









	[image: images]
	Energy Engineering
	[image: images]






DOI: 10.32604/ee.2023.027636

ARTICLE

System Energy and Efficiency Analysis of 12.5 W VRFB with Different Flow Rates

Kehuan Xie1, Longhai Yu2,3 and Chuanchang Li1,*

1School of Energy and Power Engineering, Changsha University of Science and Technology, Changsha, 410114, China
2Hunan Vanadium Valley New Energy Technology Co., Ltd., Changsha, 410114, China
3Big Pawer Electrical Technology Xiangyang Co., Ltd., Xiangyang, 441057, China

*Corresponding Author: Chuanchang Li. Email: chuanchangli@126.com

Received: 07 November 2022; Accepted: 13 February 2023; Published: 29 November 2023


Abstract: Vanadium redox flow battery (VRFB) is considered one of the most potential large-scale energy storage technologies in the future, and its electrolyte flow rate is an important factor affecting the performance of VRFB. To study the effect of electrolyte flow rate on the performance of VRFB, the hydrodynamic model is established and a VRFB system is developed. The results show that under constant current density, with the increase of electrolyte flow rate, not only the coulombic efficiency, energy efficiency, and voltage efficiency will increase, but also the capacity and energy discharged by VRFB will also increase. But on the other hand, as the flow rate increases, the power of the pump also increases, resulting in a decrease in system efficiency. The energy discharged by the system does not increase with the increase in flow rate. Considering the balance between efficiency and pump power loss, it is experimentally proved that 120 mL·min−1 is the optimal working flow rate of the VRFB system, which can maximize the battery performance and discharge more energy.
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1  Introduction

Renewable energy sources, such as wind and solar, that produce little pollutants have grown rapidly as environmental problems have grown [1]. However, the intermittency and instability of renewable energy generation will bring enormous pressure on the existing grid [2–6]. To address these challenges, energy storage technologies have been developed to mitigate the impact of renewable energy generation on the grid [7–10]. Vanadium redox flow battery (VRFB) is a relatively new energy storage technology in electrochemical energy storage technology, and it is also one of the most potential large-scale energy storage technology with long life and low cost in the future [11–15]. Different from the traditional battery, the energy of VRFB is not stored in the electrode but in the electrolyte [16]. The electrolyte is continuously circulated under the action of the pump to realize the charging and discharging of the battery. The schematic diagram of VRFB is shown in Fig. 1.
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Figure 1: Operating principle diagram of vanadium redox flow battery

Early research on VRFB was pioneered by Skyllas-Kazacos et al. [17] in the 1980s. Since then, many scholars have carried out a lot of research work to improve its performance. To improve the performance of VRFB, researchers focus on the improvement of battery components, especially electrodes, electrolytes, and membranes [18–23]. In addition, some researchers focus on establishing a simulation model to optimize charging-discharging operations [24–26] and battery capacity attenuation methods during the cycle [27,28]. Few studies on electrolyte flow rate are mentioned [29].

In the actual operation of VRFB, the electrolyte flow rate is an important factor affecting VRFB, which affects the heat exchange between the stack and the environment, the mass transfer of reactants, and the power consumption of the pump. Al-Fetlawi et al. [30] found that a high electrolyte flow rate not only maintains uniformity of temperature distribution but also increases the coulombic efficiency of the cell and reduces the hydrogen and oxygen release rates. To further consider the mass transfer effect of the reactants, König et al. [31] believed that it is reasonable to increase the electrolyte flow rate under low and high SOC conditions. The effect of electrolyte flow rate on the change of vanadium ion concentration and concentration overpotential during the charging and discharging process of the battery cannot be ignored. Li et al. [32] established a hydrodynamic model considering the fluid flow and confirmed that the concentration change of vanadium ions is determined by the electrochemical reaction and the electrolyte flow rate simultaneously. Although a high electrolyte flow rate can solve the problem of high concentration overpotential and improve the utilization rate of electrolytes, it will also increase the pump power. Xiong et al. [33] proposed the optimal flow rate of VRFB in a charge-discharge cycle, that is, the operating flow rate that maximizes the discharge energy and minimizes the charge energy in one cycle.

In this paper, a hydrodynamic model is established, and the principle and process of model building are explained and analyzed. According to the built model combined with the experiment, the influence of the electrolyte flow rate on the performance of VRFB at a current density of 120 mA·cm−2 was analyzed, and the system efficiency and energy discharged by the VRFB were evaluated. Finally, the optimal flow rate for VRFB charge-discharge operation was determined experimentally.

2  Hydrodynamic Model

In the vanadium redox flow battery, in addition to the electrochemical reaction in the stack, it is also necessary to consider the influence of the circulating pump and the electrolyte flow rate in the stack structure on the battery. In this study, a hydrodynamic model was established, considering the electrolyte transport phenomena at different flow rates and verified by experiments to calculate the pumping energy consumption and evaluate the performance of VRFB. In addition to the need to overcome the gravitational potential energy, the circulating electrolyte also produces gravitational losses, both of which are related to the power of the pump. In the VRFB system, the pressure loss of the electrolyte flow is relatively more significant, and the work done to overcome the gravitational potential energy can generally be ignored in the calculation [30]. The pressure loss of the electrolyte flow rate is usually related to the loss in the pipe, flow frame, and porous electrode. All the pressure loss can be divided into the friction resistance loss Ppipe along the way due to friction, the loss Pcong of congestions, the loss Pff in the frame, and the loss Pfelt in the electrode [12,31]. The total pressure loss in the VRFB system is shown in Eq. (1).

Ptotal=Ppipe+Pcong+Pff+Pfelt(1)

2.1 Friction Loss

The friction loss Ppipe refers to the head loss caused by the frictional resistance caused by the blocking effect of the pipe wall during the flow of the electrolyte. The friction losses increase with the length of the pipe, which can be calculated by the Darcye-Weisbach equation, as shown in Eq. (2).

Ppipe=fLdρν22(2)

where L is the length of the pipe, d is the diameter of the pipe, ρ is the density of the electrolyte; ν is the flow rate of the electrolyte, which can be expressed by Eq. (3); f is the Darcy friction coefficient, which can be expressed by Eq. (4).

v=QA(3)

f=64ReRe<2000(4)

where Re is the Reynolds number, which can be expressed by Eq. (5).

Re=ρdQμA(5)

where Q is the flow rate, μ is the viscosity of the electrolyte, and A is the area perpendicular to the flow direction.

2.2 Congestions Loss

The congestion loss Pcong is caused by the elbow of the pipe, the inlet and outlet of the stack and the electrolyte storage tank, so the congestion loss can be calculated as Eq. (6).

Pcong=fcρv22(6)

where fc is the sum of the local loss coefficients. In common VRFB systems, the losses due to local components in the pipes are relatively insignificant compared to losses due to friction in the pipes.

2.3 Pressure Losses in the Flow Frame

The flow frame of a vanadium redox flow battery typically consists of branches and channels that transport electrolytes into each half-cell of the stack, allowing redox reactions to occur on both sides of the ion-exchange membrane. Using the relevant flow frame design parameters, the pressure losses through the branches and channels can also be calculated according to the Darcy-Weisbach equation. The loss Pff through the flow frame is shown in Eq. (7) [31].

Pff=157116Q+0.8(7)

2.4 Pressure Losses in Porous Graphite Felt Electrode

Porous graphite felt electrodes can also cause pressure loss in electrolyte flow. The pressure loss of porous medium can generally be calculated by Darcy’s law, so the pressure loss Pfelt through the porous graphite felt electrode can be calculated by Eq. (8).

Pfelt=μlQh−cellκA(8)

where l is the length of the porous electrode, A is the cross-sectional area in the flow direction, and κ is the permeability of the porous electrode, which can be calculated by Eq. (9).

κ=df216Kε3(1−ε)2(9)

where df is the fiber diameter, K is the Kozenye-Carman constant, and ε is the porosity of the graphite electrode.

2.5 Pump Power and Efficiency

The total pressure loss of the electrolyte flow in the VRFB system is the sum of all the above pressure losses. Based on the hydrodynamic model, the power loss of the pump is shown in Eq. (10).

Ppump=2PtotalQtotalα(10)

where Ptotal is the total pressure drop of the VRFB system. Qtotal is the total volume flow rate of the VRFB system and α is the efficiency of the pump.

In evaluating the performance of a VRFB, efficiency can be assessed based on four metrics: system efficiency, coulombic efficiency, energy efficiency, and voltage efficiency. System efficiency measures the ratio of energy discharged by the system to energy input. Coulombic efficiency quantifies the ratio of electricity discharged by the battery to electricity input. Energy efficiency represents the ratio of energy discharged by the battery to energy input. Voltage efficiency, on the other hand, calculates the ratio of energy efficiency to coulombic efficiency. The respective calculation formulas for these four efficiencies are as follows:

ηsystem=∫0td(IdischargeEdischarge−Ppump)dt∫0tc(IchargeEcharge+Ppump)dt(11)

ηcoulombic=∫0tdIdischargedt∫0tcIchargedt(12)

ηvoltage=∫0tdEdischargedt∫0tcEchargedt(13)

ηenergy=ηvoltage⋅ηcoulombic(14)

where Idischarge, Icharge, Edischarge, and Echarge are the discharge current, the charge current, the discharge potential, and the charge potential, respectively; td, tc are discharge time and charge time; Ppump is the power of the pump during charging and discharging.

Generally, it is difficult to enhance both system efficiency and energy efficiency at the same time in most cases. In this study, priority should be given to improving system efficiency and system discharge energy, and on this basis, improve energy efficiency as much as possible. Some parameters (electrolyte density, viscosity, electrode parameters, etc.) of VRFB in the hydrodynamic model are measured previously, as shown in Table 1.
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3  Experimental

3.1 VRFB System

To study the effect of electrolyte flow rate on VRFB performance, a VRFB system was fabricated. The VRFB system consists of a VRFB stack, a pump, two electrolyte tanks, and several pipes connecting all the equipment. Each single battery is composed of the following components: two carbon felt as the positive and negative electrodes of the battery (expanded graphite, area: 24 cm2 and thickness: 0.8 mm); Ion exchange membrane (Kerun membrane); carbon composite bipolar plate; current collector (copper alloy); flow frame (flow field: multiple channels in parallel). This experiment uses self-made electrolyte, which is composed of 9.55% VOSO4, 11.42% V2(SO4)3, 15.79% H2SO4, and 63.24% H2O. The electrolyte volume in the VRFB system was 0.1 L and contained 1.6 mol·L−1 of vanadium ion electrolyte. In this experiment, the voltage range and current density of the VRFB stack can be adjusted by a charge-discharge tester, and a constant current charge-discharge method is used for each working condition. The operating temperature of the VRFB stack is 18.5°C, the voltage range is 3.0–4.8 V, and the current density is 120 mA·cm−2.

3.2 Performance Test of Vanadium Redox Flow Battery

According to Faraday’s law, Merei et al. obtained the theoretical electrolyte flow rate of the VRFB system [34], as shown in Eq. (15).

Qt=2×n×i(t)z×F×c×SOCmin(15)

where Qt is the theoretical electrolyte flow rate; n is the number of single cells; i(t) is the current magnitude at time t; z is the electrochemical reaction transfer electrons number; c is the vanadium ion concentration; SOCmin is the minimum SOC value.

Based on the data in Table 1 and calculated according to Eq. (15), the theoretical flow rate Qt is 33.6 mL·min−1. But considering the pressure loss, the actual flow rate should be higher, so the flow rates in this study are all higher than 33.6 mL·min−1.

When the rate of electrolyte flow increases, the power loss in the pump also increases, resulting in reduced efficiency of the battery system during charging and discharging. Conversely, decreasing the flow rate of the electrolyte reduces the concentration of vanadium ions involved in the chemical reaction. This, in turn, leads to an increase in concentration overpotential, causing a decrease in the energy efficiency of the vanadium redox flow battery. Moreover, the concentration of vanadium ions affects the state of charge (SOC) of the battery, influencing the voltage of individual cells (Ucell) and the power of the entire stack (Pstack). To assess the impact of different electrolyte flow rates on VRFB performance, we conducted constant current charge-discharge experiments on the battery with varied flow rates, while controlling the experimental temperature and current density.

The VRFB system was placed in a constant temperature environment. Charge-discharge cycles were performed at a current density of 120 mA·cm−2 at constant flow rates of 40, 80, 120, 160, and 200 mL·min−1, respectively. The coulombic efficiency, energy efficiency, and voltage efficiency of VRFB are shown in Fig. 2. The data indicates that with an increase in flow rate from 40 to 200 mL·min−1, there is an upward trend in coulombic efficiency, rising from 97.57% to 98.15%. Additionally, the voltage efficiency experiences a positive trend, increasing from 81.69% to 83.88%. Similarly, a rise in energy efficiency can be observed, ascending from 79.71% to 82.33%.
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Figure 2: Coulombic efficiency, voltage efficiency and energy efficiency with different flow rates

Fig. 3 shows the charge-discharge curves at 120 mA·cm−2 operation. It can be seen that during the charging process when the battery is at the same voltage, the greater the flow rate of electrolyte, the greater the amount of capacity charged. On the other hand, during the discharge process, when the battery is at the same voltage, the greater the electrolyte flow rate, the greater the amount of capacity discharged. Fig. 4 shows the charged capacity and energy and the discharged capacity and energy when running at 120 mA·cm−2. When the flow rate of the electrolyte increases, the amount of capacity and energy charged into the battery increases; at the same time, the amount of capacity and energy discharged from the VRFB also increases. The increase in the electrolyte flow rate can increase the vanadium ions participating in the chemical reaction inside the battery, thereby increasing the battery capacity. However, when the electrolyte flow rate increased from 160 to 200 mL·min−1, the charged capacity increased by 17.3 mAh, and the discharged capacity increased by 18.7 mAh, with a relatively small increase. The reason for this phenomenon may be that when the electrolyte flow rate increases to 200 mL·min−1, the concentration of vanadium ions involved in the chemical reaction is sufficient, and the difference between the concentration of vanadium ions in the stack and the concentration of vanadium ions in the storage tank is small.
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Figure 3: (a) Charge curves and (b) discharge curves with different flow rates
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Figure 4: (a) Charge-discharge capacity and (b) charge-discharge energy with different flow rates

The overpotentials of batteries are generally divided into concentration overpotentials, activation overpotentials, and ohmic overpotentials [35,36]. Fig. 5 further depicts the change in stack voltage during a single charge-discharge cycle at different flow rates. In Fig. 5, there is an intermediate phase between the charging phase and the discharging phase that neither charges nor discharges, so the battery voltage stabilizes after charging. Due to concentration overvoltage and activation overvoltage, the voltage of VRFB will step descent after charging. It can be observed that the overpotential of the VRFB is larger when the flow rate is 40 mL·min−1. With the increase in flow rate, the overpotential of the battery gradually decreases [37]. Electrolyte flow rate plays an important role in the operation of vanadium redox flow batteries. The increase in the electrolyte flow rate can reduce the concentration difference of vanadium ions in the stack and the electrolyte storage tank, thereby reducing the concentration overpotential and improving the energy efficiency of the battery [38]. However, although the increase of the electrolyte flow rate can increase the concentration of vanadium ions participating in the electrochemical reaction in the stack, it cannot reduce the time used for one charge-discharge cycle. It can be known from Fig. 4 that the charging and discharging time of VRFB increases with the increase in battery capacity.
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Figure 5: Charge-discharge stack voltage vs. time with different flow rates

As previously mentioned, a higher flow rate of the electrolyte can reduce concentration overpotential and enhance battery efficiency. However, it simultaneously leads to increased pump power loss. The evaluation of the vanadium redox flow battery’s performance encompasses not only the battery’s energy and efficiency but also the VRFB system efficiency. To accurately calculate these energies, it is necessary to consider the energy consumption of the pump. Consequently, excessive flow rates can result in elevated energy losses during the pump operation, potentially impacting the overall efficiency of the battery system [33].

In this paper, we examine the efficiency of the VFB system in terms of flow rate considering the power consumption of the pump. The power of the pump is calculated from the pipeline pressure drop, flow rate, and pump efficiency, which is related to the system efficiency as shown in Table 2. For the entire VRFB system, system efficiency is often more important than energy efficiency. Based on the hydrodynamic model, the pump power is calculated by Eq. (10), and the system efficiency is calculated by Eq (11). It can be seen that at the low flow rate, the pump power remains low, but as the flow rate increases, the pump power will increase in a quadratic curve and the system efficiency will continue to decrease [39], as shown in Fig. 6. Fig. 7 shows the VRFB discharge energy and system discharged energy with different electrolyte flow rates. When the electrolyte flow rate is 120 mL·min−1, the system discharge power is 3647.66 mAh. Although the increase in flow will lead to an increase in capacity, it will also lead to an increase in pump power. When the electrolyte flow rate increased to 160 mL·min−1, the discharged capacity of the system decreased to 3633.03 mAh. Because the system discharge energy takes into account the loss of pump power, the energy discharged by the VRFB must be less than the system discharge energy. Through the established hydrodynamic model, the pump loss power and system efficiency under different flow rates are calculated. Combined with the performance parameters such as energy efficiency and discharge quantity, it is determined that the optimal operating flow rate is 120 mL·min−1 when charging and discharging at 120 mA·cm−2 current density.
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Figure 6: System efficiency and pump power with different flow rates
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Figure 7: System discharge energy and VRFB discharge energy with different flow rates

4  Conclusion

The effect of electrolyte flow rate on the performance of VRFB was studied by establishing a hydrodynamic model and assembling a VRFB system to conduct experiments. The results show that the concentration overpotential decreases with the increase of electrolyte flow rate under constant current density. Not only will the coulombic efficiency, energy efficiency, and voltage efficiency increase, but also the amount of capacity and energy discharged by the VRFB will increase. However, with the increase of electrolyte flow rate, the power of the pump will also increase, and the system efficiency will decrease at the same time. In the experiment, the flow rate was increased from 40 to 200 mL·min−1, and the energy discharged by the system did not increase continuously. When the flow rate is 120 mL·min−1, the system discharges the maximum energy, which is 3647.66 mAh. The system efficiency is 75.16%, and the energy efficiency is 81.75%. All in all, 120 mL·min−1 is the optimal operating flow rate under the current density of 120 mA·cm−2. In a practical VRFB system, the balance between efficiency and pump power loss needs to be considered. In particular, when evaluating the performance of the VRFB, the energy discharged by the entire system should be used as the standard rather than the energy discharged by the VRFB. Hence, the investigation of electrolyte flow rate control holds significance in vanadium redox flow battery systems and warrants further examination.
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Table 1: Parameter of VRFB

Parameters Symbol Value
Number of single cells n 3

Total vanadium concentration ¢ 1.6 mol-L™!
Temperature T 185+ 1°C
Electrolyte density 0 1350 kg-m™
Electrolyte viscosity u 5x 107 Pa-s™!
Pump efficiency o 80%

Fiber diameter d; 17.6 um
Electrode porosity e 0.93
Kozenye-Carman constant K 4.28

Pipe inner diameter d 8 mm
Faraday constant F 96485 C-mol™






OEBPS/Images/EE_27636-fig-4.png
_
D
~—

Capacity (mAh)

1100 +

1050

1000

950

900 -

850

800

Charge capacity
Discharge capacity

T T T
40 80 120 160 200

Flow rate (mL-min™")

(b) 5000

4600

4200

Energy (mWh)

3800

3400

3000

Charge energy

Discharge energy

T T T
40 80 120 160 200
Flow rate (mL-min™")






OEBPS/Images/EE_27636-fig-7.png
Energy (mWh)

4200

4000

3800 A

3600

3400

3200

3000

VRFB Discharge energy

System discharge energy

40

T T
80 120 160

Flow rate (mL-min™")

T
200






OEBPS/Images/logo.png





OEBPS/Images/table-2.png
Table 2: System efficiency and pump power with different flow rates

Flow rate (mL-min™") 40 80 120 160 200

Pump power (W) 0.06 022 050 0.88 1.38
System efficiency (%) 78.96 78.64 75.16 7093 65.10
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