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Abstract: Real-time and remote monitoring of the state of charge (SOC) of a vanadium redox flow 

battery (VRFB) is technically desirable for achieving advanced compensation functions of VRFB 

systems. This paper, for the first time, proposes a novel SOC monitoring scheme based on an air-

gap fiber Fabry–Perot interferometer (AGFFPI) sensor for the VRFB. The proposed sensing concept 

is based on real-time sensing of the refractive index (RI) of the positive electrolyte, which is found 

closely correlated to the VRFB’s SOC. The proposed SOC estimating scheme using fiber sensor has 

a number of merits, e.g., being precise, having lightweight, having strong acid resistance, and being 

easy to incorporate the state-of-the-art fiber communication technology for remote monitoring. It is 

found that the RI of the positive electrolyte solution exhibits distinct and linear variations in 

accordance with changes of the VRFB’s SOC value. Using the linear relationship between the 

electrolyte’s RI and SOC, a real-time SOC monitoring mechanism can be readily realized by the 

proposed AGFFPI. In this paper, existing SOC detecting methods for VRFB are firstly reviewed. The 

details concerning the proposed detecting method are then addressed. Typical experimental results 

are presented to verify the feasibility and effectiveness of the proposed SOC estimating scheme. 

Keywords: state of charge; vanadium redox flow battery (VRFB); fiber Fabry–Perot interferometer 

 

1. Introduction 

In recent years, energy storage systems (ESSs) have been widely used in renewable energy-based 

generations (REG), distributed hybrid power supply systems, potable power systems for military 

applications, electric vehicles (EV), and uninterrupted power supply systems (UPS) [1]. Currently 

used large-capacity ESSs for REG applications include flywheels, compressed air, lithium-ion 

batteries, lead-acid batteries, sodium-sulfur batteries, and vanadium redox flow batteries (VRFBs) 

[2,3]. Among the abovementioned batteries, VRFB is an extremely attractive candidate for 

constructing medium- to large-capacity ESSs. It has some unique advantages, e.g., high power, large 

capacity, high efficiency, low maintenance cost, fast response, long life, high safety, and 

environmental friendliness [4–6]. These advantages make it a much-desired device for a variety of 

applications. In practical applications, it is necessary to obtain real-time state-of-charge (SOC) 

information to make the VRFB properly perform designed energy control functions. However, the 

real-time estimation of the VRFB’s SOC is not easy because of its intrinsic nonlinearities. In open 

literature, a huge number of papers regarding VRFB’s SOC estimation methods can be found. Based 

on the estimation mechanism used, the proposed methods can be categorized into six types, i.e., 

electrolyte property-related methods, electric potential-related methods, spectroscopy-related 

methods, mathematical modeling methods, coulomb counting methods, and potentiometric titration 

methods.  
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Theoretically, the VRFB’s SOC can be estimated according to electrolyte properties during 

charging and discharging. A four-pole cell device was used to estimate the number of free ions in 

VRFB electrolyte in [7]. Half-cell conductivities of the electrolytes were measured in [8] and [9]. Note 

that VRFB electrolyte conductivity is highly dependent on temperature, and errors can happen 

because of side reactions. It was also observed that ultrasonic waves propagate through the 

electrolytes with distinctly different velocities according to different vanadium ion compositions 

[10,11]. Open-circuit voltage (OCV) measurement was used to estimate VRFB’s SOC in [12]. Half-cell 

voltages was separately monitored in [8] for achieving the capacity imbalance detection. A VRFB unit 

cell was tested in [13] using a divided OC potentiometric cell with Hg/Hg2SO4 reference electrodes 

and graphite working electrodes. Spectroscopic methods were used to estimate VRFB’s SOC through 

examining the absorption or transmission spectra of the electrolytes, for the colors change according 

to the oxidation states of the vanadium species [9,12,14–16]. However, it was pointed out that this 

type of methods is only convenient for the negative half-cell but not the positive half-cell because of 

the high absorbance over most of the UV–vis range. Moreover, this type of method requires 

additional equipment, making it more complex and costly. A new spectroscopic online detection 

method was developed in [17] based on intensity-corrected correlation coefficient (ICCC) algorithm, 

yielding better performance than conventional Beer–Lambert spectrophotometry method. The SOCs 

of both half-cells could be monitored online and simultaneously. Furthermore, the level of electrolyte 

imbalance could also be monitored. Mathematical modeling is also very commonly used for SOC 

estimation through carefully deriving models describing battery characteristics [13,18–23]. Other 

conventional methods include coulomb counting [24] and potentiometric titration [25]. Coulomb 

counting is a simple method that can be used during VRFB normal operations, but it only yields a 

rough estimation and can easily generate error because it does not consider possible losses and side 

reactions. On the other hand, potentiometric titration is precise but requires the electrolytes to be 

extracted and diluted before performing estimating tasks, which is time-consuming and makes it 

difficult to use in many practical application cases. To have an overall picture about the existing SOC 

detecting methods for VRFB, the above-reviewed methods are categorized in Figure 1. In this paper, 

a novel SOC detecting method based on the measurement of the RI of the positive electrolyte of VRFB 

via fiber sensors is proposed for the first time and can be categorized into the first category as shown 

in Figure 1. 
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Figure 1. Categories of reported vanadium redox flow battery’s (VRFB’s) state-of-charge (SOC) 

estimating methods. 
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Based on the discussions presented in the open literature, real-time and remote monitoring of 

the state of charge (SOC) of a vanadium redox flow battery (VRFB) is technically desirable not only 

for achieving advanced compensation functions, but also for maximizing the flexibility in optimal 

energy management of VRFB systems. To achieve the above objectives, an innovative SOC sensing 

scheme for the VRFB based on AGFFPI is proposed in this paper. The theoretical analysis and system 

design for sensing the RI of various liquids using fiber interferometer (FI) can be found in [26,27]. The 

proposed AGFFPI based SOC sensing device is able to estimate the SOC through precisely sensing 

the RI values of the VRFB’s positive electrolyte. This is found and demonstrated for the first time in 

this paper. It is also important to note that the proposed estimating scheme using fiber-based sensing 

device has a number of merits in practical applications, e.g., being precise, having lightweight, having 

strong acid resistance, and being easy to incorporate the state-of-the-art internet of things (IoT) and 

fiber communication technologies for achieving remote monitoring. To build some technical 

background, following this introduction section, the working principle of VRFB and concepts of the 

proposed SOC detecting method are addressed in section 2. Section 3 explains the fabrication and 

characteristics of the sensing device as well as the arrangement of experimental setup and testing 

procedures. Experimental scenarios and typical test results are described in the fourth section. 

Finally, a conclusion is drawn in the last section. 

2. Working Principle of VRFB and the Proposed SOC Detecting Method  

2.1. Working Principle of VRFB 

A VRFB system consists of three main components, including a cell stack, two electrolyte storage 

tanks, and two pump systems. The positive electrolyte (V4+ /V5+) and negative electrolyte (V2+ /V3+) are 

stored in separate tanks. In the reactor unit (the cell stack), the two flowing electrolytes are separated 

by membranes, allowing only the selected ions to traverse and form a current path. A conceptual 

VRFB’s system configuration is shown in Figure 2a. The operation of VRFB utilizes a reversible 

electrochemical reaction to store the electric energy in vanadium ions of different valences. The 

principle of charging operation is to convert electrical energy into chemical energy via 

electrochemical reaction and the chemical energy can be converted back into electrical energy when 

needed.  
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(b) 

Figure 2. Schematic diagrams of a VRFB system: (a) VRFB hardware system; (b) charging and 

discharging operations of a single-cell VRFB. 

2.2. Proposed SOC Detecting Method 

In normal operation of a VRFB, when charging, the positive electrode undergoes an oxidation 

reaction, and the negative electrode undergoes a reduction reaction. In other words, V+4 converts into 

V+5 in the positive electrolyte, and V+3 converts into V+2 in the negative electrolyte. The reverse reaction 

occurs during discharge; that is, the negative electrode is oxidized, and the positive electrode is 

reduced, as shown in Equations (1)–(3). During the reactions, H+ ions form the electric current for 

charging and discharging. To have a clear picture of the above description, Figure 2b shows the 

details regarding charging and discharging operations of a single-cell VRFB. 

OHVOe2HVO 2

2

2   , (1) 

  eVV 32 , (2) 

OHVVOH2OVV 2

32

2

2   . (3) 

As can be seen in Figure 2b, in a conventional VRFB, the positive electrolyte is composed of the 

V4+/V5+ couple, and the negative electrolyte is composed of the V3+/V2+ couple; both positive and 

negative electrolytes are typically dissolved in sulfuric acid. In theory, the SOC of a VRFB can be 

mathematically expressed by the molar ratio of the determining electro-active ion remaining in the 

positive or negative electrolyte solution. Thus, for a VRFB with identical quantities of 

electrochemically available vanadium ions, the SOC can be expressed as follows. 

%100
VV

V
%100

VV

V
%SOC

32

2

54

5













 . (4) 

Based on the chemical reaction expressed in Equations (1)–(3), during charging, V3+ is reduced 

to V2+ in the negative half-cell. The electrons needed for the reduction come from the oxidation of V4+ 

to V5+ in the positive half-cell via the DC power and the electrical wire, forming a current loop or, 

equivalently an electronic loop. During discharging of the VRFB, the revers reactions occur. V2+ is 

oxidized to V3+ in the negative half-cell, providing the electrons for the need in reduction of V5+ to V4+ 

in the positive half-cell. Based on the above observation and Equation (4), it can be firmly realized 

that in the charging process, the percentage of V5+ of the positive electrolyte is increasing, resulting 
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in an increase in VRFB’s SOC. Since the RI in the wavelength region (1500–1600 nm) used in this 

study is mostly dependent on density of the solution and on the near infrared absorption, both 

absorption and densities will govern the RI in this wavelength region; however, the absorption part 

is mostly dependent of the absorption of water and hydronium ions of the acid. The absorption of 

the vanadium species has relatively minor contribution to the absorption in the measured wavelength 

region and will therefore not contribute to the changes in the refractive index. In an ideal VRFB’s 

charging operation, the water concentration and hydronium ion concentration of the positive 

electrolyte decrease linearly with respect to the increase in VRFB’s SOC and this also leads to the RI 

value of the positive electrolyte being linearly decreased as well. With the above theoretical 

deduction, it is clear that the variations of VRFB’s SOC can be estimated by monitoring the 

corresponding variations in RI value of the positive or negative electrolyte. To achieve a precise 

measurement of variations in electrolyte’s RI, an air-gap fiber Fabry–Perot interferometer (AGFFPI) 

sensor is proposed in this paper. To have a reliable test condition, the positive electrolyte, that has 

relatively stable characteristics when exposed to the air, is chosen for the experiments carried out in 

this paper. 

3. Fabrication of the Sensing Device and Experimental Setup 

3.1. Fabrication and Characteristics of the Sensing Device 

The proposed fiber sensor for sensing electrolyte’s RI consists of two single-mode fibers (SMFs, 

Corning SMF-28) with well-cleaved end faces and a designed air gap with a length of d = 43 μm, as 

shown in Figure 3a, aligned precisely on a V-groove holder (Figure 3b). An AGFFPI is formed using 

this configuration, where reflections can only occur at the two low-reflectivity fiber/air interfaces [28]. 

 
(a) 

 
(b) 

Δ mλ

mλm+1λ

 
(c) 

Figure 3. Fabricated sensing device (air-gap fiber Fabry–Perot interferometer (AGFFPI)) and its 

interference spectrum shift: (a) Electron microscopic image near the air gap; (b) photo including the 

V-groove holder; (c) theoretical interference spectrum shift of the AGFFPI. 

To derive the interference characteristics of the designed AGFFPI, the two-beam optical 

interference theorem is adopted in this study [24]. When the Fresnel reflectivity of the interfaces is 

low, the behavior of the cavity (the gap in AGFFIP) can be approximated using a two-beam 

interferometric model. Since an intensity-based interferometer is used in this measuring application, 

the intensities of the two reflected beams, defined as the Fresnel reflections I1 and I2 at the two fiber/air 

interfaces, respectively, determine the visibilities of the interference fringes, and the equivalent 

intensities of the two beams determine the best interference performance and maximum fringe 
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visibility. The optical phase difference between the two beams is defined as  = (2/m)(OPD), where 

OPD represents the optical path difference and is defined as 2nd, where n represents the reflective 

index (RI) of the electrolyte that fills the gap when measuring. Based on Figure 3c, if  = 2m, where 

m is an integer, multiple local maximum fringes can be obtained, so the resulted reflection intensity 

can be expressed as follows: 

ΦIIIIλI cos2)( 2121  . (5) 

As shown in Figure 3c, it is estimated that the m-th interference fringe spacing, defined as free 

spectral range (FSR), can be expressed as FSR≅ λm+1  λm, where λm and λm+1 represent the central 

wavelengths of the two adjacent peaks. As can be seen in Figure 3c, the maximum max = 2m, thus, 

mπ
λ

πnd

m

2
4

 . (6) 

Since the gap-length, d, is fixed at 43 μm in this study, Equation (6) describing the optical phase 

difference (), can be rewritten as: 

m
λ

nd

m


2

. (7) 

In this specific measuring case, when the measured n varies to n’, Equation (7) can be expressed 

as Equation (8). 

m
dn

m


 '

'2
. (8) 

Using Equations (7) and (8), one can obtain the following relations: 

'

'

mm

nn





. (9) 

Since nnn Δ'  , and mmm λλλ Δ'  , the following result can be derived from Equation (9). 

m

m

n

n







. (10) 

Based on Equation (10), one can conclude that the variation in RI (n) is in proportion to the 

variation in interference spectrum wavelength (m). This also constitutes the theoretical basis of 

applying the proposed AGFFPI sensing device in measuring the electrolyte’s RI (n in the above 

Equations (6)–(10)). 

3.2. Experimental Setup 

The experimental setup arranged for performing the tests is shown in Figure 4, including a 

broadband light source (BLS), an optical spectrum analyzer (OSA), a 2 × 2 optical coupler, and the 

fabricated fiber sensing device (AGFFPI) fixed on a V-groove holder in a thermoelectric (TE) module 

for controlling the electrolyte temperature. The experiment is performed as follows: The BLS sends a 

light signal (1250–1650 nm) that propagates through the optical coupler to excite the designed 

AGFFPI sensing device and two reflective signals are produced at the two fiber end faces in AGFFPI. 

Then, the reflected signals constitute an interference pattern propagating back through the optical 

coupler and into the OSA for spectrum recording and further analysis. Figure 5 shows the related 

electrolyte samples used in the experiments. 
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Figure 4. Schematic of the experimental setup: (a) broadband light source (BLS); (b) proposed AGFFPI 

sensing device and the thermoelectric (TE) cooler (TEC); (c) optical spectrum analyzer (OSA); (d) 2 × 

2 optical coupler; (e) positive electrolyte under test. 

 
 

Figure 5. The positive electrolyte couple and electrolyte samples with distinct SOC values. 

3.3. Preparation of Positive Electrolytes 

To ensure the correctness of experimental results obtained in this study, 200 ml of electrolyte 

with 2.0 M V4+/4.0 M H2SO4 and 200 ml of electrolyte with 2.0 M V5+/4.0 M H2SO4, prepared for the 

positive electrolyte couple as shown in Figure 5, were directly purchased from a professional VRFB’s 

electrolyte supplier in Taiwan. The vanadium electrolytes undergo distinctive color changes during 

the VRFB’s charging and discharging operations. As can be seen in Figure 5, the colors corresponding 

to each oxidation state in the positive electrolyte are as expected, i.e., V4+ is blue and V5+ is yellow. 

As a demonstrating example for the proposed VRFB’s SOC sensing approach based on AGFFPI, 

the positive electrode is designated as the storage capacity-limiting side, and the molar fraction of the 

V5+ ion in the positive electrolyte solution determines the SOC of the VRFB. It follows that a set of 20 

ml positive electrolytes with 11 distinct SOC values (0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 

90%, and 100%) are precisely prepared according to Equation (4), as shown in Figure 5e. 

 

4. Experiments and Results 
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Before applying the fabricated sensing device to electrolyte RI measurement, the device is first 

tested with only air in the gap under 25 °C ambient temperature; the obtained interference spectrum 

as shown in Figure 6 is kept as a benchmark for checking the original interference spectrum status of 

the AGFFPI sensing device. Before testing a new electrolyte sample with distinct SOC, the air gap 

must be cleaned, and the interference spectrum is monitored and checked until the recorded identical 

interference spectrum (Figure 6) appears. This is to ensure the correctness of test results. 

 

Figure 6. Interference spectrum of the AGFFPI with air in the gap and the ambient temperature of 25 

°C. 

In this paper, the proposed SOC detecting method is verified with two sets of experiments. In 

the first set of experiment, how VRFB’s SOC affects the interference spectrum under constant 

electrolyte temperature of 25 °C is observed. Eleven testing points with distinct SOC statuses ranging 

0%–100% with an increment of 10% are chosen for measurement. Figure 7a shows a set of measured 

interference spectrum results, where it can be clearly seen that the interference spectrum shifts 

towards shorter wavelength as the SOC of the electrolyte increases. To obtain the relationship 

between the variation in SOC and the quantity of the corresponding spectrum shift, curve fitting is 

utilized as shown in Figure 7b. It can be seen that a linear relationship exists between the two 

parameters, SOC and spectrum shift. As a result, a simple first-order linear equation can be derived 

using curve fitting and used for SOC estimation in practice. 
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(b) 

Figure 7. (a) Interference spectra of positive electrolytes with 0%–100% SOC under 25 °C; (b) curve 

fitting of wavelength shift-SOC results in Figure 7a. The inset shows a set of the measured peaks 

around  = 1550 nm. 

In the second set of experiment, the focus is on observing how the electrolyte temperature affects 

the interference spectrum shifts.  

Based on the results obtained from the experiment, certain adjusting mechanism must be 

derived to ensure an accurate SOC detection under a given range of arbitrary electrolyte temperature. 

Three sets of interference spectrum data are measured in this set of tests: 0%, 50%, and 100% SOC, all 

under a temperature range of 25–45 °C, as shown in Figure 8a–c. It can be clearly seen from the co-

plotting curves shown in Figure 8d that the electrolyte temperature also has a linear effect on the 

interference spectrum shifts under the three tested SOC conditions. It is also important to note that, 

from the obtained results, a similar sensitivity of the interference spectrum shifts on temperature is 

obtained in the temperature range of 25–45 °C. In this case, the changes of the interference spectrum 

shift or equivalently the RI with respect to the changes in the temperature of electrolyte is actually 

the property of an optical constant (OC) defined as thermo-optic coefficient (TOC). For most 

solutions, the RI decreases when the temperature of the solution increases. This is in conformity with 

the measured results presented in Figure 8d. An in-depth investigation on the TOC of different 

solutions can found in [29]. As a result, it is easy to model the possible effect of the electrolyte 

temperature on the measured spectrum shifts corresponding to different SOCs in practical 

applications. 
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(b) 
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(d) 

Figure 8. Experiment results: (a) Interference spectra of positive electrolyte with 0% SOC under 25–

45 °C; (b) curve fitting of wavelength shift-temperature results in Figure 8a; (c) interference spectra 

measurement of positive electrolyte with 50% SOC under 25–45 °C; (d) curve fitting of wavelength 

shift-temperature results in Figure 8c; (e) interferences spectra measurement of positive electrolyte 

with 100% SOC under 25–45 °C; (f) curve fitting of wavelength shift-temperature results in Figure 8 

(e). 

5. Discussions 
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Based the experimental results obtained in this study, both the changes in the VRFB’s SOC and 

the temperature, T, of the electrolyte cause a phase shift, λ , in the measured interference spectrum. 

Therefore, the λ can be expressed as follows: 

(%)SOC)25( SOC,  mTm aveT ; (11) 

thus, the SOC(%) can be calculated using the following equation. 

SOC

, 25)-.(T
(%)SOC

m

m aveT
  (12) 

In the above equations,   is the phase shift, T is the electrolyte temperature, aveTm ,  is the 

average value of the sensitivities of  with respect to T under different SOC conditions (in this 

study, 0%, 50%, and 100% are tested with results shown in Figure 8c). The SOCm  is the sensitivity of

 with respect to SOC (%) at 25 °C. It is clear that with the above empirical formula, the 

corresponding SOC (%) can be readily calculated by a set of simultaneously measured  and T.  

As to the estimation accuracy of the proposed method, it depends on the resolution of the optical 

spectrum analyzer (OSA) used. In this study, the scanning resolution of OSA is set to 0.05 nm. This 

means that the estimation error of SOC is about 0.57%. This is calculated as follows:  

With the measured sensitivity, SOCm  = –0.0875 (nm/%) presented in Figure 7b, defined as 

(%)SOC/)(nm , the measuring error can be calculated by %57.0%)/nm(0875.0/nm05.0  .  

It should be noted that setting a higher resolution in OSA can further reduce the measuring 

error; however, this will result in an increase in the measuring time. This is due to the number of 

calculating points within a given range of wavelength (1500–1600 nm in this study) is increased in 

the scanning process of OSA. 

6. Conclusions 

In recent years, the growing interest in applying VRFBs for grid-scale energy storage 

applications has been accompanied by many research efforts in designing accurate and applicable 

SOC measuring schemes for the VRFB systems. Developing a feasible technique for obtaining the 

real-time SOC of a working VRFB is a challenging task, also a must-have to ensure not only the 

desired VRFB’s functions for power systems being achieved but also better system management 

strategies being performed for the VRFB. In this paper, a novel AGFFPI-based SOC sensing device, 

with high-resolution RI sensing capability, has been proposed for the VRFB. Two sets of preliminary 

experimental tests have been carried out. Based on the test results, it is observed that the variations 

of wavelength shift and the variations of VRFB’s SOC have a linear relationship. The effect of 

electrolyte temperature on the interference spectra with three fixed SOC values has been examined. 

Linear relationships between electrolyte temperature and the measured wavelength shift have also 

been observed in all of the three test cases. As a result, it can be concluded that the calibration task 

for the measured SOC under various electrolyte temperatures can be readily done with a simple 

empirical equation. In addition, the proposed fiber-based sensing device is robust and especially 

good for VRFB’s applications because fiber-based sensors, made of silica glass, are considered robust 

and have a number of attractive advantages in this specific application, e.g., strong acid and alkali 

resistance, corrosion resistance, and immune to external perturbations (electromagnetic interference 

(EMI), lighting, etc.). It is also worth noting that, in practice, the proposed AGFFPI-based SOC sensing 

device can be simply dipped into the positive electrolyte reservoir of a VRFB, and a remote 

monitoring mechanism can be readily realized using the internet of things (IOT) technology and 

optical fiber communication systems. With the proposed sensing mechanism, the time for achieving 

a stable result of SOC depends on the resolution of OSA and the scanning range of wavelength. In 

this study, the resolution of the OSA is set to 0.05 nm and the scanning range of wavelength is 1500 
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nm to 1600 nm for obtaining five sets of shifts in interference spectrum (Figure 7a). With the above 

arrangement, it takes about 3 s to obtain a result. It is important to note that in practical application, 

the scanning range of wavelength can be much smaller. In this case, using 1550 nm to 1580 nm is 

enough for the required measuring process. This means that a determination of SOC can be made 

with <1 second. I believe that this is fast enough for most real-time applications of VRFB. In this paper, 

theoretical analysis and results obtained from two set of experimental tests have demonstrated the 

feasibility and effectiveness of the proposed SOC estimating scheme. It should be noted that the 

catholyte is the complex composition of the species during VRFB’s operation. The variations in 

composition will have a major influence on the density of electrolyte solution. Due to the fact that the 

membrane of a real-life VRFB is not perfect, it can be expected that to achieve a better performance 

in the accuracy of SOC measuring on the proposed method some engineering techniques and the 

concept of a hybrid sensing mechanism will be needed in practical applications. Since this is a 

preliminary study demonstrating an innovative SOC detecting concept based on off-line prepared 

positive electrolytes. Further research tasks related to the proposed method is the design of an 

integrated SOC detecting system including the proposed sensors, signal transmission, and display 

systems to be tested and verified with a real-life VRFB. 
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