an increase of pump-power losses. 

The internal electrolyte flow distribution is determined by the relationship between 
the hydraulic resistance of the electrode flow distributor system and the manifold. 
Previous work released by Hagedom et al. [14] revealed that, when this relationship 
is small, extreme cells of the stack work with flows higher than the stack average flow, 
while the central cells work with lower ones. This effect begins to be more significant 
when the stack average flow is close to the stoichiometric flow, due to the appearance 
of diffusion overvoltage. 

The aim of this paper is to obtain a suitable cell design in order to minimize 
energy losses due to shunt currents and pumping power in a 0.1 kW Fe/Cr redox 
flow battery. A model to evaluate the intra-stack flow distribution has also been 
proposed. 

Simulation models 

Shunt-current analysis 
In Fig. 1, a diagram of a single-stack redox flow cell (a) and its analog circuit 

(b) is shown. The different components are represented as follows: Rip internal ceil 
resistance; V,, open-circuit cell voltage; R,, port feed and exit resistance; R,, manifold 
segment resistance, and I,, charge/discharge current. Each cell, except the two terminal 
ones, generates four independent current loops, these loops having their own cell as 
a common element. Terminal cells only generate two current loops due to the fact 
that the electrolyte network is assumed to be interrupted at the pumping section. 
Thus, the circuit proposed above is defined by a set of 4N-4 (where N is the number 
of cells of the stack) loop currents that must satisfy the same number of Kirchhoffs 
equations (1): 

5 bRj-V,=O 
i 

where p is the number of resistors in each loop. Real currents ij can be calculated 
as a function of loop currents, 4, using eqn. (2): 

k 

where q is the number of loop currents in each circuit branch. The value of each 
equivalent resistor Rj may be calculated using eqn. (3): 

where pi is the specific resistivity of the electrolyte; 11 is the pipe length, and Si is its 
cross-sectional area. 

The shunt current is defined as the difference between the total current Z, and 
the real current 4 circulating through each cell. More information on this simulation 
model is available in the literature cited [S-13]. The mathematical resolution of this 
equation system was carried out using the software developed in our laboratory based 
on the simple iteration method [15]. The voltage efficiency was directly calculated by 
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Fig. 1. (a) Schematic of redox flow cell; (b) circuit analog. 

the ratio between the battery voltages in discharge and charge operation, using as V, 
the open-circuit cell voltage at SO% state-of-charge. The current efficiency has been 
calculated with eqn. (4): 

5(zS,i+z”,3 
Ilc=l- i--l 

NZt 
(4) 

where Z; i and Z$ represent shunt current at cell i during charge and discharge 
operation, respectively. Energy efficiency has been calculated as the product of voltage 
and current efficiencies. 
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Flow-distribution analysti 
A scheme of the internal flow distribution in a redox flow cell is shown in 

Fig. 2. The pressure drop generated when a solution flows through a hydraulic circuit 
element with a constant cross-sectional area can be calculated making a mechanical 
energy balance (eqn. (5)): 

where AP is the pressure drop, p the electrolyte density, AZ the unevenness of the 
element, g the gravity constant, (u) the average flow speed, f the fri$tion factor, I the 
equivalent length of the element, d its equivalent diameter, and W the energy per 
mass unit applied. 

In a general way, the pressure drop may be evaluated in terms of equivalent 
hydraulic resistors and flows (eqn. (6)): 

Af’=R(Qi)Qi (6) 

The model proposed is based on the application of eqns. (5) and (6) of a hydraulic 
circuit analog of a stack of cells. In Fig. 3, the hydraulic circuit analog to a half-stack 
formed by five cells has been represented. The various components of the circuit are 
represented as follows: R,, cell equivalent resistor; R,, manifold equivalent resistor, 
and Qt, total electrolyte flow. Thus, the circuit described is defined by a set of N-l 
equations: 

ELECTRODE 
DlSTRlSUTOR 

Fig. 2. Schematic of the internal flow distribution in a redox flow cell. 

Fig. 3. Hydraulic circuit analog of a non-divided redox flow cell. 
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(7) 

The real flow of electrolyte s in each circuit branch can be calculated from the loop 
flows Qk: 

qj= &Qk (8) 

The Rj values are calculated by the following set of equations: 

Rmj= ?!&& 
d& 

where k is the Kozney-Karman constant [16]. The 8 value can be calculated from the 
corresponding Reynolds module. Since the Rj values depend on the corresponding 
flow s, the equations must be solved using an iterative method. 

Results and discussion 

Shunt-current analysis 
The design parameters of a 0.1 kW battery are shown in Table 1. The evolution 

of battery efficiency as a function of the number of cells of the stack has been 
represented in Fig. 4. Voltage efficiency shows no significant variations when the 
number of cells increases. This is due to the low voltage drops produced by the internal 
cell resistance compared with the open-circuit cell voltage. Logically, current efficiency 
decreases with the number of cells as a consequence of the increase in the shunt 

TABLE 1 

Nominal design specifications of a 0.1 kW Fe/Cr redox flow battery 

Nominal power (W) 
Gross power (W) 
Electrode area (cm’) 
Cell voltage (V, oc, 50% sc) 
Current density (rnA/cmz) 
Number of cells’ 
Manifold 

Length (cm) 
Section (cm’) 

Feed port 
Length (cm) 
Section (cm*) 

Electrolyte 
Density (g/cm”) 
Viscosity (g/cm) 

Electrode 
k (g/s cm4)b 
AZ (cm) 

120 
230 
200 
20.6 
40 
21 

1.8 
1.5 

12 
0.21 

1.33 
0.03 

8080 
18 

‘Power cells and state-of-charge measure cell. 
bObtained from the experimental drop-flow battery response. 
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Fig. 4. Battery efficiency as a function of the number of cells. Input parameters: R,=4.2 Q 
R,=334 a; V,-1.032 V, Ri-0.015 n; R,-4.2 a, R,=334 0, and I,-8 A. 

Fig. 5. Battery efficiency as a function of the charge/discharge current density. Input parameters: 
N-20 ceils; V,=1.032 V, Ri=0.015 fi, R,-4.2 Cl, and R,=334 CL 

currents. Since voltage efficiency stays constant in the range studied, the variation of 
energy efficiency is similar to that presented by current efficiency. From these results, 
it can be concluded that it may be not suitable to built stacks with over 30 cells to 
yield energy efficiencies over 70%. However, it power demand rises, this battery would 
be able’to work with a number of cells close to 80 with an energy efficiency of more 
than 65%. 

In Fig. 5, the battery efficiency as a function of charge/discharge current density 
has been represented. The increase of the charge/discharge current provides a logical 
decrease of the voltage efficiency. However, this increase of the charge/discharge 
current generates an increase in the current efficiency. This fact is in agreement with 
the behaviour presented by the shunt current when the charge/discharge current is 
increased [S, 91. As a direct consequence of the inverse response presented by the 
voltage and current efficiencies when the total current increases, energy efficiency 
reaches a maximum at a current density around 30 &cm*. From these results, it 
can be concluded that energy efficiencies over 70% may be reached working with 
current densities close to 10 mA/cm’. If power demand increases, the designed battery 
could work at a charge/discharge current density of 70 mA/cm’ with an energy efficiency 
close to 65%. 

The internal cell resistance is determined by the following factors: (i) electrolyte 
specific resistivity; (ii) flow distributor geometry, (iii) and current collector/electrode 
contact resistance. In Fig. 6, a study of the influence of the internal cell resistance 
on battery efficiency is shown. Obviously, a diminution of the internal cell resistance 
will not appreciably affect to the coulombic efficiency because the variation of the 
cell voltage induced by the decrease in the internal resistance is so small that the 
increase in shunt current in each cell may be neglected. However, the energetic 
efficiency rises when the internal cell resistance diminishes, due to the increase in the 
voltage efficiency. From these results, energy efficiencies more than 85% may be 
expected, if the internal cell resistance decreases to values close to 1 J2 cm*. 

The influence of manifold and port cross-sectional area has also been studied 
(Fig. 7). From these results, the electrolyte flow distribution can be designed with a 
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Fig. 6. Battery efficiency as a function of the internal cell resistance. Input parameters: N=20 
cells; V0=1.032 V, R,=4.2 0, K-334 fi and I,-8 A. 
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Fig. 7. Level-line diagram corresponding to the battery energy efficiency as a function of port 
and manifold cross section. Input parameters: N=20 cells; V,= 1.032 V, Ri -0.015 Cl, and 
I,=8 A. 

wide range of manifold and port cross sections with energy efficiency consistently more 
than 70%. 

Flow-distribution analysis 
In the model proposed above, the Kozney-Karman parameter must be calculated 

for our system, previous to the calculation of the intra-stack flow distribution of the 
battery. This parameter has been calculated from the pressure drop/flow response of 
the battery. The calculation algorithm is based on the optimization of the k parameter 
by the SIMPLEX method [17, 181. The function to be minimized is: 

Q=~(L\Pi,exp-@~sim)' (11) 
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Fig. 9. Simulated intra-stack flow distribution. 
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where APi,, and APi,,h represent the experimental and calculated pressure drop, 
respectively. 

From the results experimentally obtained and simulated, a suitable performance 
of the simulation model has been found in the flow working range of the battery 
(over 100 l/h). The intra-stack flow distribution for different flows has been represented 
in Fig. 8. From these results, a suitable intra-stack flow distribution may be expected 
for the proposed cell design. 

Conclusions 

The design analysis of a flow distribution frame based on shunt current calculation 
models has yield a prototype with a theoretical current efficiency of 93% for a 
20-tell battery with 200 cm* of electrode area. Moreover, the model proposed in order 
to simulate the intra-stack flow distribution has shown a suitable performance in the 
studied flow range. From the results obtained in this study, a homogeneous intra- 
stack flow distribution may be expected. 
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List of symbols 

& internal cell resistance 

p-0 open-circuit cell voltage 
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port feed and exit resistance 
manifold segment resistance 
charge/discharge current 
number of cells of the stack 
specific resistivity of the electrolyte 
current circulating through each circuit element 
loop current in each circuit branch 
circuit element length 
circuit element cross-sectional area 
shunt current at cell i during charge operation 
shunt current at cell i during discharge operation 
current efficiency 
pressure drop through circuit element j 
electrolyte density 
uneveness of the hydraulic circuit element 
gravity constant 
average flow speed 
friction factor of circuit element j 
equivalent length of circuit element j 
equivalent diameter of circuit element j 
energy per mass unit applied 
total electrolyte flow 
flow through circuit element j 
loop flow 
Kozney-Karman parameter 
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