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1 VFB Bottom up Price Model

This model is based on the ones reported in [1] and [2], with minor adjustments
to the treatment of the pumping requirements. The stack area A (m?) of the
VFB is defined by:

B 1000Py 0, "
I{OCVsoy/mv (1 = lpopr)y/Ninw.

where Pr,,. is the inverter rating defining the maximum BESS output
(kW), I? is the maximum discharge current density (A/m?), OCVsgg, the open
cell voltage at 50% SOC, ny the round-trip voltaic efficiency, and 7y, the
round trip inverter efficiency.

The maximum flow rate (and hence pump rating, L/s) for the catholyte is
determined by:

A

s _ AL flow (2)
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where 7£;4,, the ratio describing the over-supply of electrolyte flow to avoid
diffusion limitations is added following the experimental details in [3]. SOCin
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is the lowest permitted SOC, SOC,,q, the highest, soc the maximum per-
mitted change in SOC through the cell per pass, ¢ the coulombic efficiency
and Cy the coulombic concentration (C/L) of the catholyte, defined as:
C, = neFct 3)
S+

where n., the number of electrons transferred in the redox reaction and s,
the number of species participating in the reaction (stoichiometry) are both 1.
F is the Faraday constant (96485 C/mol) and ¢, is the concentration of the
catholyte redox active species (mol/L).

The presence of ¢ on the denominator in 2 ensures sufficient charge is
supplied in chemical form to cover the coulombic losses due to active species
crossover and shunt currents.

The inclusion of the minimum of SOC,,;n, SOCp..: and dsoc on the
denominator of 2 adds a level of stringency above that of Viswanathan et al.,
who applied only the SOC,,,;,. This reflects the fact that active species deple-
tion during charging, and the need to maintain a maximum drop in SOC across
the stack can also lead to inflation of the required flow rate.

The calculation shown in 2 is repeated for the anolyte flow Q_ ;4. using
c_ and s_.

The inventory of catholyte species (mol) required to satisfy one hour of
discharge is then defined by:

_ 3.6e6 Pryyp.ct @)
OCVSO%(SOCma:c - SOCm'm)O—i-
The inventory of each supporting counter ion species (mol) may be
calculated for the catholyte by:

my

mycCcr,+n (5)

C+

where ccr 4 p is the concentration of the n'!' counter ion (allowing for mixed
acid electrolytes) in the catholyte. An analogous calculation is performed for
the anolyte. In the case of the VFB it is assumed that the concentrations of
counter ions are the same on both sides of the membrane.

The volume of storage required for the catholyte (L) was calculated by:

mci+,n =

my
v, =2 (6)
C+
an analagous calculation was used for the anolyte.
The total price of the power basis components is then defined by:

pricesw = A - pricegrear + (Q+ + Q- )pricepump + pricegpx + UPLM (7)

where pricepumy is the pump price ($s/L). Ha and Gallagher used a bot-
tom up model to estimate the “Unit Price Less Materials” (UPLM) for a VFB
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with a 5h duration, and compared this to that of a LIB with the same spec-
ification (using the Argonne BatPac model for the latter) [4]. It is assumed
that the UPLM will scale with power rating, as the article mentions number
of stacks per year as the scale. For a given capacity output per annum, they
report a lower UPLM for the VFB, attributed to the higher current density
of the latter and the resultant lower area specific costs. The current density
assumed by Ha and Gallagher (approx 190 mA /cm?) for the VFB is similar
to that of the VFB in the present base case scenario (219mA/cm?), so the
stack manufacturing requirements captured in the UPLM should be appropri-
ate. The area specific price pricesreq; ($1/m?) is defined according to the cell
components representing a repeating unit in a stack by:

pricearaal = priceMemb. + 2p7"iC€CE + pMC@BPP + priceareal,other (8)

where the terms on the right hand side represent, respectively, the cost of
the membrane/separator, the carbon felt electrodes and the bipolar plate.

In this model the cost of end plates is ignored, as these would represent a
small fraction of the cost for a 105V stack (the voltage considered in [4]).

The total price of components on an energy basis are then calculated by:

pricegwn = ((my-prices+m_ -price_+z mer n-pricect n)-MCe+(Vi+V_)priceignk) P

n

9)
where pricey and prices_ are the prices of the redox active species in the
catholyte and anolyte respectively, pricecr,, the price of the nth supporting
species (all in $1/mol), M CE the electrolyte manufacturer cost factor (e.g. 1.1
for 10%) and priceiank the price of chemical storage ($1/L). As the UPLM
parameter is assumed to scale with power, the energy component prices are
multiplied by PMpgrpp, an assumed profit margin factor for the RFB manu-
facturer. It is assumed that the electrolyte is manufactured by the same entity
that manufactures the RFB. If this were not the case, an additional profit

margin would need to be applied to the total electrolyte cost.

1.0.1 Base Scenario VFB Parameters

The approach to price model parametrisation for the base case VFB was to
collect as much recent data from the literature as possible, and generate aver-
age values for present day and future scenarios. This task was aided by the
recent review of Minke and Turek which collated cost data for key stack com-
ponents [5]. For the data taken from Viswanathan et al., “Near term” was
used for the present case, as this shows better agreement with other sources
than the “Present” values do [2]. Nafion NR212 is used as the membrane in
the modelB, as this material was used in the system from which performance
parameters are drawn [3]. Although potentially cheaper due to the reduced
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material requirements, the thinner Nafion NR211 did not show improved per-
formance, and was described as being difficult to handle [6]. As the sources
tend to use “cost”, a profit margin of 12% is applied to each component in
order to avoid underestimating the VFB manufacturer’s costs [7]. The data
obtained are shown in 1

Table 1 VFB Component Price Parameters. *Present/future.

Scaling Component Cost unit Cost* $ exchg. PM Price* Source
1/kW Nafion NR212 301/48 1.10 370/59 [5]
Bipolar Plate € 1/m? 100/50 1.10 123/62 [5]
Felt electrode 53/16 1.10 129% 65/20 [5]
Other Area Specific* $1/m? 8/3 1 ° 9/3 [1, 2]
Pump $s/L 1 500,/400 [3]
HEX $1/kW 56/37 1 63/41 (2]
UPLM $1/kW 1 173/158 4]
$1/(kW h) \% $1/mol 1 1.55/1.55 (8]
HC1 $1/mol 1 0.021/0.021 (9]
HS04 $1/mol 1 0.020/0.020 [10]
MCpg 10% [11]
Tank (HDPE) $1/L 0.09/0.08 1 0.10/0.09 (2]
PMRrrB 10% Estimate

Other area specific costs is the average of those given in the two sources.
Under pump costs, a figure of $900s/L was reported in [12] for an acid com-
patible unit. This cost is higher than the current price of the pump used in
the VFB reported by [3]. According to the brochure, that pump is capable
of 1.25L/s at the base case stack pressure drop of 0.34 bar [13]. At the time
of writing, this pump is available in the US for a price of $ 500, giving a
pump price of $400s/L. The large discrepancy between the two sources may
be explained by the former source being 7 years old. For this reason, the Reed
pump price is used for the present scenario, but a 25% contingency is added in
case custom seal arrangements are necessary. For the future scenario, a price
decrease of 20% is estimated to be achieved by volume discounting.

The inclusion of a price for a heat exchanger (HEX) is conservative. The
mixed acid electrolyte used in the Reed system allows a higher electrolyte tem-
perature to be reached before precipitation occurs, and in principle this will
allow greater passive cooling [14]. Viswanathan et al. factored this in their
cost estimates for sulphuric acid and mixed acid systems, removing the heat
exchange cost component from the latter [2]. However the ability to oper-
ate without a heat exchanger is merely asserted, and a detailed study of the
thermal management has not been carried out to the best of the author’s
knowledge. HEX is assumed to be a VFB specific component of the DC mod-
ule cost, and it is assumed that more generic heat management equipment
required at the container level is included in the BOSH figure defined in [15].

Future cost decreases are primarily attributed to economies of scale. Where
the manufacturing scale scope of the study is stated, present day estimates are
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associated with a scale of <300 MW and future scenarios with 1 GW - 2GW
[1, 2, 4].

A vanadium price of $1.55/mol is derived from a vanadium pentoxide price
of $17/kg, this being the average European spot price from January 2006 to
April 2020 (data are assumed to have been corrected to 2020 $) [8]. Predict-
ing a future price for vanadium is beyond the scope of this project hence the
same price is assumed for the future scenario. A price of $ 200 per wet ton for
industry grade 35% HCI was used, based on prices shown on a Chinese com-
modity purchasing platform at the time of writing [9]. This price is assumed
to include a shipping component, as prices at factory are typically consider-
ably lower [16]. A price of $200 per ton was also used for 98% industrial grade
H2SO4 [10].

Minke and Turek mention reducing agents and additives as additional cost
components in the electrolyte manufacture but do not report 1/(kWh) esti-
mates for these [5]. The PNNL system used to parametrise this model did not
include additives according to the experimental description, hence these are
ignored. It is likely in any case that the contribution would be small relative
to that of vanadium.

The performance parameters for the VFB are predominantly taken from
the system reported by Reed et al. in 2016 [3], except dsoc and lgop where
a more generic approach is taken. Reed et al. tested various electrode flow
architectures on a 1 kW VFB stack based on a 50 pm Nafion NR212 membrane.
In the base case scenario, performance data are taken from the test of the
highest performing stack architecture (IDD2s) at an electrolyte flow rate of
400 mL/min per cell. This setup was tested at three current-densities: 160,
240 and 320 mA /cm?. At each test condition efficiency data were obtained as
integrals over a cycle between 15% and 85% SOC.

In the parametrisation of the VFB for the base case scenario the target
for npc was fixed at 0.75. A coulombic efficiency (n¢) of 0.975 was derived
as the average of the values reported by [3] at the three current-densities
tested, which only varied between 0.974 and 0.976. For the base case system
the npc requirement is satisfied when the voltaic efficiency ny is 0.801, which
corresponds (by linear interpolation) to a current-density (I4) of 219 mA /cm?.
OCVspy, was taken from a linear best fit line of data in [14], where the OCV
of a chloride electrolyte was reported at 20%, 50% and 80% SOC. Although
a different electrolyte, based on a mixture of sulphuric acid and hydrochloric
acid, was used in [3] the OCV data were not published.

2 summarises the technical parameter values representing the VFB in the
bottom up price model.

The flow over-supply ratio ;0 Was estimated by analysis of the exper-
imental details in [3]. At the lowest permitted SOC during discharge, the
concentration of unreacted vanadium would be 0.3mol. At the flow rate of
400/min, a current of 193 A passes through each cell in chemical form !. The

1t is assumed that this flow rate is used on both sides of the membrane, otherwise the flow
would be insufficient
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Table 2 Parameters describing base scenario VFB in the pricing model.

Parameter Value Units Source
npc 0.75 - Set
Ninv. 0.96 - [17]

ny 0.801 -
nc 0.975 -
I 219 mA /cm?
SOChmin 0.15 -
SOCmax 0.85 - (3]
cy, Cc— 2 M
CHCL 5 M
CH32504 2 M
T flow 1.12 -
dsoc 0.2 (12]
OCVsgy, 1.47 A% [14]
lsop 0.02 . [1, 18, 19)

current required at the electrode is calculated as the product of I,4:.q and the
cell area divided by the one way coulombic efficiency. For the reported cell
area of 780 cm? this figure is 173 A, hence the flow over supply is 12%.

An estimate for Ipop is obtained by averaging the three sources. In [19] a
2.3% round trip pumping loss is interpreted here as a one way loss of 1.1%.
The shunt current losses reported (1.1% round trip) are ignored, because in
the Reed system these will be accounted for in the coulombic efficiency term.
The figure in [1] is a generic estimate given in the form of charge/discharge
system efficiencies of 0.94, giving Igop of 6%. However, this includes PCS
losses, which in this study are included at a one way value of 2%. To avoid
double counting, this loss and the one way figure for the shunt loss in [19] are
subtracted from this figure to give 3.4%. In [18] a pumping power of 20 W is
required at the maximum flow rate tested for a 1.1 kW stack, giving a figure
of 1.8%.

2 Efficiency Assumptions

Literature data on internal resistances for an NMC cell similar to the one
tested by Schmalstieg et al. [20] were obtained from an experimental study
[21], summed and used to calculate the round trip efficiency at various C-rates
using a basic I? R model, as shown in 1. In doing this, it is assumed that, unlike
in the VFB, there are no fixed losses associated with the LIB system at the
DC boundary, and that the coulombic efficiency is 100%.

Initial scoping work for the case study showed that the optimal duration
for self-sufficiency from PV is greater than 4h, hence the maximum C rate
possible is 1/4. Therefore, 0.98 is a good approximation for the DC efficiency
of the LIB. This figure was multiplied by an assumed constant round trip
inverter efficiency of 0.96 to obtain the 0.94 value used in the study. This value
is very similar to the 0.95 applied by [22].
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Fig. 1 Approximation of DC round trip efficiency for a 2.6 A h Li-ion cell using a quadratic
model.

For the VFB, where the efficiency varies more strongly with current, the
model reported in [23] was applied to estimate the variation in AC efficiency
with current-density, as shown in 2.
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0.85 A
0.80 A
]
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Fig. 2 A comparison of experimental round trip stack energy efficiency data from the
IDD2s PNNL system in [3] with the MIQP model output. Note that the VFB in the case
study is specified to have a maximum current density of 219 mA/cm? corresponding to an
AC efficiency of 0.75.

By applying this model to the scheduling of VFB in the firm PV case study,
it was found that the predicted operational AC efficiency was near constant
at around 0.80 across the studied range of SSR scenarios. This is due to the
asymmetry of the charge/discharge requirement, with discharging typically
occurring at a lower fraction of the rated power. As the power rating of the
VFB is increased to provide higher SSR, a drop in the discharge efficiency due
to moving below the optimal current density seen in 2 is countered by a gain
in efficiency on the charging side as the current-density moves back toward the
peak efficiency point. The 0.78 figure used in the case study hence contains
a contingency in case of increased shunt currents at the full stack scale, or
over-optimistic assumptions about pump efficiency.
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Both LIB and VFB will likely suffer from additional parasitic losses not
accounted for in the model, but these are assumed to be similar for both
systems.

3 Temperature Data

In the base scenario the temperature data were For temperature, it is assumed
that the LIB is stored outdoors, not air conditioned, and hence the cell tem-
perature tracks the ambient temperature. Two sets of hourly data from 2012
were downloaded from [24]. The San Diego site is coastal, whereas the March
Air Reserve Base site is inland. These are shown in 3 and 4.
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Fig. 3 Hourly 2012 temperature data from the weather station at San Diego International
Airport
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Fig. 4 Hourly 2012 temperature data from the weather station at March Air Reserve Base
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The two sets have the same annual average of 17.5°C, but the former has

a narrower range due to the coastal location.
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