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Abstract

The intermittency of renewable energy sources can be tackled by integration with
energy storage systems (ESS), which should be economical, efficient and suitable
for large-scale energy storage. Vanadium redox flow battery (VRFB) has been
emerging as one of the best ESS for its integration with renewable energy sources
such as solar and wind power. Nevertheless, for an effective market penetration of
any new technology, the capital cost is an extremely important factor. VRFB suffers
from high capital costs primarily due to the high cost of vanadium electrolyte,
arising from an expensive vanadium precursor (vanadyl sulfate, VOSO4) used
conventionally. In the first study, vanadium pentoxide (V20s) is explored as an
alternate vanadium precursor primarily due to its low-cost and common availability.
However, the solubility of V2Os is very low in H2SO4 solutions (~0.4 M VO," in 3
M HzS0;4 at 40°C), which makes it impractical for preparing vanadium electrolytes
of desired concentration (1.5 — 1.6 M V™ in 4 M total sulfate). To tackle this
challenge, a novel electrochemical synthesis route is developed which results in
synthesis of desired vanadium electrolytes from V20Os. The synthesized electrolytes
show similar performance to that of conventionally used VOSO4 based electrolyte.
Moreover, the economic analysis suggests more than 95% reduction in the cost of
electrolyte synthesis using the developed process over conventional process, which
would ultimately bring down the capital cost of kW-MW VRFB installations.
Nevertheless, the availability of V20s could pose a serious threat to the supply-
chain for VRFB applications since more than 95% of global annual production of
V205 is utilized in metallurgical and catalyst industries. Furthermore, the
production of V>Os cannot be scaled-up since it is a co-product of iron and titanium

mining from V-bearing titanoferrous magnetite ores (primary sources). In the
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second study, waste vanadium sources such as spent vanadium catalysts (SVC) are
explored as secondary vanadium sources for synthesizing vanadium electrolytes.
However, the presence of variety of impurities (Na, K, Al, Fe, Cs, Mg, Ti, Ca, Zn,
and Ni) makes it impractical for synthesizing vanadium electrolytes. To tackle this
challenge, a novel vanadium extraction process is developed which resulted in
extraction of direct-use V204 and V203 vanadium precursors. The electrolytes
synthesized from these extracted vanadium powders result in similar performance
to that of commercial electrolytes. Further, economic analysis is done to evaluate
the commercial feasibility of the developed process. The cost of electrolyte
synthesis using extraction route is around 2.73 $/L, which is significantly lower
than reported V,Os routes (~5.27 $/L). Lastly, a multi-cell VRFB system is designed
and developed based on plate and frame design, where shunt currents are found to
be a major performance loss parameter. The link between high shunt currents and
associated bipolar plate degradation is established successfully, which is not
reported anywhere in the literature. This novel finding is used to optimize the design

and performance of a multi-cell VRFB system.

Keywords: Electrolyte; Extraction; Flow battery; Multi-cell stack; Spent vanadium

catalyst; Shunt current; Vanadium.



HRI2A
AR So1t BNl Dbl STARTARITEAT Bl FHotl HERUT YUTIfeal (ESS) & A1 Yablpd
b B BT ST FehdT &, ST 3MMfeIe, Poret 3R I8 YAM W FHolt HSRUT & fdy
39 BT ATRT | ST YeTa™T Tl dedt (VRFB) FdRoig 3otf Al oid b
R 3R TaT FHoif &b H1e TebleheuT b feiv T 3ugerd ESS @b Y H 3R &R HTHA
37TE 21 BTcA(Tcs, fhail T € dapichl b TMTET ITTR H a2l & foig Yot @mrd Tes
3R He@qUl R &ldt &1 VRFB 3 Yoit @NTd J IR &, Si1 J& U F H1eaq
SAdREIATSe Bl 3T AN & BRUT Bld! &, ST TWIRNTd ®Y T Hel ATSad 3on
(dTETed Tehe, VOSO4) H 3~ Il &1 gl 3 H, dArfead UeiNigs
(V205) BT Teb debfeues ATSTH 30f & B9 | afed fesar mam 8, 422 w9 4
SHD! BH T 3R HTHIRT IUAIT &b BRUT| ETei(h, V205 bl eAT2ieldl H2SO4

HHTUA § Igd BH & (~0.4 M V02" 3 M H2S04 W 40 °C W), fSiad Ig aifesd Higdr
(15— 1.6 M V™ 4 M Pl Iotbe W) F dIEIH goiaeiclised R & & fog
HATTERES a7 STaT &1 39 Tt ¥ fue & AT, T TdHaH gaiagibfod
ooyt \rf fassfda fear mam €, S v,0s A gifsd INfEan saaRiceed &1
HoTUT PRAT 21 THeod SeiagIarsed WURTTd VOSO, 3TUTRA Soidgldieged &
T el f@rd #1 3w sfaRem, snfefe faewyor I 98 Wod fidar € &
faep o vifshar & HTEH § Seldrlcllse HReToUT &1 eTTTd H IR HfshaT &bl et
" 95%  31fdiep Y PHT MY, ST I kW-MW VRFB UfdssHl &l Yoil @rrd |
HH 3MEI | iR Y, V,05 Y IcerdT VRFB 3139t & faig smyfef s & farg
Teh THR FaRT 30~ B Hebdl 7, HiTeh fd2d IcaTed BT 95% I 3fEieh V,05 HTghH
37 ISR &N H 3UANT EIdT &1 S 3TcATdl, V205 BT 3G TGIAT T8l i1 Febdl
& Hif Tg Wi 3R ASHIH TAT H 3T~ Ueh HE-3cU1G 8| GHR 31T H, e
d1igam Hidl o s el dA1fgam 3aR®! (SVC) &I 3=IvoT fear T 8, S
IS Soiagiceed & HeawuT & Ay fgdiasd darfeam Hid & ®u & &1 31
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Febd 21 greifes, fafi=T 31gfgal (Na, K, Al Fe, Cs, Mg, Ti, Ca, Zn 3IR Ni) &I
IR 38 dIfSUm Seideidsed & Ho@uuT & Ay 3raTagiRes A7 &t &1 3
AT § [Hued & iy, v Fdi7 darfean fAssdor ufdsar fawfaa &1 € 8, fSae
IRUTTAERSY HIY 3TN & T V204 3R V205 TSR 370ft o1 fsepyor garm|
37 Apltd dATfead uEsRl d WAt Seidulcsed aTfulfodie saaucged &
UM Y& oXd 81 8k 3cirdl, fdebd ufshar & AradTde dgridr &
o™i B & faig 3nfeles faeersor fsar mar €1 Aot #Anf &1 3udnT o
SIS TAYUT Bl AT T 2.73 SleR/cleX &, SiI VoOs AT (~5.27
SICR/AICR) DT oTT H BT BH &1 37d H, U Tg-hI12IBI VRFB WUTTE! Bl Tic
3R 6H fSSTT8T & 3MMUR W fSuiTe 31K fdaad fdsar T 8, STaf 2i¢ #3ed (shunt
currents) 1 Vb THE a2 €A BReb &b BU H T 7T g1 I AT ieH 3R
e SIEUIeR Wie & & & a1 i T ThetdTqded AT fasar 7T &, ST uget
el Wl RUTE & a1 7T 7| 39 TdHdH TIST BT 3UANT PBIch dg-bIeih] VRFB
HUTTeAT o fEoiTeg 3iR weef @1 3rgepfeid fobar mar &1

Y& QA FoAdzIclse; [y, Tl dedl; gg-apifeiehl Wab; e dIfedH IoRS;
9f Hey; dATfSaH|
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