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Abstract: We propose novel designs and operation strategies for redox flow
batteries with the aim of higher roundtrip efficiencies (electric to chemical to
electric) together with decreased amount of electrolyte. Such new designs are
based on additional electrolyte tanks and compartmentalized electrodes. We an-
alyze roundtrip efficiencies for these designs utilizing charge and discharge curves
for different current densities. For commonly applied operating conditions, the
results indicate that the proposed modifications and their combination result in
slightly lower amount of required electrolyte and marginally higher roundtrip
efficiencies as the state of the art. However, if higher per pass changes are envis-
aged, the savings are more significant (up to 4% higher roundtrip efficiency). A
change in roundtrip efficiency has an impact on operating costs. Possible reduc-
tions in operating costs have to be contrasted with any additional investment
costs and are therefore considered cumulatively as total costs. The results indi-
cate that if higher per pass changes are envisaged, additional electrolyte tanks

for setting up a two tank configuration are economically beneficial.
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VRFB configurations 21.5.2020

1 Introduction

Electrochemical energy storage systems directly convert electrical energy into
chemical energy and back. Since they also lead to relatively high roundtrip
efficiency, they are well suited for the storage of electricity from fluctuating re-
newable energy sources. The redox flow battery (RFB) is particularly promising
for large-scale storage, because the energy storage capacity is characterized by
the electrolyte volume and respective concentration, whereas the rated power is
characterized by the reactive electrode area. Thus they are independently scal-

6. Of the several existing redox flow

able in contrast to conventional batteries
battery chemistries, the vanadium redox flow battery (VRFB) is the most ma-
ture and some VRFB systems have been successfully demonstrated at megawatt
scale!®. For instance, a 200MW /800MWh vanadium flow battery is under con-
struction in Dalian, China2°.

The VRFB stores energy by using vanadium redox couples (V2+/V3+ and
V4+/V5+4) in two electrolyte tanks, one per halfcell. VRFBs exploit the four
oxidation states of vanadium allowing a single active element in both anolyte
and catholyte®. During the charge/discharge cycles, H"-ions are exchanged
through the ion-selective membrane. According to Chakrabarti et al.®, charge
or discharge efficiency can be as high as 85%, VRFBs have a fast response time,
a lifetime of > 10 years and can operate for 5,000 - 14,000 cycles. The Electric
Power Research Institute gives similar values with a response time of microsec-
onds from zero output to full output if the cells are filled with electrolyte, a
lifetime of 10-15 years with 1,000 (dis-)charge-cycles per year”.

However, market penetration of the VRFB for large-scale energy storage
is limited by the high capital cost, which largely results from the low energy
density of the vanadium redox couples (according to Alotto et al.?, the stored
energy density does not exceed 25-35 Wh/L) and the high vanadium purchase
costs 5. This makes a reduction of the required amount of electrolyte necessary.

High roundtrip efficiency is crucial for energy storage. For VRFB’s different

©AVT.SVT 2 Page 2 of 35
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VRFB configurations 21.5.2020

approaches to increase efficiency are being pursued in literature including im-
provement of employed materials'® or electrolyte flowrates?. We propose novel
designs and operation strategies aiming at the improvement of roundtrip effi-
ciency and reduced use of electrolyte. In future work, the design proposed here
could also be combined with a variable electrolyte flowrate that is optimized
to current State of Charge (SOC) of the VRFB possibly achieving even higher
efficiencies.

The state of the art configuration of a RFB is equipped with one elec-
trolyte storage tank for each halfcell (Figure 1, upper left). We call this design
OneTank-configuration (OT). The electrolyte is pumped through the electro-
chemical cells several times in order to be (dis-)charged as the SOC is changed
by ASOC per pass through the cell. The amount of currently stored energy is
characterized by the SOC of the electrolyte. Usually the batteries are built in
form of stacks having several electrochemical cells in parallel as shown in the
Figure.

In the state of the art configuration, the stream exiting the electrode is mixed
with the electrolyte tank content. This results in exergy destruction which is
thermodynamically not favorable. Recently, concurrently with our calculations,
Liu et al. suggested a no-mixing design of a VRFB to overcome this exergy
destruction!?. Likewise, we propose to use two tanks for each electrolyte: one
for the “charged” state and one for the “discharged”, i.e., instead of the SOC as a
property of the electrolyte (essentially the concentration of “charged” material),
we have the SOC as the filled portion of the tanks. We call this configuration
TwoTank (TT) (Figure 1, upper right). In the TwoTank configuration, there is
no mixing with uncharged electrolyte. The elimination of exergy destruction in
principle can lead to higher efficiency. In thermal energy storage (e.g., molten
salt storage in concentrated solar power) two tank systems are standard and
known to have substantially higher efficiency '4. As ASOC in VRFBs typically is
small with values around ~ 3 —4%, the TwoTank concept has to be extended by

allowing multiple passes of the fluid through the reactor through an intermediate

©AVT.SVT 3 Page 3 of 35
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small tank or through batches for using the whole usable range of SOC. Like
Liu et al.'°, we analyze the latter idea and assume that once a tank is emptied,
the other tank of that halfcell now is the source of electrolyte and the tank
that is empty at this moment then is the sink. This is depicted by the dotted
arrows in Figure 1. Note that the rather small per pass change of charge implies
that the exergy destruction is not dramatic in the OneTank configuration. This
is in contrast to thermal energy storage, wherein large temperature differences

(>100K ) are used *i'1.

OneTank (OT) TwoTank (TT)

Fig. 1: Scheme of the different design configurations for a VRFB under investi-
gation in this study considering additional tanks or compartmentalization. The
OT configuration represents the state of the art.

Not considered by Liu et al.'®

in the analysis of their no-mixing design is
a second challenge of electrochemical systems with flow (fuel cell, electrolytic
reactors, redox flow battery), which is that the concentration changes along
the flow direction. This concentration gradient implies that the open circuit
potential (OCV), which is the reversible limit, and the required voltage (for given
transport resistances) changes along the flow direction. However, the electrodes
are good electrical conductors so that the voltage is spatially nearly uniform.
Therefore, the most disadvantageous voltage is always applied over the entire
flow direction (the highest voltage when charging, the lowest when discharging)
which results in further losses. Again, the higher the change in SOC per pass
(ASOC), the higher the losses, as the difference between total cell potential

and OCV is even higher at the inlet during charge and at the outlet during

©AVT.SVT 4 Page 4 of 35
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discharge. Moreover, the impact of spatially uniform voltage on energy losses
becomes higher towards the bounds of the SOC (close to 0% and 100%) where
the derivative of the voltage curve has a high absolute value (see also Figure 5)
and thus the losses highly depend on ASOC. Avoiding the high losses at the
bounds of SOC, is one reason why in industrial applications the battery is never
fully charged or discharged. Another reason for limiting the upper bound of SOC
is that operation at above ~80% SOC may result in undesired reactions. For
instance, the Electric Power Research Institute (EPRI) reports the electrolysis
of water into hydrogen on the negative electrode and oxygen at the positive

at high voltages (called overcharge)”.

These undesired side-reactions occur in
aqueous electrolytes. The use of non-aqueous electrolytes allows the operation
at higher voltages®!7, however, they are not used at industrial scale'”. EPRI
states that the VRFB, however, tolerates over-discharge, which is the voltage
decrease towards the lower bound in SOC”.

The Depth of Discharge (DOD) takes into account the fact that the usable
state of charge (SOC) often is limited in reality'® among others due to the

reasons mentioned above. DOD is the difference of upper bound (SOC,;) and

lower bound (SOCy;) of state of charge applied in the operation:

DOD = SOC,; — SOCy.

A direct consequence of small DOD is that a substantial amount of the elec-
trolyte can not be used for storing energy. E.g., compared to full use of 0...100%,
the electrolyte’s working range 25...75% requires double the electrolyte material
(simplistically assuming constant efficiency). This also implies higher invest-
ment costs for the surplus of electrolyte material and larger installed tanks to
fit the surplus electrolyte. As already stated above, electrolyte material is ex-
pensive.

In current state of the art RFB systems, losses due to the spatially uniform

voltage being applied over the entire flow direction are small if ASOC is kept

©AVT.SVT 5 Page 5 of 35
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small. In order to allow higher ASOC’s but keep losses low, we suggest to divide
the electrode into multiple compartments in series. This allows to apply a differ-
ent voltage to each compartment. We call this configuration compartmentalized
OneTank (COT) (Figure 1, lower left). Therefore, compartmentalization seems
important if high total differences in SOC are used. This idea is complementary
to the TwoTank configuration. In other words, we allow for both TT and COT
adjustments in the compartmentalized TwoTank configuration (COT).

The proposed design modifications aim at overcoming both issues of exergy
destruction due to mixing in a single tank and due to a unique voltage along
the flow direction and as such should result in higher efficiency, especially for
full cycles (0...100% SOC).

We set up a model in order to calculate the roundtrip efficiencies of all
configurations. A subsequent cost analysis takes into account investment costs
and operating cost differences for the configurations in order to reveal the most

beneficial setup.

2 Roundtrip Efficiency

The roundtrip efficiencies for all above presented configurations are analyzed.
For this purpose, a model is introduced in the first part of this section which is

subsequently used to compare the roundtrip efficiencies based on voltage curves.

2.1 Modeling

We assume that no side reactions occur, the electrolyte in the cell and tank
is perfectly mixed and the electrolyte volume in each half-cell is constant (i.e.
there is no crossover of active species through the membrane). The roundtrip
efficiency ¢ is calculated by the ratio of electrical energy available when dis-
charging Wy, and electrical energy needed for charging Wj;,. This is equal to

the power integral for discharge over DOD divided by the power integral for

©AVT.SVT 6 Page 6 of 35
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charge over the inverted DOD (1).

SOC,
Wout o SSOCub PdischargedSOC

Wl T 1)
. SOC,,
WZ SOCL: chargedSOC
SOC
%_=0 SSOCLbb Udischargedsoc 2
—E = SOCub (2)
SOC;, ChargedSOC

Typically, a RFB is operated at a current I that is fixed to the same value for
charging and discharging. Then, € can equivalently be calculated by the ratio
of the voltage integrals (2). The cell voltage while charging and discharging
depends on the SOC of the RFB as shown in Figure 5. Therefore, the area
beneath the respective curve within DOD represents the amount of electricity
used to charge the RFB and discharged from the RFB. Since in reality the
worst voltage is always applied along the entire flow direction and the SOC of
the electrolyte is changed by ASOC at each cell passage, the required /released
electricity is determined by the area resulting from the multiplication of the
worst voltage and ASOC, as depicted in Figure 2. Therefore, we calculate the
voltage integrals for € by the summation of the voltages corresponding to the
current SOC of the electrolyte leaving the cell (or compartment) U(SOC,y:)
multiplied with ASOC (3).

ZDOD Udischarge -ASOC
ZDOD Ucharge - ASOC
Udischarge = f(SOCOUt)

Ucharge = f(SOCout)

==

One pass of electrolyte through the cell with change in SOC is depicted in Figure
2 (left). U(SOCQ) is a continuous function of SOC, however, the most disadvan-
tageous voltage (which is U(SOC,,t)) has to be applied to the cell. If the
stack is compartmentalized into two compartments where both compartments
are characterized by a halved value in ASOC, different voltages may be applied

to the compartments (see Figure 2, right) while the total change in SOC after

©AVT.SVT 7 Page 7 of 35



10

11

12

VRFB configurations 21.5.2020

U [V]“ U [V]A
] I aw,
dW;, AWin
——— soc%] Rﬂ%/l SOC(%]
ASOC, ASOC,= ASOC,

Fig. 2: Illustration of compartmentalization effect on voltage. Left part shows
single-compartment, right two compartments. The halving of ASOC from left
to right due to compartmentalization results in reducing the integral of the
voltage (corresponding to efficiency).

leaving the cell is equal to ASOC of the non-compartmentalized cell. Then, the
losses of the compartmentalized cell are lower which we will show in Section .
In Figure 3 the change in SOC and U(SOC,,;) is presented for each configu-
ration. It visualizes that for OneTank configurations, the SOC of the passing
electrolyte is increased to a higher value (e.g., from SOC;,, p1 to SOCyyus p1 in
the first pass). This, however, results after mixing in a SOC of the electrolyte
of SOC;y,, p2 which again will be changed by ASOC to SOCye,p2 in the second
pass. In the TwoTank configurations, the SOC of the passing electrolyte is also
increased to a higher value (e.g. from SOC;,, p1 to SOC,y, p1 in the first pass).
As there is no mixing with electrolyte at a lower SOC, once all the electrolyte
is at SOCoyys,p1, the next pass will be carried out from SOC;, pa to SOC,yut, p2.
Compartmentalization divides the increase of SOC into smaller steps.

Taking a closer look at the different operating strategies, we will describe
the established model in the following. In the OneTank configuration, a small
portion of the electrolyte is pumped through the cell. In this portion, the con-
centration of the ions ¢; is electrochemically changed which results in a changed
composition of the tank content after mixing. The concentration of the elec-
trolyte volume in the tank therefore changes according to eq. (4) based on the
assumption of an ideally mixed tank. It depends on the total electrolyte volume

Vrank and the electrolyte volume pumped through the cells per cycle Vpass. M;

©AVT.SVT 8 Page 8 of 35
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Voltage Curve
Cell setup (zoomed in)
SOC,,= SOC;,+ASOC ASOC
u UPZ—/
oT SOCeank AsoC T |
SOC
SOCm o out,P1
SOCm P1
SOGC;,
SOC,,;=50C,,;; c3= SOC;,+ASOC S(fcin,Pz,m
U L
soC, -Il asocs U#&ﬁ% |
coT inC3 | }ASOCCZ ASOC Q/ “— ASOC,;
|n CZ | }ASOCCl f SOSOmCP1 ,C1 T Socout,Pl
inpLc2 SOC, pyc3
SOCi, 1
I—L/SOCOut A/S_(ic
' =
i It Uy
TT j ASOC Upy—> - H
socC,, Soci"rpl Socout,Pl =Socin,PZ
SOcin P2,C:
ut Pz,
| © Upocs
sOC 4 | ‘}ASOCG Up1czUP1C3—’ ________ J
in,! C3
cTT c | ASOC.,  ~AsOC PLC1 | ssocg,
|n
'i | }ASOCa socm'm'm[ I SOCup1 = SOCin p
SOCin,Cl SO(jiMJLCZ Socin, P1,C3

Fig. 3: Comparison of the different configurations: Left column shows the setup
of each configuration and the variable’s naming. Right column shows stepwise
voltage increase with SOC in each configuration for two passes (Potential curve
is zoomed in. The passes are indicated via subscripts P1 for first pass and P2
for second pass).
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is the molar mass of each ion. In eq. (5) ¢; is exchanged by SOCrank as this is

the representation of the concentration of the charged species in the tank.

dci an y
VTankMi%k = (Ci,Tank,in - ci,Tank,out)Minass (4)
dSOCran .
VTank# = (SOCTank,in - SOCTank,out) Vpass (5)
ASOC

This means that in the case of the OneTank configurations for reaching SOC,;,
in the total electrolyte tank, the exiting SOC of the electrolyte has to be even

higher than SOC,;. Discretization of eq. (5) with respect to time results in

SOCTank,old . VTank + ASOC- Vpass

SOCTank,new = V-
Tank

(6)

The resulting change in SOC of the total electrolyte volume in the tank
SOCrank is smaller than ASOC. The electrolyte passes through the cell are
indicated via subscripts P (see also in Figure 3). Applying this nomenclature
to the equation for two passes (P1 for first pass and P2 for second pass), we
replace SOCrank,ola i (6) by SOCrank,p1 and SOCranknew by SOCrank, p2-

When the cell is divided into multiple compartments, the total change ASOC
in a compartmentalized setup is equal to the sum of changes in SOC over all

compartments n.

ASOC = ) ASOC, (7)

c=1
where the SOC of the passing electrolyte is changed in every compartment by

ASOC.. The SOC of the electrolyte leaving one compartment is calculated via
SOCout,c = SOCipn,c + ASOC, (8)

where SOCj, ¢ is the SOC of the passing electrolyte being pumped into the com-
partment ¢ and SOCoyt,c the SOC of the electrolyte leaving that compartment
¢. The SOC can by definition not exceed 100% or be lower than 0%. Therefore,
the combination of DOD and ASOC, is limited by (8).

©AVT.SVT 10 Page 10 of 35
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The voltages for charging and discharging are evaluated at every outlet of

the compartments and summed up to the total voltage

ne
Utot,charge/discharge = Z U(Socout,c)~
1

In the case of TwoTank, Vp,ss in the model is set to Vank. This is valid,
as the concentrations at the inlet are the same for the whole electrolyte volume
for one batch, i.e., until all of the electrolyte has been pumped through the
electrochemical cell. With this assumption (6) simplifies to SOCranknew =
SOCrank,o1d + ASOC (or SOCrank, P2 = SOCrank,p1 + ASOC for two passes).

The potential at charge or discharge depends on the applied current density,
the concentrations of the involved species and on the material components via
occurring overpotentials. In order to calculate the potential at each SOC, an
electrochemical model was set up based on widely known equations as, e.g., given
in Minke et al.!?: The total cell voltage U, can be described as the sum of
the equilibrium voltage Ey and the overpotentials n. We use the concentration-
dependent equilibrium potential for each electrochemical reaction calculated by
the Nernst equation'3.

The overpotentials are summarized in a cumulated loss term. With this
approach we account for overpotentials in the calculation of the voltage curves
arising through, e.g., ohmic losses or phenomena such as limited charge or mass
transfer without explicitly modeling these effects. For details on modelling of
such phenomena many publications exist. For instance, Wei et al. present both
a mechanistic model?® and models with first order resistance-capacitance mod-
els to represent the dynamic behaviour in the electrochemical process of the

22;21

considered VRFB via electrical analogy . In order to have realistic values

for the cumulated loss term, we use a value from Minke et al.!?

, who report
the sum of all overpotentials for the also herein considered cell as 0.072k)m?
for SOC=0.5 in a system with initial vanadium concentration of 1.6 mol/1 and

a sulfate concentration of 4 mol/l. In order to capture the limits of mass trans-
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0.072+0.81*(SOC-0.5)*
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Lumped Ohmic
Resistance R [k m2]

0.06 . . . .
0 0.2 0.4 0.6 0.8 1

SOC []

Fig. 4: Lumped ohmic resistance over SOC including concentration overpoten-
tial.

port at the boundaries of the SOC we modify the lumped ohmic resistance
such that the resistance increases at the edges. The course of the curve at the
edges remains subject to a high degree of uncertainty as the magnitude and
slope require experimental validation. A steeper slope at the edges would in-
crease the impact of the herein considered design and operational changes on
efficiency, a lower slope would mitigate the positive effect of the changes. Figure
4 presents the herein assumed course of the lumped ohmic resistance over the
SOC range with the value taken from literature at SOC=0.5. The calculated
voltage curves are shown in Figure 5 for the ideal case and for charge and dis-
charge at j = 200mA/ cm®. In the ideal case no electric current is applied so
that the equilibrium voltage corresponds to the OCV of the cell. The calculated

ideal curve is identical to the curve presented in Minke et al.!2.
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2
1.8+ ’;
2 P
= 16f charge (j=200 mA/Cm ) >
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$ 12 \ ]
IS
oo 2 |
j m
discharge ( j=200 mA/cm?)

0.8 7

0.6 . ‘ | |
O o 04 0.6 0.8 )

SOC[1]

Fig. 5: Voltage curves plotted within SOC € [0.001,0.999] at j=0mA /cm? and
j=200mA /cm? for a VRFB with initial vanadium concentration of 1.6 mol/l,
a sulfate concentration of 4 mol/l and the lumped ohmic resistance given in
Figure 4. o presents data of Minke et al.'? for the system at j=200mA /cm?.

The calculated ideal curve is identical to the curve presented in Minke et al.'2.

Note that a change in Vpass, Vrank or their ratio only has an influence on the
absolute value of Usot discharge @a0d Ugot,charge- The ratio of the two potentials,
which is equal to the roundtrip efficiency, however, remains the same as ASOC

is fixed. Rewriting eq. (6) into its differential form

dSOCTank ‘/pCLSS
= ASOC
dt VTank

reveals the linearly proportional influence on SOCyy,i for charge and discharge

equally.

2.2 Efficiency-Comparison

Roundtrip efficiency of all configurations will be analyzed based on varying
DOD, ASOC and current densities in four different scenarios introduced in Ta-
ble 1. Scenario 1 and 2 represent typical operating ranges of SOC (20...80%
in Scenario 1 and 10...90% in Scenario 2) with a typical ASOC of 3.5%. We
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define the reference case as the OT-configuration operated according to Sce-
nario 2. Scenario 3 broadens the DOD, resulting in lower roundtrip efficiencies.
However, the broadened SOC reduces the necessary volume of electrolyte as
the electrolyte at hand is charged and discharged to higher and lower SOC’s,
respectively. Scenario 4 introduces a change in ASOC. This could be realized by
lower pumping rates of the electrolyte through the cell. In Scenario 3, going to
such high and low SOC’s, problems may arise due to temperature management
or electrolyte imbalance. For instance, in aqueous electrolytes side reactions can
occur at elevated SOCs producing gases”. This results in a reduced coulombic
efficiency and, even more important for cell capacity, according to Tang et al.
the possible imbalance between the SOCs of the two electrolytes if the gas re-
actions do not take place to the same extent in both half cells'8. In particular,
the evolution of hydrogen at the negative electrode may start earlier (already
at = 90% SOC) than the oxygen evolution at the positive electrode. However,
the use of non-aqueous electrolytes allows the operation at higher voltages®1”
but may require elevated investment costs.

In particular, in aqueous electrolytes, the evolution of hydrogen at the neg-
ative electrode may start earlier (already at >90% SOC) than the oxygen evo-
lution at the positive electrode.

In the following calculations we consider the results at three different current
densities: j = 0,80 and 200 mA /cm?. The typical operating current density of
VRFBs is 80 mA /cm? according to Weydanz et al. 2 or 50—80 mA /cm? as given
by Kim et al.?, and stored energy density is according to Kim et al.” in the range
of 25—35 Wh/L or 20—32 Wh/kg. The current density of j = 200 mA /cm? was
chosen, as it was already taken by Minke et al.'? for the cell under investigation,
which is the same as we focus on in our study, for industrial application. Within
our study, the current densities are applied to all configurations in our roundtrip
efficiency calculations. In future work, the current density may be optimized
for each configuration, for each compartment in the compartmentalized designs

and also for each SOC in order to achieve even higher roundtrip efficiencies.
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Table 1: Scenarios

Scenario 1  Scenario 2 Scenario 3  Scenario 4

SOCu [%] 20 10 4.5 10
SOCusp %] 80 90 95.5 90
ASOC [%] 3.5 3.5 3.5 9

We consider charging first, starting from the lower bound of the SOC (SOCy)
until the upper bound of SOC (SOC,;) is reached. Once the SOC is higher or
equal to SOC,;, the discharge process is calculated starting from the lastly
calculated SOC,,;, to reach a value smaller or equal to SOC,.

For reaching SOC,; in the total electrolyte tank in the case of the OneTank
configurations, the SOC of the electrolyte that exits the cell has to be even
higher than SOC,; (see eq. (4) and Figure 3). But, if SOC,,; is close to the
limit of 100% and if the SOC at the inlet is already highly charged, the SOC
of the passing electrolyte can only be charged up to its physical limit. The
ASOC then is smaller than the desired operating choice, as these upper and
lower bounds in SOC can not be exceeded. Theoretically the physical limits for
SOC are 0% and 100%. In our calculations we set these limits to 0.001% and
99.99%, as towards the limits of SOC, the potential goes towards infinity and
the utilized Nernst equation does not give meaningful results. The scenarios are
chosen such that the limits are not reached during the cycles.

Figure 6 presents the roundtrip efficiencies for all configurations for the sce-
narios introduced in Table 1. Currently, Vjqss = 0.01 - Vigni is assumed. Fur-
thermore, W, is kept fix. This is the most realistic case and has interesting
implications. If a configuration CON has a better roundtrip efficiency than the
state of the art, plant size of configuration CON may be lower if W, is fixed.

Then, the size of configuration CON may be lower than that of OT by the
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efficiency ratio Ae according to

Wout

Win,con ECON
Aeconor =1— —2= =1— 7‘5‘;” =1- ) (9)
Win,oT Hout €oT

If the investment costs are linearly proportional to Wy,, also the investment
costs of configuration CON are lower by Ae.

Aecon,or is calculated for every modification compared to the efficiency of
the state of the art epr in the same scenario and is given in Figure 6. Also
given in that figure is the efficiency ratio Aecon,0T-Scen2 Which is based on the
efficiency ratio with respect to OT in the scenario with the typically applied
operation, i.e., Scenario 2.

In all scenarios the configurations can be ranked according to their roundtrip
efficiency in the same descending order: CTT>TT>COT>OT. TwoTank con-
figurations are therefore better than OneTank configurations, and Compartmen-
talization is better than no Compartmentalization.

The efficiencies in Scenarios 1 and 2 are very similar for all investigated
current densities for each respective configuration, only slightly lower for the
broader SOC-range in Scenario 2.

Increasing DOD from 10...90% in Scenario 2 to 4.5...95.5% in Scenario 3
again leads to slightly lower roundtrip efficiencies in each configuration, respec-
tively, due to steeper U-curves at the bounds in SOC. However, with the herein
chosen U-Curves, the effect is small. A lower roundtrip efficiency leads to higher
energy losses. An increase in DOD and thus decrease in roundtrip efficiency
might nonetheless be reasonable as less electrolyte and less tank volume needs
to be acquired. This is why a subsequent analysis of the investment costs is
conducted in Section3.

If ASOC is large with 9% in Scenario 4, the roundtrip efficiencies of both

OneTank configurations (OT and COT) decrease significantly whereas the TwoTank

configurations (TT and CTT) have only small reductions in roundtrip efficiency.

Compared to the reference case (OT in Scenario 2), the roundtrip efficiency of
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CTT is lower by only 0.5% whereas OT in this scenario is lower by 3.2% com-
pared to its roundtrip efficiency when SOC is operated in the range 10...90%
with ASOC=3.5%. Compared to OT in the same scenario, the roundtrip effi-
ciency of CTT is better by 3.9%.

In the investigations of Liu et al. ', where they analysed a TT configuration
for a single-cell VRFB system with a halfcell volume of 35ml, they did not limit
SOC, but fixed an upper and lower limit for the applied cell potential (to 1.7V
and 0.8V, respectively). With this approach different upper and lower values
of SOC were reached from which they calculated an electrolyte utilization rate.
They found that the TT configuration increases the utilization rate by more
than 10%. In our calculations, we do not allow for different utilization rates,
but fix DOD. The voltage efficiency of the system analysed by Liu et al. ' was
increased by ~2%. The efficiency increase in our system is lower than that
of Liu et al., as the voltage curves of the small-scale system of Liu et al.'®
were characterized by higher losses especially during discharge already at values
around 0.25 SOC where our assumed lumped ohmic resistance is still relatively
small. However, especially for VRFBs at industrial scale, low losses are urgently
required for energy storage to make any sense at all. Therefore, we think that it
is also important to evaluate the suggested modifications with a more optimistic
assumption of low losses in the voltage curve leading to more pessimistic results
of the newly proposed modifications.

The results in Figure 6 indicate that configurations with compartmentaliza-
tion (COT and CTT) are always more efficient than the same setup without
compartmentalization (OT and TT) for the same scenario, respectively. How-
ever, the impact due to the installation of two tanks increases the roundtrip
efficiency even more and the combination of both leads to the highest roundtrip
efficiencies. The CTT configuration allows larger DOD and ASOC with only

low efficiency losses compared to the current state of the art.
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Fig. 6: Roundtrip efficiencies of the different configurations for the scenarios
(columns) introduced in Table 1 and for different current densities (rows).
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3 Cost Calculation

A higher roundtrip efficiency of a VRFB leads to lower need of electrolyte
and lower energy input. However, for reaching the higher efficiencies pre-
sented above, further investments for additional tanks or compartments are
required. The changes in investment costs and operating costs therefore have
to be contrasted. In the following calculations we consider the efficiency re-
sults of j = 200mA/cm? as this current density was assumed in the original

techno-economic model set up by Minke 2.

3.1 Investment Cost Calculation

In Minke'? techno-economic modeling and analysis of stationary vanadium-
redox-flow battery systems at industrial scale was conducted. According to
Minke, the investment costs Cr,, can be divided into the costs for the rated
power output of the battery Crp and the costs for the energy storage Cisiorage
via

CInv = Cstorage + CVRP~

The costs due to the rated power can again be divided into the costs of a stack

Csiaer for the number of all stacks ngiqers and the connection of the stacks Ce.

CRP = NStacks * CStack + CC-

The costs of one stack are based on the component-costs of the the mem-
branes Cy, electrodes Cgjectrode, bipolar plates Cgpp, current collectors Coc,
cell framing Cc, stack framing C'sr and assembly Crp, Assembiy- The component-
costs depend on the specific component prices p (given in Table 2 in the Ap-
pendix) and hereafter described scale factors (see also equations (13)-(18) in the
Appendix). The costs of the membranes depend on the number of cells nees
and the cross-sectional cell area Ac. The costs of the electrodes additionally

have to be multiplied by 2, as each cell requires two electrodes. The bipolar
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plates depend on the cross-sectional cell area and number of cells plus one. Two
current collectors per stack, one cell framing per cell and one stack framing per
stack are required, respectively.

The compartmentalization may require the division of the cells into compart-
ments. As the cells are connected into stacks, these stacks need to be divided.
The division of one stack, e.g., into two compartments, is equal to building a
battery with two stacks. The number of cells in each stack remains the same.
We assume that the cells in the compartmentalized stacks have half of the cross-
sectional cell area as in the non-compartmentalized stacks, so that the total area
remains the same in all configurations.

The costs for the energy storage are based on the costs of the electrolyte Cg,
costs for the tanks C'rgnk, costs for the tubing Crypes, costs for heat exchangers
CuE and costs for pumps Cpymp. The component-costs depend on the specific
component prices p (given in Table 2 in the Appendix) and scaling factors (see
also equations (20) - (26) in the Appendix). The costs for electrolyte and tanks
both depend on the required electrolyte volume. Volume flow and size of heat
exchangers is chosen according to the value given by Minke'? or extrapolated
according to the linear relations. Length of the tubing is calculated according
to the number of stacks. The assembly of the energy storage accounts for 20%

of the total costs for the energy storage.

3.1.1 Electrolyte Volume

In order to calculate the investment costs for the energy storage, it is important
to know the necessary electrolyte volume. For the state of the art configuration,
the total electrolyte volume Vg ;or and the depending total tank volume is given
by!2. The electrolyte volumes of the herein introduced configurations differ
due to two effects: (i) A change in roundtrip efficiency results in electrolyte
volume change Vi con.e via (10). (ii) A wider DOD allows the use of electrolyte
more efficiently, thus allowing to reduce the amount of electrolyte needed by

Vi con,pop via (11). The resulting electrolyte volume Vi con of configuration

©AVT.SVT 20 Page 20 of 35



10

VRFB configurations 21.5.2020
Scenariol Scenario2 Scenario3 Scenario4
50C=0.2...0.8 i 50C=0.1...0.9 50C=0.045...0.955 50C=0.1...0.9

14 ASOC=0.035 i ASOC=0.035 ASOC=0.035 ASOC=0.09

v

g 12 J I r

3

o 1 L —

g I I

> 08

2

S 06

o

T 04

3

¥ 02

0 ;
OoT CcoT TT CTT ' QT COT TT CTT' OT coT T CTT oT coTt T CTT

Reference
[ Total electrolyte volume

O volume change due to changed efficiency @ Volume change due to changed DOD

Fig. 7: Electrolyte Volume of each configuration for j = 200mA /cm? in each

Scenario.

CON is calculated via (12).

Vi,con,e = Vi ref - Déret

VE,con,pOD = VE ref -

DOD, .,
DODcon

Ve,con = Ve et — VE,cON,e — VE,cON,DOD

The changing volumes for the analyzed configurations and the resulting total

electrolyte volumes are shown in Figure 7. Vg conpop (shown in green) is the

same for all configurations in each Scenario 1, 2, 3 and 4, respectively, as the

DOD is the same within each Scenario for all configurations. The narrow DOD

in Scenario 1 results in electrolyte volume increase compared to the reference

case, whereas the volume is decreased in Scenario 3. The decrease in roundtrip

efficiency of OT and COT increase the total electrolyte demand in Scenario

4. The CTT configuration results in the lowest required amount of electrolyte

in each scenario. A reduction of required electrolyte leads to lower investment

costs for the electrolyte. The tank costs are based on the required tank volume.
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3.1.2 Tank Cost Calculation

In the OneTank (OT and COT) configurations, tank volumes are equal to the
electrolyte volume whereas for the TwoTank configurations (TT and CTT), the
total tank volume is higher due to the extra storage tank per halfcell. Consid-
ering a VRFB consisting of only one tank per halfcell requires the installation
of an additional tank per halfcell of the same size to fit the whole electrolyte.
However, Figure 8 (left) illustrates that even in the OT configuration industrial
plants at large scale often have several tanks per halfcell instead of one large
tank. The electrolyte is nevertheless mixed simultaneously in all tanks together
(so that the total volume of electrolyte has the same concentration in all small
tanks). A flow strategy in which each small tank is now filled and emptied
one after the other, as shown for the right halfcell, can result in requiring only
a single additional tank to implement the TwoTank configuration instead of
having to double the total tank volume. This would result in only marginally
higher investment costs of one tank, but the higher roundtrip efficiencies of the
TwoTank configurations can be achieved resulting in lower total costs. The
naming “OneTank” and “TwoTank” thus is not entirely consistent with the
number of tanks in real systems, however, it supports the basic distinction into
configurations where the whole tank content is mixed at all times (OneTank)
and configurations where the electroyte at different SOCs is stored separately
(TwoTank). In the following cost calculations we therefore give upper and lower
bounds for the investment costs and total costs to capture the maximal costs
which are incurred when the tank volume has to be doubled. We also consider
the minimal investment costs assuming that many small tanks are built and

that the additional investment costs due to an additional tank are negligible.

3.2 Energy Cost Calculation

We keep the amount of released energy of discharge from the VRFB W,,; fixed

within DOD. Furthermore, we assume that the stored electricity is sold to the
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State of the Art tank compartmentalization

i =
\ 4 \ 4 :
' 1 1 farvnnianeanal
mixing of whole individual
tank content filling/emptying of tanks
(,OneTank”) (,TwoTank“)

Fig. 8: Adjustment of the tank filling and mixing to reach the twotank config-
uration via compartmentalization of the tanks.

grid with the same duration of discharge and at the same time for each configu-
ration, i.e., at the same electricity price on the electricity market. This implies
the same earnings for electricity with each configuration. The energy costs for
charging, however, will be different due to the different roundtrip efficiencies for
reaching the fixed W,,;. We keep electricity output fixed among all configura-
tions and thus, the earnings due to selling W,,; will be the same. Therefore, it
is economically beneficial to chose the configuration with the lowest total costs
where the total investment costs and the electricity costs for W;,, are considered
respectively for each configuration.

Number of cycles over the batteries lifetime are given in the order of 5,000~
14,0006 or 10,000-15,0007 cycles per lifetime. Herein, we calculate with 10,000
cycles per lifetime. Considering a longer lifetime or equivalently a higher number
of cycles per lifetime, an increase in efficiency will be even more advantageous,
as energy costs will have a greater impact on total costs. This will argue in favor
of the newly proposed configurations. With the given energy output W,,; and
efficiency of each configuration we can calculate the electricity need over the
lifetime, assuming operation only with full cycles of analyzed DOD. Multiplied
with an average electricity price, we can calculate the electricity costs for battery
charging. Note that the electricity price will change in the future, but the change
and the values are uncertain. In this study, we consider the average electricity

price of the German EPEX SPOT in 2018 of 44MiWh L
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Fig. 9: Results of investment costs calculation for j = 200mA /cm? of each
configuration at IMW - 8MWHh in each Scenario. Uncertainty in investment
costs for tanks result in uncertainty of investment costs for rated power, total
investment costs and total costs and are indicated by the black bar-lines (The
numbers are given for maximal values).

3.3 Results of Cost Calculation

The techno-economic model in Minke '? is based on linear relations of total costs,
size of the electrochemical cell, storage capacity and specific material costs.
Minke established the model for systems with rated power in the range 1-20 MW
and energy storage in the range of 4AMWh-160MWh. We implemented the model
in MATLAB and applied it to a VRFB with IMW/8MWh and to a system with
100 MW rated power and 8h of storage, i.e., 100MW /800MWh. According to
Minke !2, the small RFB (1MW /8MWHh) in state of the art configuration (OT)
is equipped with one stack per halfcell. Therefore, dividing the single stack
for compartmentalization into two compartments for COT and CTT results in
four stacks and incurs further investment costs. RFBs with higher rated power
are built with more than one stack per halfcell anyway according to Minke 2.
Compartmentalization in the large system (100MW/800MWh) can therefore be
realized if stacks are connected in series. This would require a different laying
of the tubes, but no additional investment costs for compartmentalization.
Figures 9 and 10 present the results of the total cost calculations for the

small and large scale system, respectively.
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Fig. 10: Results of investment costs calculation for j = 200mA /cm? of each
configuration at 100MW - 800MWh in each Scenario. Uncertainty in investment
costs for tanks result in uncertainty of investment costs for rated power, total
investment costs and total costs and are indicated by the black bar-lines (The
numbers are given for maximal values).

Equipping the state of the art configuration with additional compartments
increases the investment costs for rated power for the IMW/8MWh system
significantly due to the significantly higher number of stacks (doubled). Non-
compartmentalized configurations need an investment of 0.65M<€, whereas the
configurations with 2 compartments have an investment for rated power of
0.8M<€ for IMW of rated power. This corresponds to an increase of 23%. In the
large system (100MW/800MWh), we assume that compartmentalization may
be achieved by connecting the stacks in series, therefore, the investment costs
for rated power are the same for each configuration and each scenario. Accord-
ing to our calculations and according to Minke!?, the investment costs related
to rated power are about 22% of the total investment costs in the reference case.
A change in the stack costs in the small scale VRFB, therefore only accounts
for higher total investment costs of ~7% of COT compared to OT in Scenario
2. As the roundtrip efficiency was not increased significantly, the total costs
are higher than for OT in the small scale VRFB. In the large scale battery, the
slightly higher roundtrip efficiency reduces the total investment costs of COT
compared to OT in all scenarios (up to 1.2% in Scenario 4) due to lower need
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of electrolyte.

The design change of OneTank towards a TwoTank configuration leads to
increased investment costs for tanks. At the same time, the higher efficiency en-
ables the necessary electrolyte volume to be reduced and thus investment costs
to be reduced. As stated in Section 3.1.2, we calculate the range of minimal and
maximal investment costs for the additional tanks. The storage investment costs
for the OneTank configurations and minimal costs for the TwoTank configura-
tion are very similar in each scenario. The respective differences only occur due
to roundtrip efficiency differences. The maximal storage investment costs for
the TwoTank configurations are higher by ~8% than the minimal investment
costs for storage. Comparing the investment costs for storage in different sce-
narios reveals that increasing DOD results in significant investment reductions,
e.g., from 2.52M€ for OT of the small VRFB in Scenario 2 (reference of the
small VRFB) to 2.21M<€ for OT in Scenario 3 which is a reduction by ~12%.

The lowest total costs of the small scale VRFB are achieved with the OT con-
figuration in Scenario 3, i.e., with a broad DOD of 4.5...95.5% and ASOC=3.5%.
In all scenarios with a small ASOC, i.e., Scenario 1, 2 and 3, the configurations
can be ranked according to their total costs in the same ascending order for
the small scale VRFB: OT<TT<COT<CTT. This implies that additional in-
vestment costs are economically not advantageous for the small VRFB with the
current cost structure. The increase in capital costs outweighs the increase in
roundtrip efficiency.

For the large scale VRFB, the lowest total costs are achieved with the COT
configuration in Scenario 3 if tank costs are assumed to be at their maxi-
mum. Assuming minimal tank costs, the CTT configuration of the same sce-
nario results in the lowest total costs. In all scenarios with a small ASOC,
i.e., Scenario 1, 2 and 3, the configurations can be ranked according to their
total costs in the same ascending order (different to the small scale VRFB):
COT<OT<CTT<TT. If higher ASOC’s are required as in Scenario 4, the

CTT configuration results in the lowest total costs if minimal tank costs are
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assumed (lower than OT configuration by 3.7%) - COT if maximal tank costs
are assumed (lower than OT configuration by 1.3%).

In both, the small scale and the large scale VRFB, the herein proposed
modifications result in higher roundtrip efficiencies which leads to savings in
electricity costs. If future electricity prices rise due to an increase in the use
of renewable energy sources for electricity provision, the impact of electricity
savings will increase and the proposed configurations may turn economical or

have an even higher impact on total cost savings.

4 Conclusion

This manuscript highlights loss terms in a VRFB that are related to electrolyte
mixing in a single electrolyte tank and a spatially uniform voltage along the
flow direction in the electrical cell. Means to overcome these losses are dis-
cussed and evaluated based on a state of the art VRFB. In order to overcome
these losses, we propose novel designs and operation strategies for redox flow
batteries. The suggested designs include the addition of electrolyte tanks and
the division of the electrochemical cells into compartments. Roundtrip efficien-
cies are evaluated based on charge and discharge curves for different current
densities. Both proposed modifications and their combination result in higher
roundtrip efficiencies revealing the reduction of losses. The efliciency increase
due to compartmentalization is minor compared to the avoidance of mixing. For
commonly applied operating strategies, the novel designs result in slightly lower
use of electrolyte and marginally higher roundtrip efficiencies. If the change in
SOC per pass through the cell is increased, the novel designs save a little more
electrolyte and result in higher roundtrip efficiencies (up to 4%). Increased
roundtrip efficiencies lead to operating cost reductions. However, the imple-
mentation of the designs require additional capital investments. The savings in
the operating costs and the additional investment costs must be regarded simul-

taneously and are therefore considered cumulatively as total costs. Considering
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a VRFB consisting of only one stack and of only one tank per halfcell, the in-
vestment costs for additional stacks and additional tanks are very high. Then,
the state of the art configuration is economically the most beneficial for typical
operating scenarios. If higher per pass changes are required, the total costs are
lowest for a configuration with two tanks per halfcell. Large scale VRFBs are
typically built with several stacks and tanks per halfcell anyway. This reduces
the additional investment costs and therefore may result in higher total cost
savings. Depending on the costs for storage, the total costs may be reduced by
1.3% or even 3.7% compared to the state of the art.

All in all, the total cost reductions seem small or only economical under
certain limitations. However, this manuscript points out two important causes
for efficiency losses and therefore aims at encouraging to consider if compart-
mentalization and TwoTank configuration may be implemented when designing
a VRFB. We showed ways of taking both causes of losses into account when de-
signing a VRFB. Other options to avoid these losses are conceivable and should
also be included in future considerations. Stratification of the concentration in
a single tank may be a difficult approach to implement, but it may avoid mixing
and thus the losses induced by it.

The effect of the simultaneous increase of efficiency and decrease in elec-
trolyte requirement in ecological metrics may be higher than in economic met-
rics. Thus, it is advisable to also perform an LCA analysis.

Furthermore, temperature management is important for the safe and efficient
operation of an RFB. It is expected that the proposed design changes will have
no significant impact on this issue if only additional tanks are introduced as in
the TT configuration. However, if existing stacks are to be connected in series to
implement the compartmentalized configuration, the temperature change of the
electrolyte may be too high and needs to be investigated in detail. Additionally,
especially for Scenario 3 which goes beyond typical limits in SOC, tempera-
ture management and investment costs for non-aqueous electrolytes should be

examined.
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Future investigations should also validate the considered lumped ohmic re-
sistance and the resulting voltage curves over the SOC range. Alternatively, the

underlying phenomena such as mass transport could be modeled in detail.
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Appendix

Investment Cost calculation according to Minke!?

Stackcosts per stack:

CStack = CM + CElectrode + C(BPP + CCC + CCF + CF + CRP,Assembly (13)

Cyv = Ac - ncents * pm (14)
CElectrode = Ac *Neelis * 2 * PElectrode (15)
Cppp = Ac - (nceus +1) - pppp (16)
Ccc =2 pcc (17)
Ccr = Nceils - PCF (18)

Connection costs of the stacks for the whole VRFB: (Note that apparently the
presented results in Minke!? are based on assuming that pprs1=0, underesti-
mating the cost of the control system by a factor of 3 for the assumed 1MW

production rate. For 100MW the difference is negligible.)

Cc = (Peonv + Peab + PPLS,2) - PvrRFB + PPLS,1 (19)

costs for energy storage of the VRFB:

Cstorage = O + Crank + Crump + Crubes + CrE + Cs, Assembly (20)
Ce/rank = VE/Tank * PE/Tank (21)
Cprump = 2 - Nhalfeells - VE * DPump (22)
CTubes = lTubes - PTubes (23)
ITubes = Nhalfeells - (30mM + Ngiacks - 5M) (24)
Cug = Ang puEe (25)
Cs,assembly = 20% of Cstorage (26)
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Table 2: Specific costs taken from Minke '?

component symbol specific costs

costs related to rated power

stack costs

membrane [€/m?] DM 400

electrode [€/m?] PElectrode 60

BPP [€/m? DBPP 200

current collector [€/piece] | Jele] 3,000

cell framing [€/piece] DCF 200

stack framing [€ /piece] Cs 25,000

stack assembly [€/piece] CRp,Assembly 27,500

connection costs

converter [€/MW] Deonw 100,000

cabling [€/MW] Deab 2,000

process control system PPLS,1 50,000 € /piece +
PPLS2 100,000 € /MW

costs related to energy storage

electrolyte [€/m?] PE 4,500
tanks [€/m?] DTank 300
pumps [€/(m® /) PPump 64
tubing [€/m] PTubes 600
heat exchangers [€/m?] DHE 180
assembly [% of energy invest]  ps Assembiy 20
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Table 3: Settings for the configurations in the cost calculation.

oT* COT TT CIT

1MW - 8SMWh

rated power [MW] 1 1 1 1
energy output at discharge [MWHh] 8 8 8 8
cell area [m?] 27 135 27 135
cells per stack 78 78 78 78
number of stacks 2 4 2 4
length of tubing [m] 60 100 60 100
area heat exchangers [m?] 54 54 54 54

100MW - 800MWh

rated power [MW] 100 100 100 100
energy output at discharge [MWh] 800 800 800 800

cell area [m?] 27 135 27 135
cells per stack 78 78 78 78

number of stacks 200 200 200 200
length of tubing [m] 1060 1060 1060 1060
area heat exchangers [m?] 5,373 5,373 5,373 5,373

*values for OT are taken from Minke!?
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