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ABSTRACT 16 

An assessment of a bench-scale vanadium redox flow battery (VRFB) undergoing an 17 

accelerated ageing has been carried out under two operation modes: a galvanostatic-18 

charging mode, where a constant current density was always applied, and solar-panel 19 

charging mode, where different current densities were applied according to the solar 20 

radiation profiles obtained during three consecutive days in Winter, in Ciudad Real, a 21 

town in the center of Spain. The accumulated and delivered charge capacities and the 22 
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different efficiencies were analyzed. The concentrations of different vanadium ions were 23 

also measured. Both modes allow reaching similar efficiencies and charge/discharge 24 

capacities but they do not affect in the same way to the accelerated degradation of the 25 

performance of the electrochemical cell. Moreover, the ratio power density/energy 26 

density was very comparable for the two operation modes tested in this work. These 27 

results indicate that VRFBs are suitable devices for the storage of the electricity produced 28 

in photovoltaic solar panels. 29 
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1. INTRODUCTION 35 

Nowadays, there is a huge demand of energy and, simultaneously, a very important 36 

necessity to minimize the use of fossil fuels. Over the last two centuries, population of 37 

Earth and industrial activities have grown exponentially both strongly related to each 38 

other. The electric energy demand surpass 20 x 103 TWh/year and is growing at a rate of 39 

about 3 % per year [1]. In this period, the main energy source has been fossil fuels, 40 

achieving the 66% of the total electric production [1-4]. This fact has unleashed a strong 41 

energy dependence of the society to this type of fuels and it has caused important 42 

environmental pollution problems. To overcome these problems, great efforts are being 43 

made nowadays, in order to develop clean energy not dependent of oil, gas and coal. Solar 44 

and wind energy are the most promising alternatives with a great deal of applications 45 

based on the use of photovoltaic panels and wind turbines. However, direct application 46 
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of electric energy generated in both devices is limited because of the important changes 47 

in the solar irradiation and wind speed, which are difficult to be coupled with a varying 48 

demand. Moreover, the intermittent and sometimes unpredictable production of these 49 

types of green energies limit their use in application which need a continuous electric 50 

energy supply. This issue could be solved with energy storage devices which are able to 51 

storage the electric surplus production of renewable energy [5-7]. 52 

Regarding this, numerous researchers have focused their works in the development and 53 

study of the different energy storage systems such as: Pumped hydroelectricity energy 54 

storage, compressed air energy storage, thermal energy storage, flywheel energy storage, 55 

superconducting magnetic energy storage, super-capacitors, and electrochemical energy 56 

storage [1, 6]. 57 

One of the most promising electrochemical energy storage systems are the Redox Flow 58 

Batteries (RFBs) [3, 8-11]. RFBs are composed of an electrochemical cell and two 59 

electrolyte tanks, used for anolyte and catholyte storage. Electrochemical cell allows 60 

changing chemical energy into electric energy and vice versa by the oxidation/reduction 61 

reactions of electroactive species employed. These species are the authentic energy 62 

storage systems. Currently, different kinds of RFBs exist, depending on the composition 63 

of electrolyte: iron/chromium [12-14], iron/cadmium [15], quinone/bromide [16], 64 

vanadium/bromine [17] and all vanadium [18, 19], among others. The All Vanadium 65 

Batteries (VRFBs) have taken great interest because of advantages related to use the same 66 

active electrochemical metal in both electrolytes, mainly, reduction of efficient losses due 67 

to contamination of membrane, electrodes and electrolytes, which are produced by 68 

crossover of species between electrolyte compartments of electrochemical cell. The 69 

electrolytes employed in this battery are V2+/V3+ into negative electrolyte compartment 70 

and V4+/V5+ (VO2+/VO2
+) in the positive one. The electrochemical hall-cell reactions 71 



4 

involved in the charge battery are the following equation 1 and 2 (discharge process 72 

presents the reverse reactions):     73 

Positive electrodic compartment       𝑉𝑂2+ + 𝐻2𝑂 ↔ 𝑉𝑂2
+ + 2𝐻+ + 𝑒−     E0 = 1.0 V vs. RHE  (1) 74 

Negative electrodic compartment      𝑉3+ + 𝑒− ↔ 𝑉2+   E0 = -0.26 V vs. RHE   (2) 75 

          76 

The standard OCV at 25ºC is Eo=1.26V, but in real cells could achieve 1.5 V totally 77 

charged because the operation conditions are different to standard ones and it is in 78 

agreement with the values achieved by other authors [20].  The most relevant results 79 

obtained in the development of VRFB were achieved by Skyllas-Kazacos´s group [19, 80 

21], obtaining patent in 1986 (AU Patent 575247—1986). In addition, many researches 81 

have been focused on optimization of all components that composed of VRFB (membrane 82 

[22-25], electrodes [26-28], bipolar plates [29-32] electrolyte supply [33, 34], among 83 

others), however few works have been carried out according to the direct coupled between 84 

photovoltaic panel and VRFBs [35-37].  85 

On the other hand, the loss of efficiency of RFB during their lifetime is one of the major 86 

handicaps for the full-scale application of this technology and this makes necessary to 87 

conduct accelerated ageing tests, because it is not practical to spend several months in 88 

trying to determine whether or not a RFB material will fail similarly as compared with 89 

another. In trying to obtain an accelerated ageing procedure, different strategies can be 90 

applied trying to degenerate rapidly electrodes, membranes or current collectors. 91 

Typically, there is not only one factor in the degeneration of the RFB but the confluence 92 

of several, as it is pointed out in the literature [38], in which it is stated that overlaid 93 

changes in the cathode's TPB (triple phase boundary) and in the special conditions 94 

between the two electrodes and membranes are the key responsible of the ageing. As the 95 
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ageing in real conditions would take several months of operation and we only aimed to 96 

observe how the green energy powering can affect the performance of RFB, in the design 97 

of the tests we decided to use a membrane with a low performance in order to simulate 98 

this ageing, whose choice was based on previous studies carried out in our laboratories. 99 

Significance of the membrane degradation in the performance of RFB has been pointed 100 

out in recent works [39] in which over the life-tests no chemical changes in the membrane 101 

were observed but  mechanical and thermal aging of the membrane which lead to the 102 

formation of a film at the membrane-solution interface, explaining a high influence on 103 

the ageing. 104 

For this reason, the authors of this work intend to increase the knowledge about this topic. 105 

In this context, the objective of the present work is to compare the performance of a VRFB 106 

undergoing an accelerated degradation, during several charge/discharge cycles in which 107 

the charging process was made according to a current pattern produced by photovoltaic 108 

solar panels, with the performance of the same VRFB, in tests where it was followed a 109 

more conventional galvanostatic-charging procedure. The accelerated ageing was 110 

obtained by using a membrane that underwent a rapid degradation under the operation 111 

conditions reached.   112 

2. MATERIALS AND METHODS 113 

In this section, analytical techniques, experimental setup and experimental procedure 114 

carried out in this work are described. 115 

2.1 Experimental Setup 116 

A scheme of experimental setup is shown in Figure 1. 117 
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 118 

Figure 1. Pictures of the experimental setup. 119 

 120 

Electricity produced by two photovoltaic panels connected in series (each panel with a 121 

power of 150 W, each one with an area of 1.313 m2, they were supplied by ATERSA  122 

S.A.) was monitored with an in-house made computer software made with Labview 123 

(National Instruments). More information about this device can be found elsewhere [40, 124 

41]. 125 

 126 

Photovoltaic panels

Control Panel Computer / SCADASolar radiation gauge

qCf-RFB / cF40-RFB Multichannel peristalticpump Electrolyte reservoirs
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The bench-scale RFB device used in this work has been supplied by Baltic Fuel Cells and 127 

it is composed of two differentiated modules: a quick connect fixture (qCf-RFB) that is a 128 

system especially designed for testing of RFB and a commercial cell (cF40-RFB). 129 

qCf-RFB is a device that allows the compression of the internal components of the cF40-130 

RFB using a centric clamping vise. The fore of the vise is directly applied to the active 131 

area, enabling fully reproducible test conditions. In addition, qCf-RFB provides a 132 

temperature regulation by pumping of a thermal fluid (Huber P20.275.50) located in 133 

external thermostatic bath (Huber). Cell cF40-RFB is a commercial single 134 

electrochemical cell with an active area of 40 cm2 (w = 52 mm, h = 77 mm). Only graphite 135 

and plastic materials are exposed to the electrolyte. Moreover, the electrodes were 136 

compressed to 50 % from its initial thickness (12 mm initial thickness each electrode) and 137 

graphite plates were not mechanized. 138 

A commercial vanadium electrolyte was used in this work (Golden Energy Fuel Cell., 139 

Ltd, China). It had a 2 M vanadium concentration (VO2+ in the positive electrolyte and 140 

V3+ in the negative electrolyte) in 3 M H2SO4. A peristaltic pump (maximum flow rate 50 141 

ml/min, Heidolph Pumpdrive 5001) was used to deliver the electrolyte to the RFB cell at 142 

a constant flow rate (20 ml/min). The negative electrode tank reservoir (containing V2+, 143 

which is an instable specie, and V3+) was purged with a nitrogen stream to avoid the 144 

oxidation of the V2+ due to presence of oxygen during the charge and discharge 145 

experiments.  146 

Carbon soft felt electrodes were used as cathode and anode, provided by SGL Group, and 147 

a cationic exchange membrane (STERION L-180) was used to separate the 148 

compartments. This membrane is a Nafion-like membrane, with a thickness of 175 m 149 

and a weight per unit of area of 360 g m-2. Previously to be used in the cell, the electrodes 150 
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were washed with boiling NaOH 1 M and, after that, with Milli-Q water until neutral pH 151 

in order to increase the hydrophilicity of the material [42]. As it is going to be explained 152 

in the text, this membrane undergoes a rapid degradation during the tests, reflected on an 153 

increase in the vanadium species permeability. This allows us to evaluate with a short 154 

test, the effects of a rapid ageing of the system, because the influence of the harsh 155 

conditions reached in the VRFB on the cell materials are known to be the main weakness 156 

of the technology. 157 

 158 

2.2 Chemical and Electrochemical Characterization Techniques 159 

Total vanadium concentration was measured off-line using an inductively coupled plasma 160 

spectrometer, Liberty Sequential from Varian. In order to evaluate the total metal 161 

concentration, samples were diluted to 50:50, v/v using 4 N HNO3 so as to ensure the 162 

total solubility of the metal. Vanadium ion concentrations used as reactive in charge 163 

VRFB process (VO2+, positive electrode and V3+, negative electrode) were measured 164 

employing an UV-visible spectrometer, Cary 300 from Agilent. The characteristic 165 

absorbance peaks analyzed were at 767 nm for VO2+ (blue) and at 406 nm for V3+ (green).  166 

Electrochemical parameters were controlled and monitored using an Autolab 167 

PGSTAT302N (Metrohm) potentiostat controlled by the NOVA 1.11 program. Charge 168 

and discharge procedures were programmed using the chrono potentiometry method. 169 

Patterns obtained from the solar radiation variation were used to calculate a proportional 170 

current profile that was applied for the charge of the VRFB using the potentiostat. In this 171 

way, the temporal variation in the OCV and voltage values were monitored during the 172 

application of the corresponding value of current density. 173 

 174 
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3. RESULTS AND DISCUSSION 175 

As stated before, this work aims at studying the differences found in the performance of 176 

a VRFB charged under galvanostatic conditions and with solar panels, during accelerated 177 

ageing tests, attained with the use of highly degradable membranes in the VRFB device. 178 

In order to do this, solar radiation was monitored for three consecutive days (25th to 27th 179 

January of 2016) in Winter in Ciudad Real, Spain (38.59 N 3.55 O). The time-course of 180 

the solar radiation measured over this period is shown in Figure 2. The first and second 181 

days correspond to very sunny winter days, for which the maximum solar radiation 182 

achieved was 560 W m-2. The third day was a typical foggy day with a much lower 183 

irradiation of only 295 W m-2. Variability of weather conditions is very high but this 184 

profile can be considered as representative of typical conditions in south Spain, so it was 185 

used in this work as a typical cycle pattern of solar irradiation to evaluate the charge of 186 

the VRFB. 187 

 188 

 189 
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 190 

Figure 2. Solar radiation profile in Ciudad Real, Spain during three different days (25th 191 

to 27th January). 192 

 193 

To compare the response of the VRFB under the intermittent energy supply of the solar 194 

panels, two different charge modes were compared. The first one is a conventional 195 

galvanostatic charging procedure, and consisted of the application of a constant current 196 

density (6.25 mA cm-2 corresponding to 0.25 A). The second procedure aims to simulate 197 

a direct charge from photovoltaic energy (solar panels-charging procedure). That means 198 

that the application of current was not constant and varied according to the profiles of the 199 

renewable energy source shown in Figure 2. Thus, the solar radiation profiles, shown in 200 

Figure 2, were beard in mind, and the maximum values were applied during the noon, 201 

and the minimum ones correspond with the night hours. The total charge (Qcharge= 202 

11.64Ah) supplied to the system was in both cases (using a constant current and using the 203 

solar radiation profile) the same, in order to attain comparable both operating modes. 204 

Hence, differences are expected to depend only the on charging mode. Taking all this into 205 
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account, Figure 3 shows the applied current profiles versus time in the charge/discharge 206 

cycles, during the three days of the experiment carried out for each operating mode. That 207 

is, using a constant current (in the galvanostatic mode) and using a variable current 208 

density according to the solar profile of Figure 2 and supplied by the potentiostat in order 209 

to reach the same total charge that in the galvanostatic mode. The current applied to the 210 

RFB (Figure 2) was smaller than the current obtained from the solar panel due to the 211 

mechanical cell limitations. If the voltage exceed 2 V the graphite bipolar plates could be 212 

damaged and the electrodes could corrode. Then, taking into account the cell resistance 213 

the current had to be adjusted to keep the materials in safe conditions. 214 

With the aim of getting comparable and reproducible cycles, the charge step was finished 215 

when an abrupt increase in the value of cell voltage was reached, corresponding with 216 

OCV around 1.57-1.59 V. On the other hand, the discharge step was finished when the 217 

OCV decreased down to 1.36-1.38 V. These OCV criteria are typically processed in the 218 

literature to obtain a first estimation of state of charge (SOC) in vanadium redox flow 219 

batteries [43, 44]. However, the relation between SOC and OCV is not constant and 220 

depends on the type of the battery [45, 46]. For this reason, is necessary determine the 221 

real SOC to improve the knowledge of the behavior of these setups (see Table 2).  222 

 223 
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 224 

Figure 3. Electric current profiles during the three charge/discharge cycles. Solid line: 225 

Solar radiation charging mode; Dashed line: galvanostatic charging mode. Qcharge = 11.64 226 

Ah. 227 

 228 

The effect of the type of energy supply used for the charging step, was assessed on a 229 

bench-scale VRFB, in which 200 mL of 2 M V3+/V4+ in 3 M sulfuric acid was used at 230 

constant volumetric flow rate of 20 mL/min and constant temperature 30 ºC. Figure 4 231 

shows the variation in the cell voltage and OCV during the three cycles of 232 

charge/discharge in the three days of the experiment for both operation modes. As it can 233 

be observed, in the charge stage, as the SOC of the battery increases, OCV and voltage 234 

of the cell also increase. In a similar way, during the discharge stage, a decrease in the 235 

values of these parameters is observed as the SOC of the battery decreases.  236 
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As expected, by applying the galvanostatic charging mode (this means applying a 237 

constant current), the typical charge-discharge curves are obtained. Meanwhile, in the 238 

case of the solar panels-charging mode (applying the current pattern obtained from the 239 

solar panels) the charge curves are quite different and different cell voltage peaks can be 240 

observed. These changes were expected, because the applied current was not constant and 241 

changed according the solar irradiation profiles. On the contrary, in the case of the 242 

discharge curves, both tests showed the same trends because the same constant current 243 

density was applied (-6.25 mA cm-2) in this step. 244 

On the other hand, as 2 mol dm-3 need to be transferred across the cell in order to complete 245 

the formation of V4+ in the positive reservoir and the volume of electrolyte is 0.2 dm-3 in 246 

our system,  the total number of mol transferred in our system is 4 mol of electrons (0.2 247 

dm3  2 mol dm-3). Since 1 mol of electrons is equivalent to 26.8 Ah, hence 10.72 Ah 248 

(26.8 Ah mol-1 0.4 mol =10.72 Ah) are expected to be required. Assuming that the cell 249 

is charged at a constant current of 0.25 A, the formation charge is expected to be 250 

completed in approximately 43 h (10.72 Ah  0.25A = 43h). If we observed the 251 

experimental values for both modes, it can be seen that for the galvanostic-charging mode, 252 

the charge time required was 47 h, which represents a difference of only 9.3 % with 253 

respect to the expected value. In the case of the solar panel-charging mode (where non-254 

constant current was applied), the charge time was 48 h, which is only 11.6 % above the 255 

theoretical value. In comparing these results with other found in the literature, these 256 

difference can be considered as low. For example, Mohamed et al [47] reached values of 257 

4.5 % when a direct constant current of 80 mAcm-2 was applied while they reached 23.7 258 

% at 20 mA cm-2. 259 
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 260 

Figure 4. Charge/discharge response of VRFB. (A) Galvanostatic-charging procedure (I 261 

= 0.25 A) and (B) Simulating solar panel-charging procedure (see current profile of 262 

Figure 3). Solid line: Cell voltage; Dashed line: OCV. Qcharge = 11.64 Ah. T = 30 ºC.  263 

 264 

One interesting feature that can be drawn from Figure 4 is that the duration of charge-265 

discharge cycles is shortened in both operation modes from cycle to cycle, as expected 266 
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because of the accelerated ageing caused by the membrane selected STERION L180 267 

(values shown in Table 1). Thus, it decreased from 66 h in the first cycle (47 h charging 268 

and 19 of discharging) down to 21 h in the third cycle (15 h charging and 6 h discharging). 269 

A similar behavior was obtained in the other solar panel-charging mode, decreasing from 270 

64 h in the first cycle (47 h charging, 17 h discharging) down to 26 h in the third cycle 271 

(14 h charging, 12 h discharging). 272 

 273 

Table 1. Duration (h) of charge/discharge cyles under the both different operation modes 274 

Mode            Cycle 1            Cycle 2               Cycle 3 

 Charge Discharge Charge Discharge Charge Discharge 

Galv. 

I= constant 

47  19 27 13 15  6  

Solar 

I constant 

47  17  27 14 14  12 

 275 

To understand this important degradation of the performance of the VRFB, permeability 276 

of the membrane was measured before use and after their use in the three cycles. 277 

Permeability to V3+ in pure solutions rose from 1.77 10-5 up to 6.27 10-5 cm2 h-1, while 278 

permeability to V4+ increased from 1.40 10-4 up to 2.71 10-4 cm2 h-1. These values are 279 

high enough to explain the accelerated ageing of the membranes and supports the 280 

important effects of the electrolyte on the degradation of the membrane of the VRFB and 281 

hence in the degradation of its performance, because it favors the crossover of vanadium 282 

species to the other VRFB compartment. 283 
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Figure 5 compares the accumulated and the delivered charges during the charge-discharge 284 

cycles carried out in the two different operation modes. It can be clearly seen how the 285 

accumulated and delivered charges decrease with the number of cycles, regardless of the 286 

operation mode, consequence, as explained before, of the higher crossover of species 287 

associated to the higher permeability, in turn caused by the accelerated degradation of the 288 

membrane. In comparing the values reached with both operation modes, it can be pointed 289 

out that the VRFB operated with the solar panel-charging procedure seems to have a less 290 

important degradation.  291 

Hence, after some time, the concentrations of the V5+ and V2+ ions are expected to 292 

decrease due to the permeation of vanadium through the membrane. The diffusion of V2+ 293 

and V3+ from the negative-half cell can lead to the self-discharge reactions shown in eqs. 294 

3 to 5, in the positive-half cell [48]. 295 

V2+ + 2 V5+  3 V4+       (3) 296 

V3+ + V5+  2 V4+      (4) 297 

V2+ + V4+  2 V3+      (5) 298 

Similarly, V4+ and V5+ ions from the positive side can react with the active species in the 299 

negative half-cell as [48] according to eqs. 6 to 8. 300 

V5+ + 2 V2+  3 V3+      (6) 301 

V4+ + V2+  2 V3+      (7) 302 

V5+ + V3+  2 V4+      (8) 303 

 304 
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 305 

Figure 5. Accumulated and delivered charge capacity over the three cycles under the 306 

different operation modes. White bars: galvanostatic-charging procedure (I =0.25 A); 307 

Black bars: simulating solar panel-charging procedure (see current profile of Figure 3).  308 

 309 

In order to check this hypothesis, the variation of total vanadium concentration and the 310 

electrolyte volume in the reservoir tanks were monitored. Thus, Figure 6 shows the 311 

electrolyte volume values at different times for the both operation mode and the variation 312 

of total vanadium ions in each half cell, normalized to the initial value, at time 0 h. 313 

It can be observed that a decrease of the electrolyte volume and vanadium ions occurs 314 

during the tests carried out under the both operation modes. This decrease is similar in 315 

both half-cell, regardless, as well, of the operation mode. A similar decrease of both 316 

volume of electrolyte and vanadium concentration  has been also observed by Jiang et al 317 

[25] using different types of Nafion membranes. During the charge/discharge cycling, the 318 
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transfer of vanadium ions from the negative to positive half-cell [49].This effect is easily 320 

observed when the battery was charged using a constant current (galvanostatic mode). It 321 

seems that when a variable current is applied (solar profile charging procedure) the loss 322 

of both volume of electrolyte and vanadium concentration is lower comparing with the 323 

other operation mode tested in this work. Taking into account that the same thicker 324 

Nafion-like membrane was used in both operation modes and the imbalance of vanadium 325 

ions is caused primarily by the crossover of the vanadium species through the membrane 326 

[50] it seems that the charged of a VRFB simulating the solar profile (renewable source) 327 

leads a lower deterioration of the Nafion-like membrane. Once the essay finished (three 328 

charge/discharge cycles), the battery was disassembled and it was noticed that the carbon 329 

felt electrodes behaved like sponges and they appeared soaked of electrolyte. This fact 330 

could also explain the high loss of volume during the first cycle, because during this cycle 331 

the electrodes are dry and have the maximum absorption capacity.  332 

 333 
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 334 

Figure 6. Evolution of (A) electrolyte volume in the reservoir tanks and (B) normalized 335 

total vanadium concentration during the charge/discharge cycles of the VRFB. Filled 336 

markers: positive half-cell; Unfilled markers: negative half-cell. Solid line: galvanostatic-337 
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charging procedure (I = 0.25 A); Dashed line: simulating solar panel-charging procedure 338 

(see current profile of Figure 3). 339 

In order to get more information about the processes that occurred in each half-cell, the 340 

main species in each compartment of the battery were analyzed by UV-visible. Figure 7 341 

shows the evolution with time of VO2+ and V3+ ions, in the positive half-cell compartment 342 

and negative one, respectively. 343 

As it was expected, there was a decrease of species during the charge stages and an 344 

increase during the discharge one, because the V4+ and V3+ ions are the reactive species 345 

during the charge and they are the product species during the discharge (see eqs. 1 and 346 

2). This trend was observed in both operation modes. In the positive half-cell, the 347 

oxidation rate of the V4+ ions during the first cycle is lower when the cell is operating 348 

under a constant current density (galvanostatic-charging mode) than when it is operating 349 

under the solar radiation profile (solar panels-charging mode). However, during the 350 

discharge of this first cycle, the amount of V4+ ions is higher in the case of the 351 

galvanostatic-charging mode. In the following cycles, the amount of V4+ ions is similar 352 

for both operation modes. In the case of the negative half-cell, there are no significant 353 

differences in the values of V3+ ions for both operation modes. 354 

A decrease of the amount of V4+ and V3+ in the positive and negative compartment, 355 

respectively, is achieved as the cycles going on. This behavior could explain why the time 356 

required in the charge/discharge cycles decreases with time, as it was observed in Figure 357 

5. In turn, this decrease can be explained in terms of the higher crossover associated to 358 

the degradation of the membrane. 359 

From the data show in Figure 7, SOC values according to the equations 9 and 10 were 360 

calculated [51]. 361 
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Negative electrolyte 𝑆𝑂𝐶 =  
c𝑉2+ 

𝑐𝑉2++𝑐𝑉3+
   (9) 362 

Positive electrolyte 𝑆𝑂𝐶 =  
c𝑉5+ 

𝑐𝑉4++𝑐𝑉5+   (10) 363 

As it can be seen, the SOC values depend on the concentration of the ions involved in the 364 

reaction of each compartment (cV2+, cV3+, cV4+ and cV5+ are the concentration of the 365 

different vanadium ions, V2+, V3+, V4+ and V5+ respectively) . Thus, a SOC value of 1 366 

means that the battery is full charged, and values around 0 mean that is totally discharged. 367 

The obtained values are shown in Table 2.  368 

 369 

Table 2. SOC values obtained from data of Figure 7 and equations 9 and 10. 370 

 
Positive compartment Negative compartment 

 

Galvanostatic-

charging 

mode 

Solar panel 

charging 

mode 

Galvanostatic-

charging 

mode 

Solar panel 

charging 

mode 

1st Charge 0.977 0.782 1.000 1.000 

1st Discharge 0.007 0.191 0.093 0.215 

2nd Charge 0.991 0.939 0.749 0.959 

2nd Discharge 0.044 0.224 0.094 0.202 

3rd Charge 0.770 0.991 0.640 0.731 

3rd Discharge 0.441 0.323 0.308 0.183 

 371 

These values (shown in Table 2) indicate that the charge was not complete in the second 372 

and third cycle. This fact could explain the lower values of Q (Ah) observed in Figure 5 373 

during those cycles. The SOC values of the second and third cycle of the solar panel-374 

charging mode are higher than the ones for the galvanostatic-charging mode, which would 375 

explain also the higher values of charge reached during the second and third cycles for 376 
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the VRFB when it was operating under the solar profile charging mode which simulates 377 

that the battery was coupled with the renewable energy supply (see Figure 5). Thus, it 378 

seems that the solar radiation profiles (i.e. when not a constant current is supplied) 379 

produce higher values of V5+ ions and lead to higher values of SOC in the positive 380 

compartment. 381 

On the other hand, it is known that the corresponding loss in capacity with cycle number 382 

is a function of the charge and discharge current and the relative magnitude of the mass 383 

transfer coefficients of the four vanadium ions [52].Taking into account that the same 384 

discharge current was applied to the both modes studied in this work. Since in the 385 

operating mode simulating the solar profile charge i.e the current applied was non 386 

constant, it is clear that this parameter has a great influence on the stability of the battery. 387 

It is also known that the net transfer of vanadium is caused by the concentration difference 388 

of the vanadium species between the positive and negative half cells [49] and the transfer 389 

of vanadium ions with the bound water affects the transfer of water across the two half 390 

cells [53]. Thus, as it has been observed in Figures 6 and 7, that the concentration of 391 

vanadium ions is different according to the operation mode. So, it is clear that the 392 

vanadium ion crossover will be also different and dependent on the charge procedure. 393 

 394 
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 395 

Figure 7. Evolution of total amount of (A) V4+ in the positive half-cell and (B) V3+ in the 396 

negative half-cell during the charge/discharge cycles of the VRFB. Solid line: 397 

galvanostatic-charging procedure (I = 0.25 A); Dashed line: simulating solar panel-398 

charging procedure (see current profile of Figure 3).  399 
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 400 

Table 3 shows the different efficiencies (coulombic, voltage and energy efficiencies) 401 

obtained by the VRFB in the two tests carried out, calculated according to equations 402 

shown elsewhere in the literature [43]. The values are not very high, but comparable with 403 

the efficiencies obtained in other works. Thus, Leung et al.,[54] reached coulombic 404 

efficiencies of 55 % and energy efficiencies (E= C  V) of 46 % using a Nafion CEM, 405 

whereas Watt-Smith et al. [43] showed voltage and energy efficiencies around 60 %. 406 

Furthermore, the efficiencies reached in the solar panel-charging mode were similar to 407 

the values obtained under the galvanostatic-charging mode, clearly pointing out that 408 

charging vanadium redox-flow batteries with photovoltaic systems does not exhibit 409 

drawbacks as compared to the typical galvanostatic charging procedure. In turn, the 410 

system charged with not constant current, that is, simulating the renewable source, seems 411 

to be even more robust, according to the results of the accelerated ageing tested in this 412 

work. 413 

 414 

Table 3. Efficiencies obtained during the different essays, Coulombic efficiency (C); 415 

Voltage efficiency (V) and Energy efficiency (E). 416 

Cycle 

Operation Mode 

Galvanostatic-charging mode Solar panel-charging mode 

C V E C V E 

1st 40.7 94.8 38.6 34.9 90.8 31.7 

2nd 48.8 85.8 41.9 42.5 73.0 31.0 

3rd 38.9 81.0 31.5 49.6 82.2 40.8 

 417 
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Figure 8 shows the Ragone plots obtained for the battery for both operation modes. These 418 

data are obtained taking into account the average voltage and the charge delivered in the 419 

discharge stages and the mass of active specie (vanadium) contained in the electrolyte. It 420 

must be highlighted that the operation mode does not influence on the power/energy ratio 421 

because similar values were reached in both modes. Moreover, the obtained values were 422 

close to the typical and expected values for the flow battery. In this work, power density 423 

values around 1 W kg-1 were reached which are comparable with the reported by Nguyen 424 

and Savinell (2010) for these systems (power density ranges from 5 to 30 W kg-1 [55] 425 

specific energy density values around 20 W h kg-1 were obtained in our study which are 426 

in agreement with the range published for this kind of system (15-25 Wh kg-1 for 1.5-2 427 

M vanadium/sulphate in both half cells [21]. 428 

 429 

Figure 8. Ragone plots. () Direct photovoltaic solar panel-charging procedure; () 430 

Galvanostatic-charging procedure. 431 

Although results presented in this work are preliminary, vanadium redox flow batteries 432 

have several advantages comparing with the well-known and commercialized Li-ion 433 
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technologies is considerably higher in the case of the vanadium redox systems (>10000 436 

again 4500 cycles). In the same way, higher capacities derived from higher discharge 437 

times have been obtained for the VRFB (4-40 MW h) comparing with the Li-ion batteries 438 

(4-24 MW h) [56]. To be closer to a real application of this technology, a battery system 439 

managment and a scale up of the battery (stack of cells) would be required in order to 440 

manage in a better way the solar energy storage and to be able to connect it to an 441 

application device. 442 

 443 

4. CONCLUSION 444 

An assessment of a VRFB undergoing an accelerated ageing has been carried out under 445 

two operation modes and results obtained allows to concluded that there are some relevant 446 

differences between charging the VRFB in galvanostatic mode (j is constant) or with 447 

variable current powered according to a typical solar irradiation profile (j is not constant).  448 

The values of SOC (calculated from the vanadium ion concentration measurements) 449 

indicate that the stability of the battery charged with non-constant current (i.e. simulation 450 

solar-panel charging mode) was higher than the one charged in galvanostatic mode (j is 451 

constant). Thus, the charge/discharge capacities were higher in the case of the application 452 

of a non-constant current during the charge of the battery. Furthermore, the operation of 453 

the RFB simulating solar panel charging procedure leads to a lower vanadium species 454 

crossover effect which means a lower deterioration of the membrane and could explain 455 

its higher stability. 456 

On the other hand, the energy efficiency (E) of the battery when it was working under 457 

non-constant current was lower than when it was working under constant current, at the 458 

end of the third cycle, the (E) was close to 41 % when the solar profile was simulated 459 
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(non constant current) and only 31.5 % when the battery was working under galvanostatic 460 

mode. 461 

 462 

Thus, the obtained results support the claim that the vanadium redox flow batteries are 463 

suitable as energy storage systems for solar renewable energy. Further work is required 464 

to translate the promising results achieved in the laboratory to a full-size battery such as 465 

long term tests (more days and more charge/discharge cycles) and check the influence of 466 

other solar energy profiles. 467 
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