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Summary 1 

(150 words limit) 2 

Manganese dioxide is abundant, low-cost, and has the potential to be utilized as a semi-solid 3 

electrode for long-duration energy storage technologies such as flow batteries. However, the more 4 

stringent pumping requirements of semi-solid electrodes compared to the electrolytes of all-liquid 5 

flow battery may limit their techno-economic feasibility. Here, we developed a rechargeable MnO2 6 

semi-solid electrode, performed electrochemical and rheological characterizations, and bottom-up 7 

techno-economic analysis of the Zn-MnO2 semi-solid flow battery (SSFB) system. The high power 8 

required for pumping (ranging from 8% to 50% of the power output) leads to an energy storage 9 

system with high cost of power. Using our experimental results, we suggest strategies to minimize 10 

the pumping power requirement for Zn-MnO2 SSFB. As a result of the low cost of its chemical 11 

constituents, we show that a Zn-MnO2 SSFB can be cheaper than Li-ion and vanadium redox flow 12 

battery solutions for long discharge durations (e.g. > 24 hours per cycle). 13 

 (152 words) 14 

Keywords: energy storage, techno-economic analysis, flow battery, manganese dioxide, zinc, 15 

carbon black, rheology, low-cost, long-duration   16 
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Introduction 1 

As the penetration of variable renewable energy (VRE) sources progresses to replace on-demand 2 

fossil-fuel-based power plants, the role of energy storage systems becomes more important. 3 

Energy storage systems increase electric grid reliability1,2, reduce the curtailment of VRE sources3, 4 

decrease the cost of delivered electricity2,3, and lower the greenhouse gas (GHG) emissions of the 5 

electric grid3,4. The optimal duration choice for an energy storage system spans from seconds to 6 

months5,6, and depends on the characteristics of the deployed region1,6 and the revenue generation 7 

model7. Recently, more attention has been paid to energy storage systems that can (dis)charge from 8 

tens of hours to seasons, for deep decarbonization of the electric grid2,6,8. Studies on the economics 9 

of long-duration energy storage systems suggest the capital cost for such systems should be lower 10 

than the present cost of Li-ion batteries.1,2,6,9 Detailed cost breakdown10 of an enclosed energy 11 

storage system (energy and power coupled) such as the Li-ion battery shows the cost of chemicals 12 

responsible for energy storage (e.g. lithium manganese oxide, graphite, carbon black) comprises 13 

 
 

Figure 1 Semi-solid flow battery can achieve low cost of energy 
(A) Cost of energy for a Zn-MnO2 semi-solid flow battery (SSFB) and some other energy storage systems. Exact values and references 
are listed in Table S1. Cost of energy does not include cost factor for overnight installation (𝑓n a ), costs that scale with power 
(overnight cost of power 𝐶 r), and operation & maintenance costs 
(B) Schematic of SSFB. During battery discharge chemicals stored in ‘charged’ tanks flow through the stack, then to the discharge 
tank, and vice-versa during discharge 
(C) Flowable semi-solid electrode of 4.4 vol% CB + 0.4 vol% MnO2 with paint-like consistency and a schematic diagram showing 
its composition. Active material MnO2 and carbon black (CB) are dispersed in the electrolyte with a small concentration of polymer 
as electrostatic stabilizer. CB acts as a percolating network of “wires” to conduct electrons to and from the MnO2 particles. 
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of ~25% of the cell cost (pouch cell, 134 $/kWh, Figure 1A, Table S1). The remaining 75% of the 1 

total cost is due to the laborious electrode processing and the expensive storage container (i.e. 2 

packaging, which includes the inactive materials such as the current collector, separator and tabs) 3 

to store the chemicals. Similar percentage of electrode processing and chemical storage costs are 4 

seen for other closed battery systems with low chemical costs such as Li-S (66%)11 and non-5 

flowing Zn-MnO2 (59 to 69%)12. On the other hand, open energy storage systems such as the flow 6 

battery or hydrogen (power-gas-power) systems circumvent these problems by storing the 7 

chemicals responsible for energy storage (e.g. vanadium oxysulfate electrolyte or hydrogen) in a 8 

separate lower-cost container away from the stack (which comprises current collectors, 9 

membranes) and also by avoiding the cost of electrode processing (Figure 1A).  10 

The vanadium redox flow battery (VRFB), arguably the most studied flow battery system, 11 

is still considered expensive for long-duration energy storage due to the high cost of chemicals 12 

(159 $/kWh, Figure 1A).13 New liquid redox couples using organic, organo-metallic and inorganic 13 

compounds such as MV-TEMPO14,15 (53 $/kWh), AQDS-HBr16 (42 $/kWh) are being widely 14 

considered as low-cost chemical alternatives for flow batteries. Although some of these chemicals 15 

face issues such as chemical degradation13,17 and undergo cross-over14, they offer significant 16 

potential to be commercialized as low-cost energy storage systems.  17 

Another possible method to lower the cost of chemicals is to utilize abundant and low-cost 18 

solid active materials as semi-solid, paste-like (suspension) electrodes for flow battery (Figure 1). 19 

In the 1970s, zinc semi-solid electrodes were utilized as flowable electrodes for mechanically 20 

rechargeable zinc-air fuel cells.18 Although the high surface area available for reaction in a semi-21 

solid electrode alleviates zinc deposition problems such as dendrite formation, the system was 22 

deemed too complex for mobile systems.19 Recently, Duduta et al.20 applied this concept to low 23 
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electrical conductivity oxides by using carbon black as the conductive additive (Figure 1C). This 1 

demonstration opens the possibility of utilizing a wide range of low-cost chemicals for flow 2 

batteries. The advantages of semi-solid electrodes include high energy density20–23, and high 3 

surface area for Faradaic24–26 and non-Faradaic reactions27,28. However, semi-solid electrodes 4 

typically have a paste-like consistency and only flow at applied stresses or pressure drops that are 5 

above a critical yield stress 𝜏𝑦  that arises due to particle-particle and particle-electrolyte 6 

interactions.29–32 We may expect the flow requirements of the semi-solid electrode to include more 7 

expensive reciprocating pump technologies33,34 compared to the common centrifugal pump (used 8 

for all-liquid flow battery35), to require more pumps to minimize flow-dividing manifolds from the 9 

pump36,37, and to utilize deeper channels to minimize power consumption from the pressure drops 10 

associated with pumping a viscoplastic pasty material38. Hence, despite the low cost of energy (i.e. 11 

chemical, chemical storage) for semi-solid flow batteries, additional costs and power consumption 12 

from the balance of plant (BOP) equipment especially pumps, coupled with the higher areal 13 

specific resistance (ASR) due to deeper flow channels, could contribute to system-level costs such 14 

as the cost of power (including the stack, BOP)8,13,39 and eventually adversely affect the levelized 15 

cost of storage (LCOS)1,5. 16 

In this paper, we consider the widely studied40–43 MnO2 as a model low-cost active material 17 

to understand how the composition of a semi-solid electrode affects its contributions to the system-18 

level costs of a semi-solid flow battery (SSFB). Firstly, we identify the consequences of varying 19 

the semi-solid electrode composition on the electrochemical performance of a Zn-MnO2 battery 20 

and on the rheological properties of the paste-like semi-solid electrodes through electrochemical 21 

and rheological experiments. Secondly, we use the experimentally-determined electrochemical 22 

and rheological properties of semi-solid electrodes to perform bottom-up techno-economic 23 
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analysis for the SSFB system. We obtain the equipment and material cost parameters from the 1 

published techno-economic literature as refered in the SI. Our bottom-up approach enables us to 2 

provide insights on the trade-off between electrochemical performance and rheological properties 3 

of semi-solid electrodes and identify strategies to lower the capital cost of the SSFB. Finally, we 4 

calculate the levelized cost of storage (LCOS) for the Zn-MnO2 SSFB system and compare it with 5 

other electrochemical systems to understand the competitiveness of SSFB for long-duration energy 6 

storage. We demonstrate that Zn-MnO2 SSFB can be competitive with Li-ion and VRFB systems, 7 

especially for long duration energy storage (e.g. > 24 hours). 8 

 9 

Results and discussion 10 

Understanding the effect of semi-solid electrode composition on electrochemical performance 11 

Firstly, we studied the effect of varying carbon black (CB) concentration on the 12 

electrochemical performance of the MnO2 semi-solid electrode. The CB network acts as a 13 

conductive pathway to transport electrons to/from the active suspended particulate phase (MnO2). 14 

For a 0.4 vol% MnO2 semi-solid electrode, we observed the electrical conductivity, 𝜎𝑒, sharply 15 

increased from 0.1 mS/cm to 2.4 mS/cm when the CB concentration was increased from 3.1 and 16 

4.2 vol% (Figure 2A). Above 4.2 vol%, 𝜎𝑒 only gradually increases further to 4.6 and 7.5 mS/cm 17 

at 5.4 and 6.5 vol% CB respectively (Figure 2A). Hence, we expect the percolation threshold for 18 

this specific CB (acetylene black, 80 m2/gCB) to lie between 3.1 and 4.2 vol% CB. The percolation 19 

threshold indicates the minimum concentration of well-dispersed CB at which an “infinitely large” 20 

(i.e. sample-spanning) CB cluster is formed30,44,45, which allows electron conduction between two 21 

sites. We attribute the much smaller percolation threshold observed for CB in this semi-solid 22 

electrode compared to the percolation threshold of spherical particles  (~29 vol%, typically 23 
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calculated from Monte Carlo techniques44,46,47) to the fractal-like aggregate structure of the CB 1 

particles. We observed a similar trend in the specific capacity of the 1st discharge of Zn-MnO2 2 

battery with 0.4 vol% MnO2 semi-solid electrode as the positive electrode and Zn foil as the 3 

negative electrode in an enclosed suspension cell (Figure S1). At 1.0 mA/cm2geo galvanostatic 4 

discharge, we observed that the specific capacity of the 1st discharge sharply increased from 5 

negligible capacity at 3.1 vol% CB to 90 mAh/gMnO2 at 4.2 vol% CB (Figure 2B and 2C).  Above 6 

4.2 vol% CB, the specific capacity of the 1st discharge only gradually increased to 94 and 121 7 

mAh/gMnO2 at 5.4 and 6.5 vol% CB, respectively (Figure 2B and 2C). This observation agrees with 8 

Kinetic Monte-Carlo studies by Shukla & Franco.48 The study has found that below the percolation 9 

Figure 2 Effect of CB concentration on the electrochemical performance of 0.4 vol% MnO2 semi-solid electrode in 2 M ZnSO4 + 
0.1 M MnSO4 electrolyte 
(A) Electrical conductivity of the semi-solid electrode with increasing CB concentration. 
(B) Specific capacity of the first discharge of MnO2 for 3.1 to 6.5 vol% CB with 0.4 vol% MnO2. Zn foil was used as the negative 
electrode.  
(C) Voltage profile of first and second cycles of 0.4 vol% MnO2 with 3.1 vol% (1st discharge only), 4.2 vol%, 5.4 vol% and 6.5 
vol% CB respectively. Galvanostatic charge-discharge was performed at 1.0 mA/cm2geo. 
(D) Nyquist plot of 4.2, 5.4 & 6.5 vol % CB with 0.4 vol% MnO2. The circles markers show the measured impedance and the 
solid line shows fitted curve using equivalent circuit shown in (E). Electrical impedance spectroscopy (EIS) was performed in the 
charged state. Zn foil was used as negative electrode. 
(E) Fitted resistance values corresponding to the Nyquist plot in (D). All the fitting p-value associated with chi-square statistics 
are below 0.002. The inset shows the equivalent circuit used for fitting. 
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threshold, the number of active material particles accessible to the CB is limited, possibly just the 1 

ones closer to the current collector, hence, a lower discharge capacity is observed.48 Above the 2 

percolation threshold, a more homogenous particle discharge profile across the electrode depth 3 

and high discharge capacity was observed.48 For the 0.4 vol% MnO2 semi-solid electrodes above 4 

the percolation threshold (i.e. for those formulations with 4.2, 5.4, 6.5 vol% CB), the voltage 5 

profile of the battery during galvanostatic discharge and charge were identical (Figure 2C), 6 

suggesting the MnO2 underwent similar redox reactions at all CB concentrations above the 7 

percolation threshold. 8 

We also performed electrochemical impedance spectroscopy (EIS) to evaluate the effect 9 

of CB concentration on the charge transfer resistance of MnO2 and contact resistance between the 10 

MnO2 and CB species in the semi-solid electrode. This evaluation is also important to calculate 11 

the area-specific resistance (𝐴𝑆𝑅) of the stack for a given semi-solid electrode composition (see 12 

the “Bottom-up capital cost and levelized cost of storage analysis of Zn-MnO2 SSFB” section 13 

below). We observed three distinct arcs in the Nyquist plot of 0.4 vol% MnO2 + 4.2 vol% CB 14 

semi-solid electrode (Figure 2D). We assigned the first semi-circular arc (which was similar for 15 

concentrations of MnO2) to the charge transfer of the negative electrode (Zn foil). The fitted charge 16 

transfer resistance 𝑅𝑛𝑒𝑔,𝑐𝑡 of the negative electrode is similar across all three semi-solid electrode 17 

cells, ranging from 19.0 to 24.2 Ω.cm2
geo (Figure 2E). This value can be converted to Zn 18 

deposition/dissolution exchange current density between 0.5 to 0.7 mA/cm2
Zn using the linear 19 

region of Butler-Volmer kinetics at low overpotentials (see the “ Negative electrode exchange 20 

current density calculation from EIS” section in SI for calculation), which are similar to exchange 21 

current density measurement from previous work49 (i0 = 1.2 mA/cm2 in 1M ZnSO4). The 22 

separation of the second and third semi-circular arcs is more pronounced in the 4.2 vol% CB semi-23 
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solid electrode than that of compositions with 5.4 and 6.5 vol% CB (Figure 2D). For porous 1 

electrodes, EIS measurements commonly show two semi-circles in the Nyquist plot when the 2 

contact resistance between the conductive additive and the particles of active material is high.50,51 3 

The observation in this study are consistent with the previous studies, the 4.2 vol% CB + 0.4 vol% 4 

MnO2 semi-solid electrode, with a smaller CB coverage around each MnO2 particle has distinct 5 

two semi-circular arcs in the Nyquist plot, but corresponding plot for semi-solid electrodes 6 

formulated with 5.4 and 6.5 vol% CB appears to have only one semi-circular arc, beyond the semi-7 

circular arc originating from charge transfer resistance of the negative electrode (Figure 2E). 8 

Tatara et al. assigned the left arc (higher frequency range) of the separated semi-circles to 9 

electrified impedance resistance, arising from contact resistance between the active material 10 

particles and the conductive additive, and the right arc (lower frequency range) to the charge 11 

transfer resistance of the active material particles.51 Therefore, we assign the second semi-circular 12 

arc to the contact resistance of the positive electrode 𝑅 𝑜 ,𝑐𝑜𝑛 and the third semi-circular arc to the 13 

charge transfer resistance of the positive electrode 𝑅 𝑜 ,𝑐𝑡. For 4.2 vol% CB, we find 𝑅 𝑜 ,𝑐𝑜𝑛 = 14 

19.0 Ω.cm2
geo, but it is nearly zero for 5.4, 6.5 vol% CB electrodes, respectively (Figure 2E). The 15 

values of the charge transfer resistance 𝑅 𝑜 ,𝑐𝑡 are 62.4, 12.1, 10 Ω.cm2
geo for 4.2, 5.4, 6.5 vol% 16 

CB (Figure 2E) respectively. We expect the decreasing values of 𝑅 𝑜 ,𝑐𝑡 and 𝑅 𝑜 ,𝑐𝑜𝑛 at higher CB 17 

concentration to result from higher coverage of CB around each MnO2 particle, where, maximizing 18 

the CB concentration is required for lower area specific resistance 𝐴𝑆𝑅.  19 

To increase the volumetric energy density of the semi-solid electrode, we also increased 20 

the concentration of MnO2 dispersed in the semi-solid electrode. The volumetric energy density of 21 

4.4 vol% MnO2 + 4.2 vol% CB and 4.4 vol% MnO2 + 6.5 vol% CB when discharged at 1.0 22 

mA/cm2
geo with a Zn-pellet as the negative electrode were 50 and 56 Wh/Lcatholyte respectively 23 
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(Figure S2A). Increasing the MnO2 concentration to 11 vol% MnO2 + 4.2 vol% CB, resulted in a 1 

corresponding volumetric energy density of 138 Wh/Lcatholyte (Figure S2A and S2C). The obtained 2 

energy density is larger than that of VRFB (47 Wh/Lcatholyte)52 and comparable to many other 3 

aqueous flowable electrodes/electrolyte designed for high energy density flow battery such as 4 

ZnO-Ni(OH)2 (134 Wh/Lcatholyte)23, Zn-Br2/I2 (130 Wh/Lcatholyte)53, Zn-I2 (160 Wh/Lcatholyte)54 and 5 

S-air (58-242 Wh/Lcatholyte)8. All three semi-solid electrodes exhibited similar voltage profiles, 6 

indicating the MnO2 undergoes similar redox reactions in each system (Figure S2B and S2C).  7 

High cycle life is an important performance requirement for grid-scale energy storage. The Zn-8 

MnO2 battery with 0.4 vol% MnO2 + 6.5 vol% CB semi-solid electrode was able to undergo 100 9 

cycles repeatedly for three different experiments when cycled galvanostatically at 1 mA/cm2
geo in 10 

the enclosed suspension cell (Figure 3 and S3). At the same time, the discharge capacity was also 11 

observed to increase with discharge cycles. A possible reason for observation will be discussed 12 

later in this paragraph. At a higher concentration of MnO2, the Zn-MnO2 battery with 4.4 vol% 13 

MnO2 + 6.5 vol% CB semi-solid electrode was able to undergo 40 cycles when cycled  14 

Figure 3 Cycling tests of MnO2 semi-solid electrode in 2 M ZnSO4 + 0.1 M MnSO4 electrolyte 
Evolution in the discharge capacity of a semi-solid electrode composed of 6.5 v% CB + 0.4 v% MnO2 in 2 M ZnSO4 + 0.1 M 
MnSO4 with increasing cycles at 1 mA/cm2geo galvanostatic discharge-charge cycles. Zn foil was used as the negative electrode. 
Dark circles and shaded region are the mean and standard deviation of three independent experiments respectively. (inset: Discharge 
capacity of 6.5 v% CB + 4.4 v% MnO2 in 2 M ZnSO4 + 0.1 M MnSO4 with increasing number of cycles. Galvanostatic discharge-
charge was performed at 1.0 mA/cm2geo for the first 2 cycles and 3.0 mA/cm2geo for the rest. Here, a Zn pellet was used as negative 
electrode to maximize the surface area of Zn available for reaction and minimize the risk of the negative electrode being the limiting 
factor for the electrochemical performance of the cell.) 
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galvanostatically at 3 mA/cm2
geo in the enclosed suspension cell (Figure 3). While the number of 1 

cycles shown is low for stationary energy storage applications, previous work has shown non-2 

flowing Zn-MnO2 batteries can be cycled to 5000 cycles, indicating that flowing semi-solid Zn-3 

MnO2 battery can be optimized to have greater cycle life than that shown in this study. To further 4 

understand the reversibility of the redox reactions in the MnO2, we performed ex-situ XRD (Figure 5 

4), Raman spectroscopy (Figure S4), scanning electron microscopy (SEM, Figure S5) and 6 

electrochemical quartz microbalance (EQCM, Figure S6) experiments. During the first discharge, 7 

we observed the ramsdellite55 R-MnO2 (221) plane diffracted at 56.4 degrees (at open circuit 8 

voltage, OCV) shifting to a lower angle of 55.2 degrees (at 1.0 V). Additionally, as indicated by 9 

the sharp peaks at 32.8 and 35.2 degrees, a new phase was formed, which was assigned to the 10 

formation of zinc hydroxide sulfate (ZHS, ZnSO4[Zn(OH)2]3.xH2O) 56. During the first charge, the 11 

Figure 4 Ex-situ XRD pattern of dried MnO2 semi-solid electrode at different states of charge.  
The 6.5 v% CB + 4.4 v% MnO2 in 2 M ZnSO4 + 0.1 M MnSO4 semi-solid electrode was galvanostatically discharged and charged 
at 1.0 mA/cm3geo to the specified potential in the (left panel) before being prepared for XRD analysis. Peak references for MnO2 
were obtained from Chabre and Pannatier55 (1995). Peak references for zinc hydroxide sulfate (ZHS, ZnSO4[Zn(OH)2]3.xH2O) 
were obtained from Bear et al.56 (1987). 
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R-MnO2 (221) plane diffraction peak shifts from 55.2 to 55.6 degrees at 1.5 V, after which no 1 

significant change was observed till 1.8V. Instead, we observed a new broad peak forming around 2 

33.4 degrees and also the disappearance of the sharp peaks assigned to ZHS. During the second 3 

discharge, the R-MnO2 (221) plane diffraction peak first shifted from 55.5 degrees (at 1.7 V) to a 4 

higher angle of 56.2 degrees (at 1.32 V) and returns close to the structure observed at the OCV. 5 

During further discharge, the R-MnO2 (221) plane diffraction peak then shifted to a lower angle 6 

of 55.4 degrees (at 1.0 V), similar to the structure observed after the first discharge. The shift of 7 

the R-MnO2 (221) plane diffraction peak to a lower angle was again accompanied by the growth 8 

of sharp peaks of ZHS at 32.8 and 35.2 degrees. We attribute the shift in the R-MnO2 (221) plane 9 

diffraction peak to lower angles during discharge to be a result of proton intercalation into the 10 

MnO2 lattice57. The possibility of proton intercalation is also further supported by Raman 11 

spectroscopy (Figure S4), where observations show that the peak at 651 cm-1 corresponding to the 12 

anti-stretching oxygen vibrations of MnO6-octahedron58 in MnO2 shifted to lower values during 13 

discharge (for example, 632 cm-1 at 1.0 V). We postulate this observation is due to the elongation 14 

of the MnO6-octahedron, as protons are intercalated in the MnO2 tunnels and the manganese atom 15 

valence is reduced from 4+ to 3+ during discharge. Our observation on the formation of a new 16 

ZHS phase during discharge is in alignment with the observations from SEM and EDS experiments, 17 

where flake-like zinc-rich structures emerge after discharge (Figure S5). We believe the formation 18 

of ZHS is due to the increased basicity43,59 of the ZnSO4 electrolyte after proton intercalation 19 

during the first discharge and between 1.32 to 1.0 V during the second discharge. Conversely, 20 

during the second discharge, the R-MnO2 (221) plane diffraction peak shifts to higher angles 21 

between 1.8 to 1.3 V, and the similarity between XRD at the OCV state and at 1.3 V, suggest 22 

proton could be deintercalated between that voltage range. Possible reaction mechanism that 23 
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causes MnOx reduction between the 1.8 to 1.3 V voltage range of the second discharge will be 1 

discussed later in this paragraph. During charging between 1.5 to 1.8 V, the absence of significant 2 

shifts in the R-MnO2 (221) plane diffraction peak indicates a possible oxidation mechanism other 3 

than deintercalation of protons. EQCM experiments of MnO2 deposited on a carbon substrate in 2 4 

M ZnSO4 + 0.1 M MnSO4 electrolyte, showed decreasing electrode mass during MnO2 reduction 5 

CV scan and increasing mass during oxidation CV scan (Figure S6). Although the nominal mass 6 

change computed may not be precise for EQCM experiments with solid particles deposited on a 7 

QCM substrate (due to possible deformation of the deposit during resonance measurements), a 8 

qualitative discussion of the mass change trend is possible60. We attribute the decrease in mass 9 

during the reduction CV scan and the subsequent increase during oxidation CV scan to dissolution 10 

and deposition of MnOx respectively. Dissolution can be observed during the reduction scan 11 

between 1.5 to 1.35 V and between 1.3 to 1.0 V. The dissolution between 1.3 to 1.0 V is 12 

accompanied by proton intercalation as discussed previously from XRD and Raman spectroscopy 13 

results. Proton intercalation followed by Mn dissolution has been observed previous in the 14 

literature43, and the dissolution has been suggested due to dispropotionation of the Mn3+ ions to 15 

Mn2+. Dissolution between 1.5 to 1.35 V, is not accompanied by proton intercalation in XRD. 16 

Hence, we postulate direct dissolution reaction from Mn4+ to Mn2+ could be a more 17 

thermodynamically/kinetically favorable MnOx reduction during the first plateau of the second 18 

discharge, similar to mechanism proposed in the literature61. Mass increase during the subsequent 19 

charging reaction may indicate Mn2+ in the electrolyte is being deposited as a new MnOx phase, 20 

which is also observed from the growing peak at 33.4 degrees in ex situ XRD experiments between 21 

1.5 to 1.6 V. The deposited new phase could be a low crystallinity α-Mn2O3 (Figure 4 and S7). 22 

Contribution of deposition by Mn2+ present in the electrolyte to the battery capacity also 23 
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corroborates well with the increasing specific discharge capacity observed with increasing cycles 1 

for the 0.4 vol% MnO2 electrode and not for the 4.4 vol% MnO2 electrode (Figure 3Figure 3). 2 

Comparable MnO2 concentration for a 0.4 vol% MnO2 semi-solid electrode (~0.2 M MnO2) to the 3 

concentration of Mn2+
 (0.1 M MnSO4) in the electrolyte can be the origin for the increasing 4 

capacity of the battery during cycling. For 4.4 vol% MnO2 (~2.6 M MnO2) electrode, the 5 

contribution of initially available Mn2+
 deposition to the battery capacity is negligible. Further 6 

detailed studies are required to understand the redox reactions of MnO2 in 2 M ZnSO4 + 0.1 M 7 

MnSO4, particularly on reactions such as electrode drying due to proton consumption during 8 

discharge43 and water oxidation during charge62, that may affect the long-term battery performance 9 

at high MnO2 concentration. Nevertheless, we believe that the shown reproducibility for greater 10 

than 100 cycles in our study and literature43, possible proton intercalation and deintercalation, and 11 

possible dissolution and deposition reactions indicate that Zn-MnO2 battery chemistry has the 12 

potential to provide a high cycle life battery after further optimization.  13 

Understanding the effect of solid phase concentration of semi-solid electrode on the yield stress 14 

To understand the effect of CB and MnO2 concentrations on the flowability of the semi-solid 15 

electrodes, we measured the static yield stress 𝜏𝑦 of the electrodes using oscillatory shear flow 16 

deformations with increasing imposed stress amplitude. The maximum elastic stress with respect 17 

to oscillatory strain 𝛾 was denoted as the static yield stress as suggested by Walls et al.63 The elastic 18 

contribution to the total oscillatory stress was calculated by multiplying the elastic modulus 19 

𝐺′(𝜔, 𝛾) with the oscillatory strain amplitude 𝛾. Although two peaks are often observed from this 20 

measurement (regarded as two-step yielding64 in filled viscoelastic suspensions), we selected the 21 

larger-elastic stress peak as the yield stress to ensure an upper-bound estimate is chosen (Figure 22 

5A). We found that the yield stress was more sensitive to increasing CB concentration than that of 23 
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MnO2 concentration. The static yield stress 𝜏𝑦 increased from 15.8 Pa at 4.2 vol% CB to 90 Pa at 1 

6.5 vol% CB with 0.4 vol% MnO2 (Figure 5B). However, the static yield stress 𝜏𝑦 remained almost 2 

constant (12.7 to 18.9 Pa) with variations in MnO2 composition between 0.4 and 11 vol% (at 3 

constant value of 4.2 vol% CB), as shown in Figure 5D. The ease of flow of 4.2 vol% CB electrodes 4 

compared to 6.5 vol% CB were visually distinguishable, where the 6.5 vol% CB + 0.4 vol% MnO2 5 

electrode had toothpaste-like consistency whereas the 4.2 vol% CB + 0.4 vol% MnO2 electrode 6 

was more paint-like. We attribute the higher sensitivity of the yield stress to increases in the CB 7 

concentration rather than the MnO2 concentration, to the weakly attractive behavior (arising from 8 

van der Waals attraction65) and high surface area of the CB colloids that aggregate in a fractal 9 

structure (individual nodule size <50 nm and surface area ~80 m2/gCB, Figure 5C). On the other 10 

hand, the non-Brownian MnO2 particles (individual particle size ~10 micron and surface area ~0.1 11 

m2/gMnO2 assuming spherical particles, Figure 5E) are two orders of magnitude larger in size than 12 

Figure 5 Effect of CB concentration on the yield stress of the MnO2 semi-solid electrode 
(A) Oscillatory stress-sweep measurement of 4.2 vol% CB + 0.4 vol% MnO2. (Inset: relationship of elastic stress and strain used to 
determine yield stress)  
(B) Variation in the yield stress of 0.4 vol% MnO2 semi-solid electrode with 3.1 to 6.5 v% CB 
(C) SEM image of the weakly-attractive CB particles 
(D) Variation in the yield stress of 4.2 vol% CB semi-solid electrode with 0.4 to 11.2 v% MnO2 
(E) SEM image of the non-Brownian MnO2 particles 
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the CB particles. Hence, the external body forces (e.g. gravity, 𝐹𝐺 ~ 0.5(𝜌 𝑟𝑡𝑖𝑐 𝑒 −1 

𝜌𝑒 𝑒𝑐𝑡𝑟𝑜 𝑦𝑡𝑒)𝑔𝑑 , where 𝜌 and 𝑑 are the density and particle diameter respectively) acting on the 2 

MnO2 particles are about five orders of magnitude larger compared to their attractive forces 3 

(𝐹𝐴~𝜋𝑑 𝐴
12𝜋𝛿2 , where 𝐴 and 𝛿 are the Hamaker constant 10-19 J and distance between particles 1 4 

nm respectively) and thermal forces (𝐹𝑇~𝑘 𝑇/𝑑, where 𝑘  and 𝑇 are the Boltzmann’s constant 5 

and temperature respectively)32. These observations highlight the importance of limiting the CB 6 

concentration to reduce the yield stress of the electrode. 7 

 Offsetting sedimentation of the electrode at rest and preventing unstable flow66 are 8 

important electrode characteristics which can help maximize the electrochemical performances 9 

due to more uniform electrochemical reactions across the height of the channel and also minimize 10 

maintenance costs. The large active MnO2 particles can be supported by the stress-bearing CB 11 

network to avoid sedimentation. For spherical particles trapped in a colloidal gel, calculations have 12 

shown that the critical dimensionless yield stress67 𝑌 r = 1.5𝜏𝑦

𝜌 𝑜 𝑖𝑑−𝜌 𝑖 𝑖𝑑 𝑔𝑅
  (i.e. the ratio between 13 

the force due to yield stress experienced by the dense particle and the force due to gravity) needed 14 

to prevent sedimentation is in the range 0.0567 ≤ 𝑌 r ≤ 0.1468. For our MnO2 particles in 4.2 vol% 15 

and 6.5 vol% CB suspensions, the value of the dimensionless yield stress 𝑌 was calculated to be 16 

~100 and ~600, respectively (see “Dimensionless yield stress calculation” section in SI for 17 

calculation), several orders of magnitude larger than the critical value 𝑌 r potentially preventing 18 

the sedimentation of the suspended MnO2 particles in semi-solid electrodes. During flow, no 19 

unstable flow66 of 4.2 vol% CB + 0.4 vol% MnO2 electrode in a 3 mm (H) × 10 mm (W) flow 20 

channel was observed at a flow rate of 0.5 ml/min (Figure S8). Any further long term potential 21 
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sedimentation or phase segregation can be also be offset by installing stirrers in storage tank69 and 1 

static mixers in pipes and channels70. 2 

Bottom-up capital cost and levelized cost of storage analysis of Zn-MnO2 SSFB 3 

To understand the effect of semi-solid electrode composition and properties on the overnight 4 

capital cost 𝐶𝑐 𝑖𝑡  of a SSFB, we performed bottom-up cost optimization of the cost of power 5 

𝐶 𝑜𝑤𝑒𝑟 (Equation 2) and calculated the corresponding cost of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 (Equation 6) and 6 

efficiency accounting for loss during BOP operation 𝜀 𝑂𝑃  (Equation 9) using system-level 7 

performance parameters (i.e. the area-specific resistance (𝐴𝑆𝑅) and pressure drop across the stack 8 

Δ𝑃) for a given MnO2 semi-solid electrode composition as shown schematically in Figure 6. A 9 

schematic diagram and the assumptions of the envisioned SSFB are provided in the “Bottom-up 10 

cost optimization” section in SI. We used the results from the electrochemical experiments to 11 

calculate 𝐴𝑆𝑅 as a function of the channel height 𝐻 and rheological experiments to calculate Δ𝑃 12 

as a function of varying 𝐻 and variation in the integer number of cells 𝑛𝑐𝑒  in parallel. The flow 13 

rate is determined from the power output required and the energy density of the flowable electrode. 14 

For the calculation of 𝐴𝑆𝑅, instead of solving a series of differential equations in physics-based 15 

models, we assumed 𝐴𝑆𝑅 is independent of applied current density and is a sum of charge transfer, 16 

contact, and ohmic resistances. For the calculation of Δ𝑃 , we used a high Bingham number 17 

assumption (i.e. low flow rate so that plastic yield stresses dominate) similar to the previous 18 

Figure 6 Framework to perform bottom-up capital cost analysis for SSFB 
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literature23,38. We express the cost of power 𝐶 𝑜𝑤𝑒𝑟, which is also a function of 𝐻 and 𝑛𝑐𝑒 , by 1 

adding the cost of the stack 𝐶 𝑡 𝑐𝑘 (determined39 from the 𝐴𝑆𝑅) and the cost of the balance-of-2 

plant 𝐶 𝑂𝑃 including the pump 𝐶  (determined from Δ𝑃) and other equipment. Optimizing the 3 

cost of power 𝐶 𝑜𝑤𝑒𝑟 is a mixed-integer non-linear programming problem and was solved using 4 

MATLAB. We then calculated the cost of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 (determined from 𝐶𝑐 𝑒 𝑖𝑐  and 𝐶𝑡 𝑛𝑘 5 

normalized to the discharge energy output) and the corresponding efficiency accounting for loss 6 

during BOP operation 𝜀 𝑂𝑃 . Finally, overnight capital cost was calculated using an approach 7 

similar to Li et al.8. For the conveying transport of all viscoplastic SSFB formulation, we assumed 8 

the use of a reciprocating pump (cost from Loh et al.34) and the power output of the stack was held 9 

at 1 MW. Detailed calculation methods, cost assumptions and stack design assumptions are 10 

described in the Experimental methods section and “Bottom-up Cost Optimization” section in SI.  11 

We performed a capital cost analysis for four cases: 1) 4.2 vol% CB + 4.4 vol% MnO2 12 

assuming 𝑛𝑐𝑒 : 𝑛  = 10:1; 2) 4.2 vol% CB + 11 vol% MnO2 assuming 𝑛𝑐𝑒 : 𝑛  = 10:1;    13 

3) 6.5 vol% CB + 11 vol% MnO2 assuming 𝑛𝑐𝑒 : 𝑛  = 10:1; and 4) 4.2 vol% CB + 11 vol% 14 

MnO2 assuming 𝑛𝑐𝑒 : 𝑛  = 100:1 (Figure 7 and Table S2). Here 𝑛𝑐𝑒 : 𝑛  is the ratio 15 

between the number of parallel cells and number of pumps (see “Bottom-up cost optimization” 16 

section in SI). Further breakdowns of the cost of power 𝐶 𝑜𝑤𝑒𝑟 and cost of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 are 17 

shown in Figures S9 and S10, respectively. Cases selected here capture the sensitivity to increasing 18 

MnO2 concentration (Case 1 vs Case 2), increasing CB concentration (Case 2 vs Case 3), 19 

increasing the 𝑛𝑐𝑒 : 𝑛  ratio (Case 2 vs Case 4). Firstly, when the concentration of MnO2 is 20 

increased (Case 1 vs Case 2), both 𝐶 𝑜𝑤𝑒𝑟 and 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 decreases, and 𝜀 𝑂𝑃 increases (Figure 7A, 21 

7B, and 7C). Increasing the amount of MnO2 concentration in the semi-solid electrode increases 22 
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the surface area available for reaction thus lowering the 𝐴𝑆𝑅, the area of stack required and the 1 

cost of stack 𝐶 𝑡 𝑐𝑘 . Increasing the MnO2 concentration also increases the volumetric energy 2 

density of semi-solid electrode without significantly increasing the yield stress 𝜏𝑦 . Hence, the 3 

power required for pumping also decreases, which results in lower 𝐶  and higher 𝜀 𝑂𝑃. Since 4 

a higher energy density is achieved for the same amount of CB, 𝐶𝑒𝑛𝑒𝑟𝑔𝑦  is also decreased. 5 

Secondly, when the concentration of CB is increased beyond the percolation threshold (Case 2 vs 6 

Case 3), the opposite trend is observed, where 𝐶 𝑜𝑤𝑒𝑟 and 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 increase, and 𝜀  decreases 7 

(Figure 7A, 7B, and 7C). Although 𝐴𝑆𝑅 decreases due to higher electrical conductivity, lower 8 

charge transfer, and lower contact resistance, the power required for pumping increases 9 

significantly due to the six-fold increase in the yield stress 𝜏𝑦 beyond percolation threshold. This 10 

results in a higher 𝐶 𝑜𝑤𝑒𝑟 and lower 𝜀 . The cost of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦, which is normalized with 11 

the discharged energy, also increases due to the increased energy lost in pumping. Thirdly, we 12 

compared cases with higher 𝑛𝑐𝑒 : 𝑛  (Case 2 vs Case 4 in Figure 7A, 7B, and 7C). Sensitivity 13 

analysis of the ratio 𝑛𝑐𝑒 : 𝑛  is important as currently there are no reports that have studied 14 

the flow division of semi-solid electrode being pumped through an array of flow cells. Higher 15 

values of 𝑛𝑐𝑒 : 𝑛  mean the number of reciprocating pumps used per cell is lower. Hence, 16 

increasing the number of pumps will have lower penalty on the cost of power 𝐶 𝑜𝑤𝑒𝑟. Increasing 17 

the ratio to 𝑛𝑐𝑒 : 𝑛  = 100 allows a larger number of shorter cells in parallel compared with a 18 

smaller number of longer cells in the 𝑛𝑐𝑒 : 𝑛  = 10 case. Since shorter parallel cells require 19 

smaller power for pumping (𝑃𝑜𝑤𝑒𝑟  scales linearly with length 𝐿𝑐𝑒  and inversely with 20 

number of parallel cells 𝑛𝑐𝑒 , see Equation S 13 and S14), 𝐶 𝑜𝑤𝑒𝑟 decreases and 𝜀 𝑂𝑃 increases 21 

as 𝑛𝑐𝑒 : 𝑛  increases. Also, because 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 is normalized to the discharged energy and lower 22 
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energy is lost due to pumping, the cost of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦  decreases when a larger number of 1 

parallel cells are connected to a pump. Overall, in all cases, the pump cost and the pump power 2 

consumption were found to be a major contributor to 𝐶 𝑜𝑤𝑒𝑟 , 𝐶𝑒𝑛𝑒𝑟𝑔𝑦  and 𝜀 𝑂𝑃 , hence to the 3 

𝐶𝑐 𝑖𝑡  too. For all discharge durations calculated in this study, 𝐶𝑐 𝑖𝑡  decreases in the order of 4 

Case 1 > Case 3 > Case 2 > Case 4 (Figure 7D). Increasing MnO2 concentration, decreasing CB 5 

concentration (while remaining above percolation threshold), and increasing 𝑛𝑐𝑒 : 𝑛  are 6 

important strategies to lower 𝐶𝑐 𝑖𝑡 . 7 

Figure 7 Capital cost analysis for SSFB.  
The four cases tested varied in positive electrode compositions and ratio of number of cells to number of pumps (bottom left). For 
negative electrode, we assumed a Zn-semi solid electrode (50 % utilization) with same CB concentration as the positive electrode 
is used. Error bars show the upper estimate and lower estimates respectively as a result of variation in the component costs. 
(A) Cost of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 (see equation 6) 
(B) Cost of power 𝐶 𝑜𝑤𝑒𝑟 (see equation 2) 
(C) Efficiency accounting for loss during BOP operation 𝜀 𝑂𝑃 (see equation 9) 
(D) Overnight capital cost 𝐶𝑐 𝑖𝑡  adjusted for installation and other additional costs 
(E) Overnight cost of power 𝐶 𝑜𝑤𝑒𝑟,𝑜  and overnight cost of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜   for different energy storage technologies. The term 
overnight is used to account for installation cost (see Experimental procedure for calculation and Table S3 for exact values) 
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We summarized the overnight cost of power 𝐶 𝑜𝑤𝑒𝑟,𝑜  and overnight cost of energy 1 

𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜  for the Zn-MnO2 SSFB cases calculated in this study and other electrochemical energy 2 

storage: VRFB13,39, Li-ion10, hydrogen (PEM electrolyzer71-compressed storage-combined heat72 3 

and power PEM fuel cell73) calculated using the bottom-up method in their respective references 4 

(Table S3). The overnight costs 𝐶 𝑜𝑤𝑒𝑟,𝑜  and 𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜  are the respective values of  𝐶 𝑜𝑤𝑒𝑟 and 5 

𝐶𝑒𝑛𝑒𝑟𝑔𝑦 adjusted to include installation and any additional costs39 such as the stack manufacturing 6 

costs, sales, R&D costs, general costs, administration costs and mark-up (see Equation 11 and 7 

Equation 12). Although we noted the costs in the form of deterministic points, we note that there 8 

exist uncertainty range in both performance and cost of the materials used. Hence, this comparison 9 

should be used primarily to identify the trend in costs between different electrochemical energy 10 

storage systems. Assumptions associated with this calculation are laid out in the Table S3. 11 

Increasing 𝐶 𝑜𝑤𝑒𝑟,𝑜  with decreasing 𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜  is attributed to larger reactors and more balance-12 

of-plant (BOP) equipment. The enclosed Li-ion battery is an example of a low overnight cost of 13 

power 𝐶 𝑜𝑤𝑒𝑟,𝑜  (~137 $/kW) and high overnight cost of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜  (~160 $/kWh) energy 14 

storage system. On the other hand, hydrogen (PEM electrolyzer-compressed storage-combined 15 

heat and power PEM fuel cell) is an example of a high 𝐶 𝑜𝑤𝑒𝑟,𝑜  (~2100 $/kW) but low 𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜  16 

(~12 $/kWh) energy storage system. An optimized Zn-MnO2 SSFB system, such as our Case 4 17 

sits in between both extreme cases of Li-ion and hydrogen-based energy storage systems, with a 18 

𝐶 𝑜𝑤𝑒𝑟,𝑜  of ~1120 $/kW and a moderate 𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜   of ~48 $/kWh (Figure 7E).  19 
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 Finally, we compared the levelized cost of storage (𝐿𝐶𝑂𝑆) of a Zn-MnO2 SSFB with Li-1 

ion and hydrogen technologies to identify the feasibility of Zn-MnO2 SSFB for long-duration 2 

energy storage. 𝐿𝐶𝑂𝑆 is the cost of stored electricity normalized to the energy delivered over the 3 

lifetime of the energy storage system. 𝐿𝐶𝑂𝑆 includes capital expenditure (𝐶𝐴𝑃𝐸𝑋), energy-related 4 

operating expenses (𝑂𝑃𝐸𝑋𝑒𝑛𝑒𝑟𝑔𝑦), power-related operating expenses (𝑂𝑃𝐸𝑋 𝑜𝑤𝑒𝑟), and cost of 5 

charging renewable electricity (𝐸𝐿𝐸𝐶). Details and assumptions used for our 𝐿𝐶𝑂𝑆 calculation are 6 

listed in Experimental procedures and Table S3. Values of 𝐿𝐶𝑂𝑆  were calculated for three 7 

application scenarios: 8 hours discharge per cycle and 300 cycles per year, 24 hours discharge per 8 

cycle and 100 cycles per year, and 72 hours discharge per cycle and 30 cycles per year (Figure 8). 9 

In all cases, the 𝐶𝐴𝑃𝐸𝑋  (capital cost) and 𝐸𝐿𝐸𝐶  (charging electricity cost) dominated the 10 

levelized cost of storage 𝐿𝐶𝑂𝑆. In general, as the discharge duration increases, low 𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜  11 

systems such as Zn-MnO2 SSFB and hydrogen become cheaper compared to Li-ion and VRFB. 12 

For frequent cycling and short-duration storage (300 cycles per year, 8 hours discharge per cycle, 13 

Figure 8A), 𝐿𝐶𝑂𝑆 of Zn-MnO2 SSFB (0.24 $/kWh) was higher than Li-ion and comparable to the 14 

VRFB configuration. However, for longer discharge duration and less frequent cycle (100 cycles 15 

Figure 8 Levelized cost of storage (LCOS) breakdown for Zn-MnO2 SSFB in compariosn with other electrochemical energy 
storage systems  
(A-C) LCOS is calculated for three cases with increasing discharge duration per cycle (8, 24, 72 hours). LCOS of Zn-MnO2 SSFB 
is calculated for case 4 (4.2 vol% CB + 11 vol% MnO2 assuming n : n m  = 100:1) form Figure 7. Cost parameters used to 
calculate the LCOS are in Figure 7D and Table S2). The lifetime of the systems is assumed to be 10 years, and a discount rate of 
8.1% was applied. The charging electricity price was assumed to be 76 $/MWh. Error bars show the upper estimate and lower 
estimates respectively. 
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per year, 24 hours discharge per cycle, Figure 8B), the 𝐿𝐶𝑂𝑆 of the Zn-MnO2 SSFB (0.29 $/kWh) 1 

becomes more competitive. The 𝐿𝐶𝑂𝑆 now becomes lower than Li-ion, VRFB and hydrogen 2 

systems (but within their lower limit of cost uncertainties). At even longer discharge duration and 3 

less frequent cycling (30 cycles per year, 72 hours discharge per cycle, Figure 8C), the 𝐿𝐶𝑂𝑆 of 4 

Zn-MnO2 SSFB (0.46 $/kWh) is much lower than Li-ion and VRFB, and close to the upper limit 5 

of hydrogen cost. This analysis demonstrates the competitiveness of Zn-MnO2 SSFB with Li-ion 6 

and VRFB systems for long-duration applications where energy discharge for more than a day (> 7 

24 hours) is needed. 8 

 9 

Conclusions  10 

A semi-solid flow battery (SSFB) based on Zn-MnO2 has the potential to be a competitive energy 11 

storage technology for long discharge durations (> 24 hours). Through experimental 12 

characterization of the properties of a MnO2 semi-solid electrode and a bottom-up techno-13 

economic analysis of the SSFB, we identified the effects of varying electrode composition on the 14 

resulting electrochemical and rheological properties, and the system-level overnight capital cost 15 

of a Zn-MnO2 SSFB. The cost of the reciprocating pump and its power consumption was found to 16 

be a significant contributor to the total cost of the SSFB (ranging from 302 to 1772 $/kW of the 17 

total cost of power). Using the results from our experimental characterizations, we identified that 18 

specific formulation strategies such as increasing the MnO2 concentration and decreasing the CB 19 

concentration (while ensuring we remain above the percolation threshold) could be favorable to 20 

lower the cost of power and cost of energy, by lowering the power consumption by the pump. 21 

Similarly, reducing the number of pumps used in the system by increasing the number of cells 22 

connected to each pump in parallel could also achieve the same effect. Using experimental data 23 
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obtained from the stable and homogenous MnO2 semi-solid electrode we formulated and 1 

chacracterized, and assuming the ratio of the number of cells to pump to be 100:1, we calculated 2 

the optimized overnight cost of energy and overnight cost of power for Zn-MnO2 SSFB to be 48 3 

$/kWh and 1120 $/kW, respectively. 4 

 Despite the higher overnight cost of power due to the higher cost of the reciprocating pump, 5 

a Zn-MnO2 SSFB can be competitive with electrochemical energy storage systems such as Li-ion 6 

and vanadium redox flow battery (VRFB) for discharge durations of 24 hours or greater. At even 7 

longer discharge duration (e.g. 72 hours), the levelized cost of storage 𝐿𝐶𝑂𝑆 of the Zn-MnO2 8 

SSFB is cheaper than Li-ion and VRFB and only slightly higher than a hydrogen-based energy 9 

storage system. These results provide the technical feasibility and financial incentive needed for 10 

further studies on the development of semi-solid flow batteries for grid-scale energy storage.    11 

 12 

Resource availability 13 

Materials availability 14 

This study did not generate new unique materials 15 

 16 

Data and code availability 17 

All relevant equations and component costs are provided in the experimental procedure and SI. 18 

Example of MATLAB code to optimize cell height and number of cells for the lowest cost of 19 

power and code to calculate capital cost is available at https://github.com/thaneer-20 

narayanan/SSFB_cost_calculation.  21 

22 
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Experimental procedures 1 

Materials 2 

Commercial electrolytic γ-MnO2 powder (courtesy of ERACHEM, particle diameter ~10 micron) 3 

was used as the positive active material for all the experiments. Acetylene black (Strem Chemicals, 4 

particle diameter ~50 nm) was used as the conductive additive. Commercial Zn powder (Grillo, 5 

particle diameter23 ~50 micron) was used as the negative active material for ≥ 4.4 vol% MnO2 6 

semi-solid electrodes. For 0.4 vol% MnO2 semi-solid electrodes, commercial Zn foil (McMaster) 7 

was used. Xanthan gum (XG, Sigma Aldrich) was used as a polymer additive to improve the 8 

dispersion of CB in the electrolyte.  9 

 10 

Electrode preparation 11 

The semi-solid electrode preparation method is as follows: 0.3 vol% XG was mixed with mildly 12 

acidic 2 M ZnSO4 + 0.1 M MnSO4 electrolyte at 2000 rpm (15 minutes) in a Thinky AR-100 13 

planetary mixer. The polymer solution was left to hydrate overnight. The prescribed amount of CB 14 

and MnO2 was ground together and added to the polymer solution in three or four batches while 15 

mixing the CB + MnO2 + XG solution at 1000 rpm (5 minutes) each time a batch is added. Finally, 16 

once all CB + MnO2 was added, the CB + MnO2 + XG solution was once again mixed at 2000 17 

rpm (15 minutes). The fully mixed semi-solid electrode was allowed to rest overnight before being 18 

used for any experiments. 19 

Negative electrode preparation methods are as the following. For pellets, 500 mg of Zn powder 20 

was compressed at 2 Tonnes in a Ø12 mm die to form a pellet. For foils, 16 mm Zn foil was used 21 

after sanding the surface to remove any possible oxide layer. 22 



26 
 

 1 

Electrochemical characterization of MnO2 semi-solid electrode 2 

Current and voltage for all experiments were controlled using a Biologic VMP-3 potentiostat. 3 

Galvanostatic and potentiostatic charge-discharge cycling of MnO2 semi-solid electrode were 4 

performed in enclosed suspension cell (Figure S1). MnO2 semi-solid electrode was filled in a 2 5 

mm depth, Ø 11 mm graphite well. Discharge operation was always galvanostatic at the prescribed 6 

current density (1 or 3 mA/cm2
geo), and charge operation was maintained galvanostatic till 1.8 V 7 

(vs Zn/Zn2+), followed by potentiostatic charging till the current response was below 0.05 8 

mA/cm2
geo. All cells were assembled in a fully charged state. All experiments were performed at 9 

room temperature. 10 

Electrochemical impedance spectroscopy (EIS) was performed in a thermostat chamber (Espec, 11 

SU-241) at 25℃. EIS measurements were performed at open-circuit voltage after the 4th 12 

potentiotstatic charging cycle, with 10 mV amplitude and frequency range from 1 MHz to 5 mHz. 13 

The EIS data collected (very high-frequency range >200 kHz region data were excluded if needed) 14 

were analyzed using ZView2 (Scribner).  15 

Conductivity measurements were performed using filling the semi-solid electrode between two 16 

graphite plates separated by a spacer 1.75 mm depth, Ø 12.7 mm as described previously23. Direct 17 

current (DC) voltage was swept from 0 to 10 mV. The resistance 𝑅 was calculated from the slope 18 

of the V-I profile. The electronic conductivity 𝜎𝑒 was calculated using the following equation, 19 

where 𝐻 is the well depth and 𝐴 is the geometrical area. 20 

𝜎𝑒 =
1
𝑅

𝐻
𝐴

 

 

Equation 1 
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Electrochemical quartz crystal microbalance (EQCM) measurement was conducted using a QCM 1 

system (QCA922, Seiko). An AT-cut 9 MHz quartz crystal coated with carbon (Ø 5 mm, Seiko) 2 

was used as the current collector for the working electrode. The composite working electrode was 3 

prepared by coating the carbon current collector with a mixture of the MnO2 powder, CB as a 4 

conductive agent, and PVDF as a binder at a weight ratio of 5:5:1. The coated electrode had about 5 

Ø 2 mm diameter. The cyclic voltametry measurement was performed at 1 mV/s scan rate between 6 

0 - 0.8 V vs Ag/AgCl in 3M NaCl reference electrode. and at 25℃. Zinc foil was used as the 7 

counter electrode. The mass change of the working electrode during the CV was calculated from 8 

the change in the resonance frequency of the Sauerbery equation similar to Tatara et al.51. CV and 9 

corresponding mass change results for cycle 10 was reported here, but all previous cycles from 2-10 

9 had similar mass change trend. 11 

 12 

Rheological characterization of semi-solid electrode 13 

Rheological characterization was performed using a stress-controlled rheometer (TA Instruments, 14 

AR-G2). For oscillatory shear flow deformations with increasing imposed stress amplitude, the 15 

oscillatory stress was imposed at 1 Hz for 30 cycles, before the corresponding strain 𝛾  was 16 

measured. As the semi-solid electrode is a viscoelastic material, both elastic (in phase) and viscous 17 

(out of phase) contributions to the total deformation will occur during the oscillatory shear flow 18 

measurements. The portion of oscillatory stress that contributed to the elastic deformation (i.e. 19 

elastic stress = elastic modulus 𝐺  × strain 𝛾) was then calculated using the method proposed by 20 

Walls et al.63 The maximum elastic stress max (𝐺 × 𝛾) with respect to the total oscillatory strain 21 

𝛾 was taken as the yield stress 𝜏𝑦 as proposed in the same publication. This method was chosen 22 

due to its experimental ease and accuracy. For 2.1 vol% CB electrode, a 60 mm parallel plate 23 
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geometry was used, and for all other samples 40 mm parallel plate was used. For all experiments, 1 

the parallel plates were covered with adhesive-backed sandpaper to minimize wall slip32. For 0.4 2 

vol% MnO2 + 3.1, 5.4, 6.5 vol% CB electrodes, sandpaper with 15 micron abrasive features was 3 

used. For 4.2 vol% CB + 0.4, 4.4, 11 vol% MnO2 electrodes, sandpaper with 120 micron abrasive 4 

was used to prevent the slip of larger MnO2 particles and to provide more accurate values of the 5 

yield stress for cost calculations.  6 

 7 

Other material characterizations 8 

All ex-situ characterizations of the semi-solid electrode were performed on a dried electrode. After 9 

achieving a particular state of charge, the electrode was washed with DI water and collected 10 

through centrifugation. This process was repeated three times. The wet powder was then dried at 11 

70℃ overnight. 12 

X-ray diffraction measurements were performed using a powder X-ray diffractometer (Bruker, D2 13 

Phaser). Diffraction spectra were recorded by varying the 2θ angle by 0.4 deg/min. Raman 14 

spectroscopy was performed using a Raman microscope system (HORIBA, Scientific LabRAM 15 

HR) with a red laser (λ = 785 nm) with 50-fold magnification at 1% power, 15 seconds exposure 16 

time, accumulated over 30 measurements to prevent overheating of the lattice74. Raman spectra 17 

was averaged from measurements taken at five different spots of the sample. SEM images were 18 

acquired using the Zeiss Merlin High-resolution FE-SEM instrument. Energy-dispersive X-ray 19 

spectroscopy (EDS) was performed using the same instrument under accelerating voltage of 15 20 

kV.  21 

 22 
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Cost of power, cost of energy, system discharge efficiencies and overnight capital cost calculations 1 

All costs reported in this study are normalized to the discharge electrical power and energy outputs.  2 

The cost of power 𝐶 𝑜𝑤𝑒𝑟  ($/kW) consists of the cost of the stack 𝐶 𝑡 𝑐𝑘  and the cost of the 3 

balance-of-plant (BOP) 𝐶 𝑂𝑃. 4 

𝐶 𝑜𝑤𝑒𝑟 = 𝐶 𝑡 𝑐𝑘 + 𝐶 𝑂𝑃 Equation 2 

The cost of the stack 𝐶 𝑡 𝑐𝑘 ($/kW) was determined using the following equation. The type of 5 

separator used depends on the system; a microporous separator is used for semi-solid flow battery 6 

and a fluorinated exchange membrane is used for an all-liquid flow battery. In the case of an all-7 

liquid flow battery, the cost of carbon felt was also added to the stack cost. The cost of each stack 8 

components are listed in Table S6 (𝑐 𝑒 , 𝑐𝑐𝑐, 𝑐 𝑒  in $/m2). The 𝐶 𝑡 𝑐𝑘 was normalized with 𝜀 𝑂𝑃 9 

(<1, Equation 9) to account for oversizing of stack to supply power needed by the BOP. 10 

𝐶 𝑡 𝑐𝑘 =
𝑐 𝑒 + 𝑐𝑐𝑐 + 𝑐 𝑒

𝑃𝑜𝑤𝑒𝑟𝑑𝑒𝑛 𝑖𝑡𝑦𝜀 𝑂𝑃
 

Equation 3 

Areal power density 𝑃𝑜𝑤𝑒𝑟𝑑𝑒𝑛 𝑖𝑡𝑦  (W/m2) was derived using stack dimension and semi-solid 11 

electrode resistivity parameters (Equations S3 – S8). Cost of BOP ($/kW) was calculated for BOP 12 

equipment listed in Table S7. 13 

𝐶 𝑂𝑃 = 𝐶 + 𝐶𝐻𝐸𝑋 + 𝐶𝑖𝑛 𝑒𝑟𝑡𝑒𝑟 + 𝐶𝑡𝑟 𝑛 𝑓𝑜𝑟 𝑒𝑟 + 𝐶𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛 Equation 4 

The total cost of pump 𝐶  ($/kW) was obtained by normalizing the cost of a specific pump to 14 

the power output of the battery. Cost of pump per unit 𝑐 , 𝑛𝑖𝑡 ($/unit) was derived from the 15 

pumping power required for one unit 𝑃𝑜𝑤𝑒𝑟 , 𝑛𝑖𝑡 (kW) (Equation S19). The 𝑃𝑜𝑤𝑒𝑟 , 𝑛𝑖𝑡 16 

is calculated using Equations S11-S13.  17 
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𝐶 =
2𝑛 𝑐 , 𝑛𝑖𝑡

𝑃𝑜𝑤𝑒𝑟𝑜 𝑡 𝑡
 Equation 5 

Cost of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 ($/kWh) comprises of the cost of chemicals 𝐶𝑐 𝑒 𝑖𝑐  ($/kWh, i.e. active 1 

material, conductive additive, polymer additive, electrolyte), the cost of chemical storage 𝐶 𝑡𝑜𝑟 𝑔𝑒 2 

($/kWh, i.e. the tank for flow battery and hydrogen systems; packaging, current collector, tabs, 3 

separator for Li-ion battery), and the cost of electrode processing 𝐶 𝑟𝑜𝑐𝑒  ($/kWh). In this study, 4 

the cost of electrode processing 𝐶 𝑟𝑜𝑐𝑒  is ignored for flow battery systems, as we assume the 5 

mixing process is a simple low-cost process. 6 

𝐶𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐶𝑐 𝑒 𝑖𝑐 + 𝐶 𝑡𝑜𝑟 𝑔𝑒 Equation 6 

𝐶𝑐 𝑒 𝑖𝑐 =
∑ 𝜙𝑖𝑐𝑖𝜌𝑖𝑖

𝐸𝑛𝑒𝑟𝑔𝑦𝑑𝑒𝑛 𝑖𝑡𝑦 𝑜
+

∑ 𝜙𝑖𝑐𝑖𝜌𝑖𝑖

𝐸𝑛𝑒𝑟𝑔𝑦𝑑𝑒𝑛 𝑖𝑡𝑦 𝑛𝑒𝑔

1
𝜀 𝑂𝑃

  Equation 7 

𝐶 𝑡𝑜𝑟 𝑔𝑒 =
4𝑐𝑡 𝑛𝑘

𝐸𝑛𝑒𝑟𝑔𝑦𝑑𝑒𝑛 𝑖𝑡𝑦𝜀 𝑂𝑃
 

Equation 8 

Here, 𝜙𝑖  (-), 𝑐𝑖  ($/kg), 𝜌𝑖  (kg/m3) are the volume fraction, cost of per mass and density of the 7 

electrode component 𝑖 respectively (see Table S5 for 𝑐𝑖). Energy density 𝐸𝑛𝑒𝑟𝑔𝑦𝑑𝑒𝑛 𝑖𝑡𝑦 (Wh/m3) 8 

of the semi-solid electrode is calculated using Equation S8, and 𝑐𝑡 𝑛𝑘 ($/m3) is the cost of tank. 9 

Both 𝐶𝑐 𝑒 𝑖𝑐  and 𝐶 𝑡𝑜𝑟 𝑔𝑒 are normalized by 𝜀 𝑂𝑃 in Equation 7 and 8 to account of oversizing 10 

of the energy components to meet the energy required for pumping. 11 

Here, the efficiency accounting for loss during BOP operation 𝜀 𝑂𝑃 is assumed to be the same as 12 

efficiency accounting for pumping loss 𝜀 . Total power required for pumping 13 

𝑃𝑜𝑤𝑒𝑟 ,𝑡𝑜𝑡  is calculated from Equation S14.  14 
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𝜀 𝑂𝑃 = 𝜀 = 1 −
𝑃𝑜𝑤𝑒𝑟 ,𝑡𝑜𝑡

𝑃𝑜𝑤𝑒𝑟𝑜 𝑡 𝑡
 Equation 9 

Optimization for the lowest cost of power 𝐶 𝑜𝑤𝑒𝑟  was performed to derive optimized system 1 

configuration: number of cells 𝑛𝑐𝑒 and channel height 𝐻  (Equation S20) three different 2 

compositions of MnO2 semi-solid electrode, 4.4 vol% CB + 4.4 or + 11.1 vol% MnO2 and 6.2 vol% 3 

CB + 11.1 vol% MnO2 (Table S5). The two optimization parameters 𝑛𝑐𝑒  and 𝐻 can be simply be 4 

explained as follows. For increasing 𝑛𝑐𝑒  (or number of pumps 𝑛 ) will decrease the pumping 5 

power capacity required (Equation S13) but will increase the cost of pumps 𝐶  as more pump 6 

units are required (Equation 5). For increasing 𝐻 , the pumping power capacity required will 7 

decrease (Equation S13), but the area specific resistance 𝐴𝑆𝑅  of the stack will change too 8 

(Equation S4-S7), affecting the power density 𝑃𝑜𝑤𝑒𝑟𝑑𝑒𝑛 𝑖𝑡𝑦 (Equation S9) and the cost of stack 9 

𝐶 𝑡 𝑐𝑘 (Equation 3). The number of cells 𝑛𝑐𝑒  and channel height 𝐻 are optimized for lowest cost 10 

of power 𝐶 𝑜𝑤𝑒𝑟 . The pump and stack system were designed for 1 MW of power output, 11 

𝑃𝑜𝑤𝑒𝑟𝑜 𝑡 𝑡. For the given optimized system configuration (𝑛𝑐𝑒 , 𝐻), we then calculate the cost 12 

of energy 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 (Equation 6-8) and efficiency accounting for losses during BOP operation 𝜀 𝑂𝑃 13 

(Equation 9). 14 

Overnight capital cost was calculated using the following equation8. Overnight capital cost is what 15 

a plant would cost to build it could be built completely overnight.75 16 

𝐶𝑐 𝑖𝑡 ,𝑜 = 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 +
𝐶 𝑜𝑤𝑒𝑟

𝑡𝑑
(1 + 𝑓𝑖𝑛 𝑡 ) +

𝐶 𝑑𝑑

𝑡𝑑
 Equation 10 

The term overnight is used to signify the addition of installation cost. Here, 𝑡𝑑  is the battery 17 

discharge duration,  𝑓𝑖𝑛 𝑡  is the instalation factor, and 𝐶 𝑑𝑑  ($/kW) refers to additional costs 18 
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such as the stack manufacturing costs, sales, R&D costs, general costs, administration costs and 1 

mark-up39. Following Li et al.8, we used 𝑓𝑖𝑛 𝑡  as 20%. Darling et al.39 provided a 𝐶 𝑑𝑑 estimate 2 

between 50 $/kW to 150 $/kW for various flow battery technologies. Ha and Gallagher76 estimated 3 

about 173 $/kW for Li-PS flow battery. Hence, we used 173 $/kW as an upper estimate in this 4 

study for Zn-MnO2 SSFB. Overnight cost of power 𝐶 𝑜𝑤𝑒𝑟,𝑜  and overnight cost of energy 5 

𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜  in Table S3 and Figure 7E are defined in the following way, accounting for the 6 

installation and additional costs: 7 

𝐶 𝑜𝑤𝑒𝑟,𝑜 =  𝐶 𝑜𝑤𝑒𝑟(1 + 𝑓𝑖𝑛 𝑡 ) + 𝐶 𝑑𝑑 Equation 11 

𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜 = 𝐶𝑒𝑛𝑒𝑟𝑔𝑦(1 + 𝑓𝑖𝑛 𝑡 ) Equation 12 

 8 

Levelized cost of storage calculation 9 

The levelized cost of storage (LCOS) is calculated to compare the applicability of energy storage 10 

technologies for a given discharge duration per cycle, 𝑡𝑑 and number of cycles per year, 𝑛𝑐,𝑦𝑒 𝑟. 11 

LCOS is the discounted cost per unit of discharged electricity5. We simplified the LCOS 12 

calculation from Schmidt et al.5.  13 

𝐿𝐶𝑂𝑆 = 𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋𝑒𝑛𝑒𝑟𝑔𝑦 + 𝑂𝑃𝐸𝑋 𝑜𝑤𝑒𝑟 + 𝐸𝐿𝐸𝐶 Equation 13 

There are four main cost components considered here: i) discounted overnight capital cost of the 14 

energy storage system needed for a given discharge duration (𝐶𝐴𝑃𝐸𝑋); ii) discounted cost for 15 

oversizing of energy component to account for energy output degradation with cycles (also 16 

considered as operation and maintenance cost for energy components 𝑂𝑃𝐸𝑋𝑒𝑛𝑒𝑟𝑔𝑦); iii) operation 17 
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and maintenance cost for power components 𝑂𝑃𝐸𝑋 𝑜𝑤𝑒𝑟; iv) electricity cost accounting for round-1 

trip efficiency of the energy storage system 𝐸𝐿𝐸𝐶. 2 

𝐿𝐶𝑂𝑆 =
𝐶𝑅𝐹 𝐶𝑐 𝑖𝑡 ,𝑜

𝑛𝑐,𝑦𝑒 𝑟
+

𝐹𝑂𝑀𝑒𝑛𝑒𝑟𝑔𝑦

𝑛𝑐,𝑦𝑒 𝑟
+

𝐹𝑂𝑀 𝑜𝑤𝑒𝑟

𝑛𝑐,𝑦𝑒 𝑟𝑡𝑑
+

𝑃𝑟𝑖𝑐𝑒𝑒 𝑒𝑐

𝜂𝑅𝑇
 Equation 14 

𝐶𝑅𝐹 =
𝑑(1 + 𝑑)𝑁

(1 + 𝑑)𝑁 − 1
 Equation 15 

𝐹𝑂𝑀𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐶𝑅𝐹 𝐶𝑒𝑛𝑒𝑟𝑔𝑦,𝑜 𝑛𝑐, 𝑖𝑓𝑒𝛼𝑑𝑒𝑔  Equation 16 

𝐹𝑂𝑀 𝑜𝑤𝑒𝑟 = 2.5% ∗ 𝐶 𝑜𝑤𝑒𝑟,𝑜  Equation 17 

𝜂𝑅𝑇 = 𝜀 𝑂𝑃𝜀 ,𝑐 𝜀 𝑂𝑃𝜀 ,𝑑  Equation 18 

Here, 𝐶𝑅𝐹 is the capital recovery factor, 𝑑 is the discount rate (8.1%), 𝑁 is project lifetime in 3 

years (10 years), 𝑛𝑐, 𝑖𝑓𝑒 = 𝑁𝑛𝑐,𝑦𝑒 𝑟 is the total number of cycles undergone by the system over the 4 

project lifetime, 𝛼𝑑𝑒𝑔 is the energy output degradation in fraction per cycle, 𝐹𝑂𝑀 𝑜𝑤𝑒𝑟 is the fixed 5 

operating and maintenance cost for power components which is considered to be 2.5% of the 6 

overnight cost of power 𝐶 𝑜𝑤𝑒𝑟,𝑜 , 𝑃𝑟𝑖𝑐𝑒𝑒 𝑒𝑐 is the price of electricity used to charge the energy 7 

storage system, 𝜂𝑅𝑇 is the round-trip efficiency. Except for the hydrogen-based storage system, 8 

the charging efficiency and discharging efficiency was considered equal for all other systems 9 

(𝜂𝑅𝑇 = 𝜀 𝑂𝑃𝜀 ,𝑑
2
). 10 

 11 
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Supplemental information 1 

Supplemental information includes exact values and costs of Figure 1, supplemental experimental 2 

results, bottom-up cost optimization model and assumptions, and parameters to calculate levelized 3 

cost of storage (𝐿𝐶𝑂𝑆) in Figure 8 and their assumptions. 4 
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Comparing cost of energy of electrochemical energy storage systems 1 
 2 
Table S 1 List of values and assumptions used to calculate cost of energy in Figure 1A. High and low estimate values of cost 3 
components were used as given in the notes below, if absent ± 15 % was used. 4 

Chemistry Cost of 
chemical

s 
𝑪𝒄𝒉𝒆𝒎𝒊𝒄𝒂𝒍 

Cost of 
chemical 
storage 
𝑪𝒔𝒕𝒐𝒓𝒂𝒈𝒆 

Cost of 
electrode 

processing 
𝑪𝒑𝒓𝒐𝒄𝒆𝒔𝒔 

Voltage efficiency 
during discharging 

𝜺𝒗,𝒅 

BOP efficiency 
during discharge 

𝜺𝑩𝑶𝑷 

Li-ion [1] 33 68 33 0.97 1.00 
Vanadium FB 
[2] 

159.0 3.2 - 0.90 0.91 

MV - HO-
TEMPO FB 
[3] 

52.28 6.88 - 0.80 0.99 

AQDS - HBr 
FB [4] 

42.59 2.40 - 0.64 0.99 

Zn - Mn 
SSFB [5] 

36.40 3.58 - 0.85 0.92 

Hydrogen [6] - 10.00 - 0.80 1.00 
Sulfur - air 
FB [7] 

2.62 3.78 - 0.70 0.94 

Cost of energy is calculated is normalized to discharged energy 5 

[1] Cost and 𝜂 ,  from Ciez et al.1 for LMO-pouch cell. System discharge efficiency 𝜂 ,  is 6 
assumed to be 100% 7 

[2] Cost of chemicals assuming 27 ± 14.90 $/kgV2O5 and 𝜂 ,  from Brushett et al.2.  Cost of storage 8 
assuming 0.08 $/L from Zheng et al.3. 𝜂 ,  was calculated in this study (refer SI), assuming 9 
𝐴𝑆𝑅  = 0.7 Ω.cm2, 𝑣  = 5.69 cm/s (adjusted to meet power density described by Crawford et 10 
al.4), 𝑤  = 30 cm, 𝐻 = 4 mm, 𝜇 = 6.6 mPa.s, 𝐾 = 4×10-10 m2  11 

[3] Cost of chemicals assuming 1 $/kgMV and 7 $/kgHO-TEMPO from Wei et al.5 and 𝜂 ,  from Liu 12 
et al.6. Cost of storage assuming 0.08 $/L from Zheng et al.3. 𝜂 ,  was calculated in this study 13 
(refer SI), assuming 𝐴𝑆𝑅  = 0.5 Ω.cm2, 𝑣  = 5.69 cm/s (same as VRFB), 𝑤  = 30 cm, 𝐻 = 14 
4 mm, 𝜇 = 1 mPa.s, 𝐾 = 4×10-10 m2 15 

[4] Cost of chemicals assuming ((21+6)/0.64) $/kWh and 𝜂 ,  from Huskinson et al.7. Cost of 16 
storage assuming 0.08 $/L from Zheng et al.3. 𝜂 ,  was calculated in this study (refer SI), 17 
assuming 𝐴𝑆𝑅  = 0.5 Ω.cm2, 𝑣  = 5.69 cm/s (same as VRFB), 𝑤  = 30 cm, 𝐻 = 4 mm, 𝜇 = 18 
1 mPa.s, 𝐾 = 4×10-10 m2 19 

[5] This study, Case 4 from Figure 7 20 

[6] Cost of chemicals (water) is assumed to be negligible. Cost of storage is for pressurized tank 21 
from IEA8. 𝜂 ,  assuming discharging system is a combined-heat-and-power fuel cell system from 22 
Battele and DOE9. System discharge efficiency 𝜂 ,  is assumed to be 100% as the efficiency is 23 
factored in reported value of  𝜂 , . 24 
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[7] All values from Li et al.10 1 

 2 

Abbreviations and symbols 3 
Abbreviation Definition Units 

𝐶 ,  Overnight capital cost $/kWh 
𝐶  Cost of power $/kW 
𝐶  Cost of stack $/kW 
𝐶 𝑂𝑃 Cost of BOP equipment $/kW 

𝐶  Cost of pump $/kW 
𝐶𝐻𝐸  Cost of heat exchanger $/kW 

𝐶  Cost of inverter $/kW 
𝐶  Cost of transformer $/kW 

𝐶  Cost of interconnection $/kW 
𝑐  Cost of separator per unit area $/m2 

𝑐  Cost of current collector per unit area $/m2 
𝑐  Cost of seals and fames per unit area $/m2 

𝑐 ,  Cost of pump per unit $/unit 
𝐶  Cost of energy $/kWh 

𝐶  Cost of chemicals $/kWh 
𝐶  Cost of chemical storage $/kWh 
𝐶  Cost of electrode processing $/kWh 

𝑐  Cost of tank per unit volume $/m3 

𝑐  Cost of chemicals per unit mass $/kg 
𝐶  Additional cost $/kW 

𝑓  Cost factor for installation - 
𝑡  Discharge duration Hours 

𝐿𝐶𝑂𝑆 Levelized cost of storage $/kWh 
𝐶𝐴𝑃𝐸𝑋 Levelized capital cost $/kWh 

𝑂𝑃𝐸𝑋  Levelized operation cost for energy components $/kWh 
𝑂𝑃𝐸𝑋  Levelized operation cost for power components $/kWh 

𝐸𝐿𝐸𝐶 Charging cost of the battery $/kWh 
𝐹𝑂𝑀  Annual operation cost for energy components $/kWh 
𝐹𝑂𝑀  Annual operation cost for power components $/kW 
𝑃𝑟𝑖𝑐𝑒  Price of electricity used to charge the battery $/kWh 

𝐶𝑅𝐹 Capital recovery factor - 
𝑑 Discount rate % 
𝑁 Project lifetime Years 

𝑛 ,  Number of complete charge discharge cycles per year cycle/year 
𝑛 ,  Number of complete charge discharge cycles over 

lifetime 
cycle 

𝛼  Energy output degradation in fraction per cycle %/cycle 
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𝑃𝑜𝑤𝑒𝑟  Output power of the battery system W 
𝑃𝑜𝑤𝑒𝑟  Power density of the stack W/cm2 

𝐸𝑛𝑒𝑟𝑔𝑦  Energy density of the semi-solid electrode Wh/L 
𝜀 𝑂𝑃 Efficiency account for loss during BOP operation - 

𝜀 ,  𝑜𝑟 𝜀 ,   Discharge voltage efficiency or charge voltage efficiency - 
𝜂𝑅𝑇 Round-trip efficincy - 
𝐴𝑆𝑅 Area specific resistance Ω.cm2 

𝑅  Charge transfer resistance Ω.cm2 
𝑅  Contact resistance Ω.cm2 
𝑅  Ohmic resistacne Ω.cm2 

𝜙  Volume fraction of chemical components (i = active 
material, carbon black, electrolyte or polymer additive)  

- 

𝑎𝐴𝑀 Surface area per unit volume of the active material 1/m 
𝜎  Effective electrical conductivity of the electrode S/m 
𝜅  Effective ionic conductivity of the electrode S/m 
𝑈  Equilibrium voltage V 

𝑧 Number of electrons - 
𝐹 Faraday’s constant Ah/mol 

𝑀𝐴𝑀 Molecular weight of the active material kg/mol 
𝑃𝑜𝑤𝑒𝑟 ,  Pump power required for one pump unit W 

Δ𝑃 Pressure drop across stack Pa 
𝑄 ,  Flow rate across one pump m3/h 

𝑉𝑜𝑙 Electrode volume required to discharge the battery m3 

𝜏  Yield stress of the electrode Pa 
𝑄  Flow rate across one cell m3/h 
𝑣  Velocity of electrolyte across one cell m/h 

𝐾 Permeability coefficient m2 

𝑛  Number of cells - 
𝑛  Number of pumps - 

𝐿 Length of one cell m 
𝑤 Width of one cell m 
𝐻 Height of one cell m 

 1 

 2 

3 
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Supplemental figures from experiments 1 
 2 
 3 

  4 

Figure S 1 Schematic of cell used to test electrochemical properties of MnO2 semi-solid electrode in this study. For experiments 
with 0.4 vol% MnO2 semi-solid electrode, Zn foil was used as both negative electrode and the current collector. 

Figure S 2 Effect of increasing MnO2 concentration in MnO2 semi-solid electrode on electrochemical performance in 2 M ZnSO4 
+ 0.1 M MnSO4. 
(A) Volumetric energy density of MnO2 semi-solid electrode with MnO2 concentration > 4.4 vol% 
(B) Voltage profile of first and second cycles of 4.4 v% MnO2 with 4.2 v% CB respectively. Galvanostatic charge-discharge 

was performed at 1.0 mA/cm2geo. 
(C) Voltage profile of first and second cycles of 11 v% MnO2 with 4.2 v% CB respectively. Galvanostatic charge-discharge was 

performed at 1.0 mA/cm2geo. Additionally, electrolyte-soaked carbon foam was placed in the negative electrode 
compartment to supplement any water consumed during the discharge reaction 
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 1 

 2 

 3 

Figure S 4 Raman spectra of discharged MnO2 in 2M ZnSO4 + 0.1M MnSO4 shown in Figure 4. The potential at which the sample 
was collected is shown in A, and measured Raman spectra of 1st discharge, 1st charge and 2nd discharge are shown in B-D 
respectively. Raman peak shifts from 651 cm-1 to lower values (dotted lines in B and D) can be observed during discharge (between 
1.7-1.0 V during first discharge and 1.3-1.0 V  during second discharge). Raman peak at 651 cm-1 is assigned to skeletal vibration 
of Mn-O bond in the [MnO6] octrahedron.24 Shifting of 651 cm-1 peak to lower value could be indicative of elongation of [MnO6] 
octrahedron, which is observed25 when the valence of Mn atom decreases from 4+ to 3+ during reduction. 
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Figure S 3 Coulombic efficiency of cycling test shown in Figure 3. Positive semi-solid electrode was composed of 6.5 v% CB + 0.4 
v% MnO2 in 2 M ZnSO4 + 0.1 M MnSO4. Zn foil was used as the negative electrode. The cell was charged-discharged 
galvanostatically. Dark circles and shaded region are the mean and standard deviation of three independent experiments 
respectively. 
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 1 

 2 

 3 

 4 

Figure S 5 SEM and EDS of MnO2 electrode after 1st discharge in 2 M ZnSO4 + 0.1 M MnSO4. A,B and C,D are SEM and EDS 
of MnO2 particle and new Zn-rich phase respectively. The red line covered area shows location where EDS spectra was collected. 
The new Zn phase is identified as zinc hydroxide sulfate ZnSO4[Zn(OH)2]3.xH2O using XRD (Figure 4). Zinc hydroxide sulfate 
results from increasing electrolyte basicity after proton intercalation in MnO2. 

Figure S 6 Electrochemical Quartz Crystal Microbalance (EQCM) measurements of MnO2 in 2 M ZnSO4 + 0.1 M MnSO4. Mass 
decrease was observed during cathodic sweep and mass increase during cathodic sweep 
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Figure S 7 XRD diffraction from Figure 4 showing the new peak that emerges during the charging reaction at 1.6 V coincides 
with the α-Mn2O3 (222) diffraction peak (PDF 04-005-4361)42. The broad width of the new peak emerging during charging, could 
point towards low crystallinity of the Mn2O3 deposited. 

 Figure S 8 Stability of 4.2 vol% CB + 0.4 vol% MnO2 in a in 0.3 (H) × 1 (W) cm flow channel at 0.5 ml/min. No phase segration 
was observed. 
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Table S 2 Optimized stack parameters, cost of power and cost of energy breakdown, and system discharge efficiency for cases 1 
presented in Figure 7 2 

Category Components Units Case 1 Case 2 Case 3 Case 4 

Stack parameters 
Channel height mm 1.01 0.64 0.45 0.50 
No. of cells - 1093 686 1185 2332 
ASR Ω.cm2 48.2 30.2 13.3 27 

Cost of stack 
componentsa 

Bipolar plates $/kW 836 421 244 309 
Separator $/kW 56 28 16 21 
Seals $/kW 56 28 16 21 

Cost of BOP 
componentsa 

Pump $/kW 1420 891 1540 303 
Heat exchanger $/kW 46 46 46 46 
Inverter $/kW 27 27 27 27 
Transformer $/kW 11 11 11 11 
Interconnection $/kW 30 30 30 30 

Cost of chemical 
componentsb 

Electrolyte $/kWh 23 7 7 6 
Polymer additive $/kWh 14 4 5 4 
Carbon black $/kWh 46 15 24 12 
Active material $/kWh 24 19 22 15 

Cost of chemical 
storageb Tank $/kWh 14 4 5 4 

Voltage discharge efficiency - 0.85 0.85 0.85 0.85 
System discharge efficiency - 0.6 0.75 0.57 0.92 

a Cost of power components adjusted for voltage and system discharge efficiencies 3 
b Cost of energy components adjusted for voltage and system discharge efficiencies 4 

 5 

Figure S 9 Cost of power breakdown for Case 1 and 2 presented in Figure 7 
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 2 

Figure S 10 Cost of energy breakdown for Case 1 and 2 presented in Figure 7 
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Negative electrode exchange current density calculation from EIS 1 
 2 

Exchange current density 𝑖0,  for Zn deposition is related to 𝑅 ,  by the following equation 3 

𝑖0, =
𝑅𝑇

𝑧𝐹𝑅 ,
 Equation S 1 

where RT/F = 0.02568 V, number of electrons z = 2 from linearized Bulter-Volmer equation. By 4 
rearranging the equation, we can deduce that 𝑖0,  should be in between 0.7 and 0.5 mA/cm2

Zn. 5 
Kahanda et al.16 reported 𝑖0,  for Zn deposition in 1M ZnSO4 is 1.2 mA/cm2

Zn. Close order of 6 
magnitude of the exchange current density, suggests assignment of first semi-circle the EIS in 7 
Figure 2D to Zn deposition is reasonable. We attribute the disperancy between the measured 8 
negative electrode’s charge transfer resistance and the discrepancy between calculated exchange 9 
current density and literature exchange current density to possible systemic error such as contact 10 
resistance of the electrical leads between different experiments, difference in experimental 11 
condition between our experiments and Kahanda et al.. 12 

 13 

Volumetric energy density calculation from experiments 14 
 15 

Experimental volumetric energy density in Figure S2 is calculated by normalizing the discharge 16 
energy with the volume of electrode. 17 

𝐸𝑛𝑒𝑟𝑔𝑦 , =
∫ 𝑉 𝑑𝑞

(𝑐𝑎𝑡ℎ𝑜𝑙𝑦𝑡𝑒 𝑣𝑜𝑙𝑢𝑚𝑒)
 Equation S 2 

 18 

Here 𝑉 is the discharge voltage, while 𝑞 is the discharge capacity. Catholyte volume is the volume 19 
of the graphite well used (Figure S1, 2 mm depth, Ø 11 mm). 20 

 21 

Dimensionless yield stress calculation 22 
 23 

The appropriate dimensionless yield stress for sedimentation studies17,18 is defined as the ratio 24 
between the force due to yield stress experienced by the dense particle and the net body force due 25 
to gravity (and buoyancy). 26 

𝑌 =
2𝜋𝑅2𝜏

4
3 𝜋𝑅3 𝜌𝑀 𝑂 − 𝜌 𝑔

=
1.5𝜏

𝑅 𝜌𝑀 𝑂 − 𝜌 𝑔
 

 

Equation S 3 

For 4.2 vol% and 6.5 vol% CB suspensions, 𝜏  is taken to be 15 Pa and 90 Pa, respectively, from 27 
Figure 5.  The particle radius 𝑅 is taken to be the radius of the MnO2 particle, ~5 micron from 28 
Figure 5. Density of MnO2  is 𝜌𝑀 𝑂 = 5000 kg/m3 and the density of the liquid medium 𝜌  is taken 29 
to be 1000 kg/m3. The acceleration due to gravity is 𝑔. Based on these assumptions, 𝑌 is calculated 30 
to be ~100 and ~600 respectively for 4.2 vol% and 6.5 vol% CB suspensions, about three orders 31 
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of magnitude larger than the critical value of yield stress 𝑌cr for onset of sedimentation (0.05 ≤1 
 𝑌cr ≤ 0.14)17,18 potentially preventing the sedimentation of MnO2 particles in suspension. 2 

 3 

Supplemental information on bottom-up cost optimization 4 
 5 

Schematic of hypothetical SSFB design and assumptions used 6 
 7 

In our hypothetical SSFB system, we assume there are 𝑛  number of cells and 𝑛  number of 8 
pumps shared by the cells. Each cell is assumed to have one channel with 2 cm width and runs in 9 
a straight line. The pumps for catholyte and anolyte streams are separated and are bidirectional. 10 
The pumping power required to distribute the semi-solid electrode from the tank to the cells is 11 
negligible. The reason we took these assumptions is because the pressure drop calculation for a 12 
semi-solid electrode (a non-Newtonian fluid) in configurations other than a straight channel is not 13 
trivial. Unlike electrolyte (a Newtonian fluid) used for all-liquid flow battery, where pressure drop 14 
in a configuration other than a straight channel can be calculated analytically19 or through simple 15 
adjustment using pre-determined flow coefficient20, for a non-Newtonian fluid new experimental 16 
or numerical analysis is required. 17 

As for the flowable electrodes used in the hypothetical SSFB system, we assumed MnO2 semi-18 
solid electrodes with the following compositions are used: 4.2 vol% CB + 4.4 vol% MnO2, 4.2 19 
vol% CB + 11 vol% MnO2, 6.5 vol% CB + 11 vol% MnO2. For the negative electrode, we assumed 20 
a Zn-semi solid electrode (50 % utilization, 1e- per mole of Zn) with same CB concentration as the 21 
positive electrode is used. 22 

Figure S 9 Schematic of hypothetical SSFB system (left, excluding electrical BOP) and one cell (right). 
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There are three main differences in our assumptions to our hypothetically constructed semi-solid 1 
flow battery (SSFB) system compared to the all-liquid flow battery system. Firstly, the semi-solid 2 
electrode uses a low flow-rate, high-pressure pump such as a reciprocating pump, instead of a high 3 
flow rate pump such as a centrifugal pump that is used for all-liquid electrolytes.21 Usage of 4 
centrifugal pump for structured non-Newtonian fluid such as semi-solid electrode may result in 5 
phase separation of the electrode due to the density difference of the solids and liquid. Hence, this 6 
assumption will account for more expensive pump cost for the non-Newtonian semi-solid 7 
electrode.22 Secondly, instead of one pump that supplies electrolyte to entire flow battery stack 8 
assumption as one would do in an all-liquid flow battery, we assumed, the ratio of number of cells 9 
to the number of pumps, 𝑛 /𝑛  is varied (Figure S 9). Yield stress fluid like semi-solid 10 
electrode has a requirement to maintain tangential velocity at all times23 and may undergo phase 11 
separation during flow contractions24. Therefore, the distribution of semi-solid electrode from the 12 
pump to stack (and vice versa), has to be as simple as possible without the need for a large number 13 
of manifolds (low 𝑛 /𝑛  as possible). The exact limitation for number of manifolds with the 14 
electrode undergoing phase separation is unclear to us at this time and requires experimental and 15 
numerical studies. We direct the interested readers to early works in this field for applications like 16 
slurry distribution in the fields of oil & gas25 and synthetic fuel synthesis26. Thirdly, the semi-solid 17 
electrode is assumed to flow in both directions and the charged and discharged electrodes are not 18 
mixed, unlike all-liquid flow battery which flows only in one direction and there is only one tank 19 
maintained for each stream (Figure S 9). This assumption is justified because mixing solid 20 
manganese oxide of different valence state in tank is likely to take long time to reach homogenous 21 
state through diffusion, unlike ions in liquid state which reaches homogenous valence state 22 
immediately (diffusion coefficient27 of H+ in MnO2 is ~10-11 cm2/s and diffusion coefficient28 of 23 
H+ in water is ~10-4 cm2/s). 24 

 25 

Electrochemical parameter calculations 26 
ASR for semi-solid flow battery cell is expected to change with volume fraction of active material 27 
𝜙𝐴𝑀, conductive additive 𝜙 , and channel height 𝐻. Experimental EIS results from Figure 2D 28 
and 2E were used to calculate ASR as a function of 𝐻 for each concentration of conductive additive 29 
and active material in Figure 7 and 30 



19 
 

Table S 4.  1 

𝐴𝑆𝑅(𝐻) = 𝑅 + 𝑅 + 𝑅
,

 

 

Equation S 4 

where 𝑅  is charge transfer resistance, 𝑅  is contact resistance29,30, and 𝑅  is ohmic 2 
resistance. 𝑅  and 𝑅  were extrapolated from Figure 2D and 2E using the following relationship. 3 

𝑅 ∝
1

𝜙𝐴𝑀𝑎𝐴𝑀𝐻
 

 

Equation S 5 

𝑅 ∝
1

𝜙𝐴𝑀𝑎𝐴𝑀
 

 

Equation S 6 

The first relationship can be rationalized from the fact that as exposed active material particle 4 
surface increases, charge transfer resistance will decrease. The second relationship can be 5 
rationalized from the fact that, increasing the volume fraction of active material 𝜙𝐴𝑀 or using an 6 
active material with higher surface area per unit volume 𝑎𝐴𝑀 will proportionally increase the active 7 
material surface area in the electrode and decrease the contact resistance 𝑅  between the between 8 
the active material-CB particles or the active material-current collector.30 9 

Ohmic resistance is calculated from ionic and electronic conductivities of the semi-solid electrode. 10 
We assume the effective path that the current has to travel is H/2, as the electrochemical reaction 11 
rate (current) is homogeneously distributed in the channel.31–33 12 

𝑅 = 𝑅 + 𝑅 =
𝐻
2

1
𝜎

+
1

𝜅
 

 

Equation S 7 

Here, effective electronic conductivity 𝜎  is determined from Figure 2A. The effective ionic 13 
conductivity was determined using Bruggeman’s approximation 𝜅 = 𝜅𝜙  

1.5 .34 14 

Areal power density deliverable by flow battery stacks is calculated using the equation provided 15 
by Darling et al.35. 16 

𝑃𝑜𝑤𝑒𝑟 =
𝑈2 1 − 𝜀 , 𝜀 ,

𝐴𝑆𝑅
 

Equation S 8 

 17 

Volumetric energy density deliverable by the semi-solid electrode is given by 18 

𝐸𝑛𝑒𝑟𝑔𝑦 =
𝑧𝜙𝐴𝑀𝜌𝐴𝑀𝐹𝑈

𝑀𝐴𝑀
 

Equation S 9 

  19 

For both all-liquid and semi-solid flow battery systems, 𝐴𝑆𝑅 were treated as constants irrespective 20 
of the state-of-charge of the battery. The length of each cell is determined from the geometrical 21 
area required for a given power output 22 
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𝐿 =
𝐴

𝑤𝑛
=

𝑃𝑜𝑤𝑒𝑟
𝑤𝑛 𝑃𝑜𝑤𝑒𝑟

 

 

Equation S 10 

 1 

Rheological parameter calculations 2 
Power required to drive a pump is given by 3 

𝑃𝑜𝑤𝑒𝑟 , = Δ𝑃 × 𝑄 ,  
 

Equation S 11 

The semi-solid electrode is expected to pass the cell only once during each discharge/charge 4 
operation. And, since all the electrode should be replenished during the discharge/charge reactions, 5 
the flow rate for each pump and stream is given by 6 

𝑄 , =
𝑉𝑜𝑙

𝑛 𝑡
=

𝑃𝑜𝑤𝑒𝑟 𝑡
𝐸𝑛𝑒𝑟𝑔𝑦 𝑛 𝑡

=
𝑃𝑜𝑤𝑒𝑟

𝐸𝑛𝑒𝑟𝑔𝑦 𝑛
 

 

Equation S 12 

Here, the ratio between the number of cells and pumps 𝑛 /𝑛  was varied between 10 and 7 
100. The pressure drop in a cell is given by the following equation assuming the electrode flows 8 
at a high Bingham number.36 9 

Δ𝑃 =
2𝜏 𝐿

𝐻
=

2𝜏
𝐻

𝑃𝑜𝑤𝑒𝑟
𝑤𝑛 𝑃𝑜𝑤𝑒𝑟

 

 

Equation S 13 

The total power required to drive all the pumps 𝑃𝑜𝑤𝑒𝑟 ,  for SSFB can be derived from 10 
Equations S7 to S11 11 

𝑃𝑜𝑤𝑒𝑟 , = 𝑛 𝑃𝑜𝑤𝑒𝑟 , = 𝑛 𝑄 , Δ𝑃

=
𝑃𝑜𝑤𝑒𝑟

𝐸𝑛𝑒𝑟𝑔𝑦
2𝜏 𝐿

𝐻

=
𝑃𝑜𝑤𝑒𝑟

𝐸𝑛𝑒𝑟𝑔𝑦
2𝜏
𝐻

𝑃𝑜𝑤𝑒𝑟
𝑤𝑛 𝑃𝑜𝑤𝑒𝑟

 

Equation S 14 

  12 

For the all-liquid flow battery, it is assumed that one pump (𝑛 = 1) is operated for each stream 13 
of electrolyte (one for the positive electrode, one for the negative electrode).  The flow rate of 14 
liquid through pump 𝑄  is determined using the fixed velocity of liquid through the cell that 15 
was reported in the literature.4 We used  16 

𝑄 , = 𝑛 𝑄 = 𝑛 𝑣 𝑤𝐻 
 

Equation S 15 

The pressure drop across the parallel cells is given by  17 

Δ𝑃 =
𝜇𝑄 𝐿

𝐾𝑤𝐻
=  

𝜇𝑣 𝐿
𝐾

 
Equation S 16 

Hence, the total power required to drive pump 𝑃𝑜𝑤𝑒𝑟 ,  for all-liquid flow battery is  18 
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𝑃𝑜𝑤𝑒𝑟 , = 𝑃𝑜𝑤𝑒𝑟 , = 𝑄 , Δ𝑃

= (𝑛 𝑣 𝑤𝐻)
𝜇𝑣 𝐿

𝐾
 

Equation S 17 

  1 

 2 
3 
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Table S 4 Compositions and related-performance parameters used to calculate the cost of power and cost of energy 1 
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vol% vol% 1/m Ω.m2
MnO2 Ω.m2

geo S/m S/m -  Pa 
4.4 4.2 6×106 

 
2.85×10-2 1.63×10-4 

54×10-1 3×10-1 0.85 
 

0.45 15 11 4.2 0.65×10-4 
11 6.5 4.56×10-3 ~ 0 7×10-1 0.57  90 

* 𝑎 = 1/𝑟, where 𝑟 is AM particle radius. 2 
* Geometrical surface area specific charge transfer resistance 𝑅  obeys the following relationship 3 
𝑅 ∝ 1/(𝜙𝐴𝑀𝑎𝐴𝑀𝐻)) 4 
* Geometrical surface area specific contact resistance 𝑅  obeys the following relationship 5 
𝑅 ∝ 1/(𝜙𝐴𝑀𝑎𝐴𝑀)) 6 

* Zn volume in the negative semi-solid electrode was changed to match energy density of the 7 
MnO2 electrode. Zn stripping and plating is expected to occur on CB surface. Given, the large 8 
surface area of CB, 𝑟 ,  and 𝑅 ,  is expected to be negligible. Only ohmic overpotential is 9 
considered for the negative electrode. 10 

 11 

Cost of energy components 12 
Cost of tank is assumed to be 80 $/m3 (mid), 120 $/m3 (high) and 50 $/m3 (low) from Zhang et al.3. 13 
All chemicals used for semi-solid flow battery is listed below. 14 

 15 
Table S 5 Cost of chemicals 16 

Chemical Cost ($/kg) Reference Low Mid High 
Electrolyte (2M ZnSO4 + 0.1M MnSO4)a,b 0.19 0.22 0.25 Alibaba.com37, 2021 
Polymer additiveb,c 15 18 21 Alibaba.com37, 2021 
Carbon blackb 5.78 6.80 7.82 Nelson et al.38, 2011 
Zincd 2.48 3.00 3.52 USGS39, 2021 
Manganese dioxided 1.00 1.50 2.00 USGS39, 2021 

a Assuming ZnSO4
.7H2O (0.5 $/kg), MnSO4

.H2O (0.45 $/kg) 17 
b High and low prices assuming 15% uncertainity 18 
c Assuming non-biodegradable, salt-tolerant polymer such as Carbopol© Aqua CC is used for long 19 
shelf-life 20 
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d High and low prices correspond to the standard deviation of 5-year zinc and manganese metal 1 
prices 2 

 3 

Cost of power components 4 
All stack components for semi-solid flow battery and all-liquid flow battery is listed here. 5 
Table S 6 Cost of stack materials 6 

Material Cost ($/m2) Reference Low Mid High 
Graphite flow plate 25 30 35 

Darling et al.35, 2014 
Carbon-fiber felt 10 20 30 
Fluorinated exchange membrane 25 50 75 
Polyolefin separator 1 2 3 
Fames, seals, manifolds 1 2 3 

 7 

BOP components considered here are applied across all energy storage technologies discussed in 8 
this study, except pump is not considered for a closed system like Li-ion battery. A heat exchanger 9 
is required to control the temperature of the stack. Electrical BOP such as inverter, transformer, 10 
and grid-interconnection, costs are listed here assuming the energy storage system considered is a 11 
stand-alone system, not coupled with a PV plant.  12 
Table S 7 Cost of BOP equipment 13 

Equipment Cost ($/kW) Reference  Low Mid High 
Heat exchanger 37 46 56 Viswanathan et al.11, 2011 
Pumpa Refer “Pump properties and 

cost” section 
Loh et al.22, 2002 

Inverter 27 Fraunhofer Inst.40, 2015 
Transformera 11.2 Fu et al.41, 2018 
Interconnectiona 30 Fu et al.41, 2018 

a No future reduction in cost is assumed as the technology is considered matured now 14 

Additional costs the manufacturing costs, sales, R&D costs, general costs, administration costs, 15 
and mark-up.35 Darling et al.35 provided an estimate between 50 $/kW to 150 $/kW for various 16 
flow battery technologies. Ha and Gallagher estimated about 158 $/kW for VRFB and 173 $/kW 17 
for Li-PS flow battery. We used 173 $/kW as an upper estimate in this study. 18 

 19 

Pump properties and cost 20 
Pumps can be largely divided into two categories6: centrifugal pump and a positive displacement 21 
pump.21 Centrifugal pump uses centrifugal force to draw and discharge fluid element, while 22 
positive displacement pump uses direct application of force using impeller or piston to the fluid 23 
element.21 The former is commonly used for high flow rate and low viscosity fluid application, 24 
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while the latter is used for low flow rate and shear-sensitive fluid application, like slurries. 1 
Similarly, in this study, we assume, conventional (all-liquid) flow battery uses a centrifugal pump, 2 
while the semi-solid flow battery (SSFB) uses a reciprocating pump (one example of positive 3 
displacement pump). 4 

1) Centrifugal pump 5 

𝑐 , = 4.8𝑄 , + 2410 Equation S 18 

where 𝑄 ,  in gallons per min (GPM), and has the following design constraints 6 

100 𝐺𝑃𝑀 < 𝑄 , < 10000 𝐺𝑃𝑀 7 

Δ𝑃 = 150 𝑝𝑠𝑖𝑔 8 

𝜂 = 60% 9 

2) Reciprocating pump 10 
𝑐 , = 4378𝑃𝑜𝑤𝑒𝑟 ,

0.58  Equation S 19 

 where 𝑃𝑜𝑤𝑒𝑟 ,  in horsepower (HP) and has the following design constraints 11 

2 𝐻𝑃 < 𝑃𝑜𝑤𝑒𝑟 , < 1000 𝐻𝑃 12 

𝜂 = 82% 13 

Double-acting (flows both directions) 14 

All pump-related cost and design parameters were taken from Loh et al. (2002)22. The cost 15 
estimates are believed to be within +30% and -15% accuracy. Hence, they were used as high-cost 16 
and low-cost limits respectively. 17 

 18 

Cost of power 𝐶  optimization procedure 19 
Mixed-integer non-linear optimization was performed for both all-liquid and semi-solid flow 20 
battery systems to estimate minimum overnight power cost. The design variables are varied within 21 
the pump design constraints.  22 

The optimization procedure is simplified as the following for semi-solid flow battery system. Here, 23 
there are two decision variables, 𝑛  and 𝐻. 24 

min                          𝐶 (𝑛 , 𝐻) Equation S 20 

                                       subject to              𝑃𝑜𝑤𝑒𝑟 (𝑛 , 𝐻) > 2 𝐻𝑃 25 

                                                                𝑃𝑜𝑤𝑒𝑟 (𝑛 , 𝐻) < 100 𝐻𝑃 26 

                                                                 𝑛 > 1, 𝑛 ∈ ℤ+  27 

                                                                 𝐻 > 0, 𝐻 ∈ ℝ+  28 

For the all-liquid flow battery system, the optimization procedure is simplified as the following, 29 
with only one decision variable, 𝑛 . 30 
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min                         𝐶 (𝑛 ) Equation S 21 

      subject to             𝑄 (𝑛 ) > 100 𝐺𝑃𝑀 1 

                                                                  𝑄 (𝑛 ) < 10000 𝐺𝑃𝑀 2 

                                                                  Δ𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑛 ) < 150 𝑃𝑆𝐼𝐺 3 

                                                                  𝑛 > 1, 𝑛 ∈ ℤ+  4 

The mixed-integer non-linear problem was optimized using genetic algorithm in MATLAB. 5 

 6 
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