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Traditional spectroscopic analysis based on the Beer-Lambert law cannot analyze the analyte with high concentration and
interference between diﬀerent compositions, such as the electrolyte in vanadium redox �ow batteries (VRBs). Here we propose a
new method for online detection of such analytes. We demonstrate experimentally that, by comparing the transmittance spectrum
of the analyte with the spectra in a preprepared database using our intensity-corrected correlation coeﬃcient (ICCC) algorithm,
parameters such as the state of charge (SOC) of both the positive and the negative electrolytes in the VRB can be online monitored.
is method could monitor the level of the electrolytes imbalance in the VRB, which is useful for further rebalancing the electrolyte
and restoring the capacity loss of the VRB. e method also has the potential to be used in the online detection of other chemical
reactions, in which the chemical reagents have high concentration and interferences between diﬀerent compositions.

1. Introduction
e technique of spectroscopy has been widely used in
chemical composition analysis and the study of chemical
reaction dynamics [1, 2]. Traditional spectroscopic analysis
is based on the Beer-Lambert law and has two requirements:
(1) the concentration of the analyte is low; (2) there is no
interference between diﬀerent compositions of the analyte.
However, analytes in many chemical and chemical engineering applications do not meet these two requirements and
hence cannot be analyzed by the traditional Beer-Lambert
law-based spectroscopic analysis.
e vanadium redox �ow battery (VRB) is an energy
storage technique that has caused wide concern in recent
years [3, 4]. A VRB system includes one battery stack and two
tanks. e positive and the negative electrolytes are stored in
the two tanks separately and pumped into the stack, where
the redox reactions take place. In the charge process, the

tetravalent vanadium ions V(IV) in the positive electrolyte
turn into pentavalent vanadium ions V(V), and the trivalent
vanadium ions V(III) in the negative electrolyte turn into
divalent vanadium ions V(II). In the discharge process, these
reactions reverse. Ideally, the changes in concentration and
the valence state of the positive and the negative electrolytes
are the same. But in fact, a number of side reactions could
lead to an imbalance between the positive and the negative
electrolytes and a subsequent loss of capacity over extended
charge-discharge cycling [5]. us a suitable electrolyte monitoring method is needed to detect the level of the imbalances.
Chemical methods such as potentiometric titration and
chromatography have complicated steps and are not suitable
for online detection [6, 7]. Optical techniques such as
spectroscopy �t the online detection demand. However, the
concentration of the electrolyte in the VRB is too high (the
typical value is close to 2 M for total vanadium ions). e
structure of the vanadium ions at such high concentration is
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F 1: (a) e schematic of the spectroscopic online electrolyte analytical system when online detecting the positive electrolyte of a VRB.
(b) e schematic of the same system when online detecting the negative electrolyte of a VRB. VRB: a vanadium redox �ow battery; Battery:
the battery stack of the VRB; T1 (T2): the positive (negative) electrolyte tank of the VRB; Pump 1 (2): the pump of the positive (negative)
electrolyte; Tester: a charge-discharge tester; LS: a white light source; BS: a beam splitter; Cell: a 0.5 mm thick absorption �ow cell; SP: a
grating spectrometer; D1: a photo detector; D2: a cooled CCD camera; PC: a personal computer.

very complicated [8–10], and there are interferences between
the vanadium ions with diﬀerent valences. So the traditional
Beer-Lambert law-based spectroscopic analysis cannot analyze the electrolyte in VRB [11].
In this paper, the variations of the transmission spectra
of both the positive and the negative electrolytes in a
VRB during the charging process are online studied by our
homemade spectroscopic analytical system. A new method
is proposed to analyze the spectra data of the analytes
with high concentration and interferences between diﬀerent
compositions.

2. System Setup
e schematic of our spectroscopic online electrolyte analytical system is shown in Figure 1. Figures 1(a) and 1(b) are the
schematics of the system when online detecting the positive
and the negative electrolytes of a VRB, respectively.
e squared area in Figures 1(a) and 1(b) is a VRB system,
which includes two electrolyte tanks (T1 in Figures 1(a) and
1(b), the positive electrolyte tank; T2 in Figures 1(a) and 1(b),
the negative electrolyte tank), two pumps (Pump 1 and Pump
2 in Figures 1(a) and 1(b)), and a battery stack (Battery in
Figures 1(a) and 1(b)). e positive and negative electrolytes
are pumped from each tank into the battery stack, where the
redox reactions take place, and then back into each tank.
Aer pumped by Pump 1 (or Pump 2), a branch of the
positive (or negative) electrolyte �ows through a customized
absorption �ow cell (Cell in Figures 1(a) and 1(b)), which will
be introduced below. e positive and negative electrodes of
the battery stack are connected to a charge-discharge tester
(Tester in Figures 1(a) and 1(b)), which is controlled by a
personal computer (PC in Figures 1(a) and 1(b)).
Other part except the squared area in Figures 1(a) and
1(b) is the spectroscopic analytical system. Parallel beam
from a white light source (LS in Figures 1(a) and 1(b), a 150 W
halogen lamp and the corresponding collimator) is split into
two beams by a beam splitter (BS in Figures 1(a) and 1(b),

orlabs BS013). e re�ected beam is detected by a photo
detector (D1 in Figures 1(a) and 1(b), Texas Instruments
OPT101), and the detection result is sent to the computer
(PC in Figures 1(a) and 1(b)). e transmitted beam passes
the customized absorption �ow cell (Cell in Figures 1(a) and
1(b)), which allows the positive (or negative) electrolyte to
�ow between two glass windows and form a 0.5 mm thick
uniform layer. e beam passing through the absorption cell
goes into a grating spectrometer (SP in Figures 1(a) and 1(b),
Acton Research SpectralPro 150). A cooled CCD camera
(D2 in Figures 1(a) and 1(b)) captures the spectra of the
light entering the spectrometer and sends the results to the
computer (PC in Figures 1(a) and 1(b)).
e computer (PC in Figures 1(a) and 1(b)) controls the
tester (Tester in Figures 1(a) and 1(b)) to charge and discharge
the VRB stack (Battery in Figures 1(a) and 1(b)). Meanwhile,
from the �uctuation of the light source detected by the
detector (D1 in Figures 1(a) and 1(b)) and the spectrum of
the electrolyte detected by the CCD (D2 in Figures 1(a) and
1(b)), we can obtain the normalized transmission spectrum
of the 0.5 mm thick positive (or negative) electrolyte in real
time.

3. Experimental
3.1. Spectra of the Electrolytes in VRB. e electrolyte with
2.0 M V(IV) and 3.0 M H2 SO4 is prepared as the initial positive electrolyte; the electrolyte with 2.0 M V(III) and 3.0 M
H2 SO4 is prepared as the initial negative electrolyte. When
detecting the positive electrolyte, the volume of the negative
electrolyte is set 25% larger than the volume of the positive
electrolyte, so that all V(IV) ions in the positive electrolyte
can be fully charged into V(V) ions. When detecting the
negative electrolyte, the volume of the positive electrolyte is
set 25% larger than the volume of the negative electrolyte,
so that all V(III) ions in the negative electrolyte can be fully
charged into V(II) ions. e state of charge (SOC) can be used
to quantify the charge level of the battery. For example, for
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F 2: (a) e state of charge (SOC) of each measurement for the positive electrolyte. (b) e state of charge (SOC) of each measurement
for the negative electrolyte.

the positive electrolyte, the SOC is 0% when all vanadium
ions are V(IV), the SOC is 100% when all vanadium ions
become V(V); for the negative electrolyte, the SOC is 0%
when all vanadium ions are V(III), the SOC is 100% when
all vanadium ions become V(II).
e computer controls the tester to charge the battery;
meantime the system in Figure 1 measures the transmittance
spectra of the positive (or negative) electrolyte in diﬀerent
SOCs. We take 30 measurements for the positive electrolyte
and 26 measurements for the negative electrolyte from SOC
of 0% to SOC of 100%. e SOCs of each measurement are
shown in Figures 2(a) and 2(b).
e measured 30 normalized transmittance spectra of
the positive electrolyte are shown in Figures 3(a)–3(d). We
can see that only measurements 1–7 and 25–30 are shown
in Figure 3(a); that is because other measured spectra are
too small to be seen. e marked area in Figure 3(a) is
enlarged and shown in Figure 3(b) with measurements 7–11
and 23–25. Again the marked area in Figure 3(b) is further
enlarged and shown in Figure 3(c) with measurements
11–15 and 20–23. Once more the marked area in Figure
3(c) is further enlarged and shown in Figure 3(d) with
measurements 15–20. It is shown from Figure 3(a) to Figure
3(d) that the pure V(IV) (measurement 1, SOC 0%) and
pure V(V) (measurement 30, SOC 100%) have the similar
transmittance intensity (around 0.8). With the measurements
continued from measurement 1 (SOC 0%), the intensity
of the transmittance spectra drops quickly. At the 18th
measurement (SOC 62.7%), the intensity of the transmittance
spectra reaches the minimum (approximate 1.1 × 10−3 ). en
with the measurements continued from measurement 18, the
intensity of the transmittance spectra rises quickly and �nally
resumes to around 0.8 at the 30th measurement (SOC 100%).
We can also conclude from Figures 3(a)–3(d) that, in addition
to the dramatic changes in the intensity of the transmittance
spectra, the shape of the transmittance spectra also changes
and the peak of the spectra moves to the longer wavelength.
e average transmittances of each measurement in
Figure 3 are shown in Figure 4(a), and the peak wavelengths
within the measured spectral range of each measurement in
Figure 3 are shown in Figure 4(b). It can be seen from Figure
4(a) that the average intensity of the transmittance spectra of

the positive electrolyte drops then rises with measurements
continued (SOC increases) and the 18th spectrum has the
minimal intensity. It can be concluded from Figure 4(b)
that the peak wavelength of the transmittance spectra of the
positive electrolyte increases with measurements continued
(SOC increases). ese results agree with the above results in
Figure 3. Because the intensity of the transmittance spectral
of the positive electrolyte is too small in quite a range of SOC,
using the absorption spectra as the detection result will lead
to a bad signal-to-noise ratio (SNR). Hence, in this study,
we use the transmittance spectra instead of the absorption
spectral as the detection results.
e measured 26 normalized transmittance spectra of the
negative electrolyte are shown in Figures 5(a) and 5(b). It is
shown from Figure 5(a) that the pure V(III) (measurement
1, SOC 0%) has a peak near 500 nm with the peak intensity
between 0.5 and 0.6. With the measurements continued (SOC
increases), the peak of the spectrum move to the shorter
wavelength and the peak intensity decreases. At the 8th
measurement (SOC 30.1%), the intensity of the transmittance
spectra reaches the minimum (approximate 0.45). We can see
from Figure 5(b) that with the measurements continued from
measurement 8, the peak of the spectrum continues to move
to the shorter wavelength and the peak intensity begins to
increase. At the 26th measurement (pure V(II), SOC 100%),
the peak wavelength is around 430 nm and the peak intensity
reaches near 0.9. From Figure 5, we can conclude that the
intensity of the spectra of the negative electrolyte drops then
rises with measurements continued (SOC increases), and this
change of intensity is much smaller than the spectra of the
positive electrolyte in Figure 3. It can also be seen that, at
certain wavelength, for example, 430 nm, the transmittance
increases with the measurements (SOC) in the whole process.
e transmittances of each measurement at 430 nm in
Figure 5 are plotted in Figure 6(a), and the peak wavelengths
within the measured spectral range of each measurement in
Figure 5 are shown in Figure 6(b). It can be seen from Figure
6(a) that the transmittance at 430 nm of the negative electrolyte increases exponentially with the SOC. is is because
430 nm is near the absorption peak (transmittance bottom)
of V(III) and is about the absorption bottom (transmittance
peak) of V(II). It can be concluded from Figure 6(b) that the
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F 6: (a) e transmittances at 430 nm of 26 measurements for the negative electrolyte in Figure 5; (b) the peak wavelength within the
measurement range (420 nm–600 nm) of the spectra of the 26 measurements for the negative electrolyte in Figure 5.

peak wavelength of the transmittance spectra of the negative
electrolyte decreases with measurements continued (SOC
increases). ese results agree with the above results in Figure
5.
3.2. Methods and Algorithm for Spectroscopic Analysis. We
can conclude from Figures 5 and 6 that the transmittance
spectra of the negative electrolyte with diﬀerent SOCs obey
the Beer-Lambert law. However, we can see from Figures
3 and 4 that, when the SOC increases, the transmittance
spectra of the positive electrolyte changes dramatically both
in intensities and in shapes. us, traditional Beer-Lambert

law-based spectroscopic analysis cannot analyze the positive
electrolyte in the VRB. Hence, new spectral data analysis
method is needed.
In this paper, we propose a new method for analyzing the
spectral data of the electrolyte in the VRB.
(1) e positive (or negative) electrolytes with diﬀerent
parameters in the VRB during charging for the �rst
time are used as the standard samples. e parameters
of the electrolyte include the type of the electrolyte
(positive of negative), the SOC, the total vanadium
concentration, and the H2 SO4 concentration. For
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coeﬃcients (ICCCs) of the spectra of the 26 measurements for the negative electrolyte in Figure 5.

example, the spectral data in Figure 3 are such a group
of standard samples of the positive electrolyte with
the total vanadium concentration of 2.0 M and the
H2 SO4 concentration of 3.0 M. e same spectroscopic analytical system as mentioned in Figure 1 is
used to detect the normalized transmittance spectra
of all standard samples and save these spectral data
and the corresponding parameters of the electrolytes
as a database.
(2) During online detection of a VRB with the same system, the detected normalized transmittance spectrum
of the positive electrolyte in the VRB is compared
with all the spectral data in the database. Certain
algorithm, which we will discuss in the following,
is used to determine the most similar spectrum in
the database, and the corresponding parameters (e.g.,
SOC) of this data are considered as the parameters of
the detected electrolyte in the VRB.
e algorithm of correlation is oen used as a tool for
characterizing the similarity of two sets of data [12]. e

correlation coeﬃcient (CC) of two n-order vectors X(i) and
Y(i) is de�ned by
CC =

∑𝑛𝑛𝑖𝑖𝑖𝑖 𝑋𝑋𝑖𝑖 − 𝑋𝑋 𝑌𝑌𝑖𝑖 − 𝑌𝑌
2

∑𝑛𝑛𝑖𝑖𝑖𝑖 𝑋𝑋𝑖𝑖 − 𝑋𝑋 ∑𝑛𝑛𝑖𝑖𝑖𝑖 𝑌𝑌𝑖𝑖 − 𝑌𝑌

2

,

(1)

where 𝑋𝑋 and 𝑌𝑌 are the mean values of vectors X(i) and Y(i),
respectively.
e CCs of the 30 spectral data of the positive electrolyte
in Figure 3 are shown in Figure 7(a), and the CCs of the
26 spectral data of the negative electrolyte in Figure 5 are
shown in Figure 7(c). e diagonal elements in Figures 7(a)
and 7(c) are the self-correlation coeﬃcients (self-CCs) of each
spectrum, the nondiagonal elements are the cross-correlation
coeﬃcient (cross-CC) of two diﬀerent spectra. e value of
CC is between 1 and −1. e larger the CC is, the more similar
the two spectra are. In the ideal situation, where all spectra are
able to distinguish with other spectra, the diagonal elements
should be 1 and the nondiagonal elements should be much
less than 1. However, we can see from Figures 7(a) and 7(c)
that some elements near the diagonal elements are too close to
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1, that it is diﬃcult to distinguish some of the adjacent spectra
by the CC algorithm.
e reason CC cannot be used to distinguish the spectra
in Figure 3 and Figure 5 is that the correlation coeﬃcient
algorithm is sensitive to the shape but not the intensity of
the data. But the spectra in Figures 3 and 5 change both in
intensities and in shapes. erefore, we propose an intensitycorrected correlation coeﬃcient (ICCC) to compare the
spectra. e ICCC for the positive electrolyte is de�ned by
ICCC = CC ⋅

Min 𝑋𝑋𝑋 𝑌𝑌

Max 𝑋𝑋𝑋 𝑌𝑌

,

(2)

where Min(A, B) is the smaller one in A and B and Max(A,
B) is the larger one in A and B. e ICCC for the negative
electrolyte is de�ned by
ICCC = CC ⋅

Min 𝑋𝑋430 , 𝑌𝑌430 
,
Max 𝑋𝑋430 , 𝑌𝑌430 

(3)

where 𝑋𝑋430 and𝑌𝑌430 are the elements at 430 nm of vectors X(i)
and Y(i), respectively.
e ICCCs of the 30 spectral data of the positive
electrolyte in Figure 3 are shown in Figure 7(b), and the
ICCCs of the 26 spectral data of the negative electrolyte in
Figure 5 are shown in Figure 7(d). e same as Figures 7(a)
and 7(c), the diagonal elements are the intensity-corrected
self-correlation coeﬃcients (self-ICCCs) of each spectrum,
the nondiagonal elements are the intensity-corrected crosscorrelation coeﬃcient (cross-ICCC) of two diﬀerent spectra.
e value of ICCC is also between 1 and −1. e larger
the ICCC is, the more similar the two spectra are. We
can conclude from Figures 7(b) and 7(d) that the diagonal
elements are 1, and the value of the elements drops quickly
away from the diagonal. In fact, the largest value of the
nondiagonal elements is 0.96.
It should be noted that, unlike the positive electrolyte,
the transmittance spectra of the negative electrolyte obey
the Beer-Lambert law (Figure 5). So we can detect the
SOC of the negative electrolyte by the transmittance at one
wavelength (e.g., 430 nm, Figure 6(a)). However, compared
with this traditional one wavelength analyzing method, our
ICCC-based method makes use of the entire spectral data,
ensures the accuracy of detection, and has the capability to
distinguish between varieties of parameters besides the SOC.
3.3. Detection Repeatability and Resolution. To test the detection repeatability of our method, we detect the spectra of the
electrolyte ten times during each measurement corresponding diﬀerent SOC in Figures 2(a) and 2(b). e resulting ten
spectra in the same measurement are then used to calculate
the ICCC of each other. e minimum of the ICCCs from
each measurement is shown in Figure 8. It can be concluded
from Figure 8 that all the ICCCs are larger than 0.99, which
shows the repeatability of our spectral analytical method.
e ICCCs in Figure 8 characterize the uncertainty of
the detection based on our spectroscopy detection system
and our spectra analytical algorithm. e ICCCs in Figure
8 (above 0.99) are larger than the nondiagonal elements in

Measurement repeatability (ICCC)
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Figures 7(b) and 7(d) (below 0.96), which indicates that our
system and our algorithm based on ICCC can distinguish all
the spectra in the measurements in Figures 3 and 5. erefore,
the resolution of our system is better than the smallest SOC
diﬀerences between each two measurements in Figure 2,
which is 0.3% of SOC for the positive electrolyte and 2.1%
of SOC for the negative electrolyte. is resolution is enough
for monitoring the imbalance of the electrolyte in a VRB.
We have demonstrated that our system and method can
monitor the SOC of both the positive and the negative
electrolytes in the VRB. With expanded database including
spectra data with more parameters, our method can be used
to online determine more parameters of the electrolyte in the
VRB, including the SOC, the total vanadium concentration,
the and H2 SO4 concentration.

4. Conclusion

A homemade spectroscopic system is built to study the
variation of the transmission spectra of both the positive
and the negative electrolytes in a VRB during the charging
process. A new spectroscopic method is proposed to online
analyze the electrolytes in a VRB, which cannot be analyzed
by the traditional Beer-Lambert law-based spectroscopic
method because of their high concentration and interferences
between the vanadium ions with diﬀerent valences. We
demonstrate that, by comparing the normalized transmittance spectrum of the analyte with the spectral data in
the database using our ICCC algorithm, the parameters
(including the SOC, the total vanadium concentration, and
the H2 SO4 concentration) of the electrolyte in the VRB can
be monitored. Our method could monitor the level of the
electrolytes imbalance in the VRB, which is useful for further
rebalancing the electrolyte and restoring the capacity loss of
the VRB. is method also has the potential to be used in
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the online detection of other chemical reactions, in which the
chemical reagents have high concentration and interferences
between diﬀerent compositions.
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