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ABSTRACT
	Interest in the development of redox-flow batteries (RFBs) for large-scale grid storage is growing, and considerable investments have been made into the research and development of RFBs over the past few decades.  Unfortunately, practical implementation has been hampered by various cost and performance issues typical of an immature state of development.   One critical factor for the competitiveness of this technology is the installed cost.  The purpose of this work is to develop an evolutionary procedure to be used for the base-case design of a Vanadium Redox-Flow Battery, and to incorporate recent developments in all-vanadium RFB research in order to present an analysis of the associated cost factors.  The design methodology is based on the work of Douglas (1985) and provides a profitability analysis at each decision level so that more profitable alternatives and directions can be indentified before additional time and effort is expended on an impractical design.  The major components of a RFB that affect installed cost are also identified and used as variables to create a capital cost function.  The function is then used to calculate the rate of change of the capital costs with respect to the major components.  The capital costs are also calculated for a range of component values and presented.  Key findings include a high sensitivity of system capital cost to purity of vanadium and substantial fractions of the cost associated with perflurorosulfonic acid membranes currently used for proton transport.  The key factors that contribute to the capital cost trends of different VRB designs are also examined, leading to a simple method for selecting key design variables before beginning the design process itself.
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[bookmark: _Toc324848913]Nomenclature
Term				Description						Units
A				Surface area of heat exchanger				m2
AC				Electrode area						m2
ACell				Electrode area of one cell				m2
ACBP				Annualized cost of balance of plant costs		$/yr
ACHEX				Annualized cost of heat exchangers			$/yr
ACp				Annualized cost of pumps				$/yr
ACPCS				Annualized cost of power conditioning system		$/yr
ACS				Annualized cost of stacks				$/yr
ACT				Annualized cost of storage tanks				$/yr
ACV				Annualized cost of vanadium				$/yr
Atotal				Total Area of Membrane or Electrodes			m2
Ccost				Capital cost of a component				$
CD				Current Density						mA/cm2
Cp				Heat capacity of vanadium ion solution			J/(⁰C l)
CV2				Concentration of V (II) ions				mol/l
CV3+				Concentration of V (III) ions				mol/l
CV4+				Concentration of V (IV) ions				mol/l
CV5+				Concentration of V (V) ions				mol/l
εi				Intrinsic efficiency of pump					
ξC				Charging efficiency					
ξD				Discharging efficiency
ξV				Voltage efficiency for charging or discharging
EC				Energy used to charge the battery			kW-hr
ED				Energy discharged from the battery			kW-hr
E0				Open circuit voltage					Volts
ESC				Energy capacity of the battery				kW-hr
EP2				Economic potential for Level 2				$/yr
EP3				Economic potential for Level 3				$/yr
EP4				Economic potential for Level 4				$/yr
EP5				Economic potential for Level 5				$/yr
fD				Depreciation factor
fRI				Return on investment factor
F				Faraday’s constant					C/mol
FA				Actual flow rate of vanadium ion solution		l/s
FCI				Fixed Capital Costs					$
FM				Minimum flow rate of vanadium ion solution		l/s
ID				Current density of electrodes				amp/m2
IS				Current through a stack					amp
ML				Concentration of V (II) at lower charging limit of 0.20	mol/l
MT				Total concentration of vanadium			mol/l
MU				Concentration of V (V) at upper charging limit of 0.80	mol/l
MV				Total amount of vanadium needed for battery		mol
NC				Number of cells in a stack
NS				Number of stacks in the battery
ηOA				Overall efficiency of battery
Δp				Pressure drop						Pa
P				Power capacity of battery				W
q				Heat							W
SOC				State of charge of battery	
τC				Time to charge or discharge battery			hr
ΔT				Temperature change of vanadium through stack		⁰C
ΔTLM				Log mean temperature difference		
U				Heat transfer coefficient				W/(m2 ⁰C)
μ				Viscosity of vanadium solution				Pa*s
VS				Potential of a stack					V
VT				Volume of tank						l
XV,P				Fraction of vanadium ions converted per pass	
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Introduction
[bookmark: _Toc358196388]Background
	Interest in the development of grid scale energy storage is fueled by a number of potential benefits that could be provided by this type of storage.  Grid scale energy storage can be used to store energy during periods of low demand and supply power during periods of peak demand.  Electricity generated from intermittent sources such as solar or wind power could be storied and discharged when the source is unavailable.  The stabilization of transmission lines and improvement of service reliability for customers could be achieved, and finally grid scale storage could act as a source of uninterruptable power supply for sensitive equipment.  Unfortunately practical implementation of grid scale storage has been impeded by issues of high cost and poor performance.  Vanadium redox-flow batteries (VRB) represent one promising approach being considered by electric companies to store electric energy
[bookmark: _Toc358196389]Objective
	The objective of this thesis is to provide a methodology for a base case design of a VRB in which the capital costs of the VRB are calculated in a step by step procedure so that unprofitable designs can be identified early, and to provide a capital cost sensitivity analysis so that the components of the VRB that have the greatest contribution to the capital costs can be indentified.  This type of analyses can provide focus to research activities.  The trade-off in cost between factors primarily associated with energy density and electrical power density will provide insight into appropriate priorities for different deployment scenarios, while the design methodology can provide an accurate and convenient method for estimating the capital costs of different VRB designs for the deployment scenarios.
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Chapter 2 of this thesis is a slightly revised version of an article by the same name that will be published in the journal Chemical Engineering Education in 2012 by Mark Moore, Robert M. Counce, Jack S. Watson, Thomas A. Zawodzinski, and Haresh Kamath.
My contribution to this paper included the development of the process, the calculations, and the authorship of the paper.  Robert M. Counce and Jack S. Watson provided advice and editing support.
[bookmark: _Toc324848895][bookmark: _Toc358196391]Abstract
The purpose of this work is to develop an evolutionary procedure to be used by Chemical Engineering students for the base-case design of a Vanadium Redox-Flow Battery. The design methodology is based on the work of Douglas (1985) and provides a profitability analysis at each decision level so that more profitable alternatives and directions can be indentified before additional time and effort is expended on an impractical design. Ultimately, a base case flow sheet and capital cost estimate are generated; this type of design activity as the work presented here is referred to as creation and analysis of a study level design. 
[bookmark: _Toc324848896][bookmark: _Toc358196392]Introduction
 	The synthesis of chemical processes distinguishes chemical engineering process design from that of other engineering disciplines.  In the work presented here, an approach usually applied to the synthesis of a traditional chemical production process is modified and used in the synthesis of an electro-chemical process for the storage of electrical energy.  The intended use of this paper is for the development of case studies and homework problems for the chemical engineering curriculum, especially for the process design components of such a curriculum.  It is intended to aid in the education of undergraduate students in the creation of process flow sheets and base-cases for those processes with chemical reactions as a central element.  The vanadium redox-flow battery (VRB) has some similarities to standard chemical processes usually studied in chemical engineering classes but offering a chance for the students to see these principles applied to a slightly different situation.  As more chemical engineering graduates go to work in a wider variety of industries, they may need a wider experience during their education.  
	Redox-flow batteries represent one promising approach being considered by electric companies to store electric energy produced during periods of low demand (usually in the evenings) and use the energy during periods of high demand, usually during the day.  The VRB was patented by researchers at the University of New South Wales, Australia where development has continued.[1,2,3,4]  Other recent reviews of flow batteries are also available.[5,6,7,8,9]  Because of the high capital costs for conventional electric energy generation systems, especially for hydroelectric and nuclear systems, it is more economic to operate such units as much as possible since the fuel costs are essentially zero, or a relatively small part of the total cost.  Even for coal combustion systems, the capital costs have risen in recent years because of additional flue gas treatment.  Economics usually still favor operating coal combustion systems as “base load” components that operate as much of the time as possible.  Base load in this instance refers to the minimum amount of electrical power generated in order to meet the demand.  To avoid installing high capital cost power (base load power) to meet peak energy needs, utility companies can use energy storage systems such as VRBs or make short-term use of gas fired generators with high fuel costs but low capital costs.  Despite the higher fuel costs, overall costs can be reduced by using the low-capital cost systems for short periods of high power demand.
	The design methodology used here is adapted from one developed by Douglas, a step-by-step hierarchical process often used in chemical engineering classes proceeding through decision levels where more details are added to the flow sheet at each step or level of the design procedure.[10]  In addition, the capital costs of the battery system are evaluated at each level so that uneconomical designs are eliminated as early as possible and the syntheses efforts can be redirected to more promising directions as early in the design process as possible.  
	This paper focuses only on the capital costs of the battery system.  The assignments to the students ended with an evaluation of the capital costs and did not include the operating costs.  As noted earlier, the energy storage devices such as the VRB are attractive because of their potential capital costs are lower than those of base load systems.  The electric power industry has set targets for how low capital costs must become, and development efforts are in progress to reach those goals.[11]  The goals of the student projects were to determine how close the current or foreseeable technology can come to the target for capital cost and to identify those components of the VRBs that are keeping the cost high and should be targeted for cost improvements.  Only after the capital cost of VRBs can be reduced to values near the targets will it be useful to study operating costs in detail.  VRBs are likely to be located on the sites of existing electric power plants.  Flow batteries have few moving parts (such as pumps) and are usually suited for automated operations.  Maintenance costs are expected to occur from corrosion and maintenance of electrolyte purity, but estimation of these costs are not reliably predicted by normal chemical engineering design practices taught in undergraduate courses and are expected to require pilot operating experience.  
	The design class was divided into six teams with three to four members per team.  Each team considered a base case design and one or more variables/parameters to change.  Parameters including membrane cost, efficiency, power capacity, and energy capacity were assigned to the groups.  The capital costs for the VRBs were plotted vs these parameters to show the difference that changing these parameters had on the capital costs. This provided a basis for direct comparison of the results from each team and allowed the entire class to consider and observe the effects of different parameters on the capital costs.  Each change in a parameter represented a different operating condition or a different cost for a component of the battery.  
[bookmark: _Toc358196393]Background
	A schematic of a vanadium redox battery system is shown in Figure 2-1.[12]  It may be called a system because it consists of tanks, pumps, and voltage conversion equipment as well as the actual battery cells.  The battery cells consist of carbon felt electrodes and a cation exchange membrane (Nafion© 115) which divides the cell into two compartments.  One compartment is filled with a solution of V(II) and V(III) ions while the other compartment is filled with a solution of V(IV) and V(V) ions.  The vanadium ions are dissolved in sulfuric acid, usually 1 to 2 mol/liter.  The electrochemical reactions occurring at each electrode while the battery is being charged are given in equations 1 and 2.  The reactions occurring while the battery is being discharged proceed in the opposite direction. 
Negative Half-Cell:  V3+ + e- ↔ V2+                                                                                                           (1)
Positive Half-Cell:  VO2+ + H2O ↔ VO2+ + 2H+ + e-				     	                     (2)

[image: ]
[bookmark: _Toc358196421]Figure 2-1.  Schematic representation of a vanadium redox-flow battery.

	Each cell is assumed to produce 1.26 volts at zero current density, and in order to produce high voltages, the cells are stacked in series.  As discussed later, inefficiencies reduce the effective voltage to values closer to one volt.  Each electrode other than the end electrodes are “bipolar,” with one side acting as a cathode for the cell on one side and as an anode for the cell on the other side.  The unique feature of “flow” batteries is the liquid electrolyte, which can flow through the cell.  As shown in Figure 2-1, there are two electrolyte solutions; both solutions flow through each cell on different sides of the membrane.  The power produced by the battery is determined by the voltage produced (the number of cells in a stack), 
[bookmark: _GoBack]and the current produced is determined by the current density and the area of the carbon felt electrodes.  Voltage can be lost from inefficiencies that may be affected by operating conditions.  The total energy storage capacity is determined largely by the volume of the electrolyte solutions, the concentration of vanadium ions in those solutions, and the fraction of the vanadium ions used in any charge-discharge cycle.  It is not practical to approach full utilization of all of the vanadium in the solutions.  Again, any change in cell efficiencies that affect voltages produced has effects on stored energy recovered.
	The decoupling of power and energy capacities in redox-flow batteries creates distinct advantages over other forms of energy storage.  It allows for the power and energy capacities to be scaled independently in order to meet the unique needs of a particular utility.  The power capacity required for the battery will determine the size of the cell stacks, the power conditioning system, the pumps, and the heat exchangers.  The energy capacity required for the battery will determine the mass of vanadium electrolyte and the size of the storage tanks necessary.  The capital costs therefore can be classified here in three areas:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
1. Costs that scale in proportion to the power capacity;
2. Costs that scale in proportion to the energy capacity;
3. Costs that do not scale with size (the control system and balance of plant).

	The step-by-step hierarchical method created by Douglas consists of several steps that include heuristics for the design of a chemical system.  The first step consists of defining the process as continuous or batch, and the second step is an analysis of the raw materials, feed streams, and product streams.  The subsequent steps are for analysis of the recycle system, the separation system, and the heat exchanger network. This method used by the students in the design study was adapted to the design of a VRB, keeping in mind the classification of the capital costs into the three areas already discussed:
Level 1:  Input information for the VRB;
Level 2:  Input-output analysis;
Level 3:  Power capacity considerations;
Level 4:  Energy capacity considerations;
Level 5:  Control system, and balance of plant;
Level 6:  Total capital investment estimate;
	As with the procedure of Douglas, Levels 2, 3, 4 and 5 include a rudimentary economic (profitability) analysis that is guided by the analysis of previous levels.  The profitability analysis is based on the yearly profit produced by running the battery minus the capital expenses at every level annualized over the life of the components.  This procedure, as with that of Douglas, allows for economic designs to be recognized quickly and uneconomical designs discarded so the process may begin again at the appropriate level.  The procedure culminates in an estimate of total capital investment.
[bookmark: _Toc324848898][bookmark: _Toc358196394]
Process Synthesis Hierarchy
[bookmark: _Toc324848899][bookmark: _Toc358196395]Level 1: Input Information for the VRB
	The first level of the adapted design methodology for a VRB is the definition of the design specifications for the VRB, as well as the costs for different component parts.  To better illustrate the design method, the base case VRB used by the students is defined in Tables 2-1, 2-2, and 2-3.  These design variables will be used as an example for calculations throughout this paper except where otherwise noted.  The price of product electricity used in Table 2-3 is that needed to bound the spot prices of recent years as reported by the United States (U.S.) Federal Energy Regulatory Commission.  This price represents the upper bound of (peak) energy prices and is used here in a comparison mode to develop the base case process.  After the base case is determined it would normally be subjected to optimization at near to actual market prices.  In this report the base case cost model is examined at near market prices in the final portion of this report.
	To calculate the efficiencies for different current densities, data was taken from two graphs from a paper by You et al. and plotted in Figure 2-2.[13] These graphs show that the cell voltage while charging and discharging is dependent on the state of charge (SOC) of the VRB.    The SOC defines the concentrations of the reactants and the products at any given point in time and represents the amount of energy the VRB is storing relative to its full capacity.  SOC is defined with equations 3 and 4.
  for the negative electrolyte, or                                                                                      (3)
   for the positive electrolyte,                                                                                           (4)
	Graph (a) of Figure 2-2 represents a current density of 40 mA/cm2 while graph (b) of Figure 2-2 represents a current density of 80 mA/cm2.[13]  The area beneath the charging curves represents the 


[bookmark: _Toc358196456]Table 2-1.  Reaction Related Information.
	Stoichiometry
	V3+ + e- ↔ V2+
VO2+ + H2O ↔ VO2+ + 2H+ + e-

	Operating Temperature
	25⁰C

	Concentration of Vanadium
	1 Molar

	Concentration of H2SO4
	5 Molar

	Power Capacity
	1,000 kW

	Energy Capacity
	12,000 kW-hr

	SOC Limits
	0.20 ≤ SOC ≤ 0.80

	Efficiency
	0.91

	Electrical Potential of a Cell
	1.26 volts



[bookmark: _Toc358196457]Table 2-2.  Design Details. 
	Cycles per Year
	328 (90% availability)

	Cross Sectional Area of Cell
	1 m2

	Current Density of Current Collector
	40 mA/cm2

	Material of Construction:  Tanks
	PVC

	Material of Construction:  Heat Exchangers
	High Ni Steel

	Cells in a stack
	100 cells/stack




amount of energy used to charge the VRB, and the area beneath the discharging curves represents the amount of energy discharged from the VRB.  The ratio of the discharged energy to the charging energy can then be used as the efficiency of that current density for a complete cycle.  An assumption was made 
that the relationship between current density and efficiency was linear.  The linear dependence of efficiencies with current density was determined from the data.  The ratio of the discharged energy to the energy used to charge for the current densities of 40 mA/cm2 and 80 mA/cm2, as well as an assumed efficiency of 1 at 0 mA/cm2, was used to calculate an equation of a line. The equation is ηOA = 1- 0.0021565x, where x represents the current density in mA/cm2.
	Level 1 of the original Douglas procedure includes fundamental design information and whether the process is to be a batch or continuous process.  The VRB is considered to be a semi-batch system.  The electrochemical cells are converting the vanadium redox species much like a steady-state system, but the feed concentrations to the cells varies with time.  This is much like a batch tank with a side stream of 
	[bookmark: _Toc324848900][bookmark: _Toc358196458]Table 2-3. Cost Information.

	Price of Output Power
	$0.45 per kW-hr

	Cost of Input Power
	$0.045 per kW-hr

	Vanadium Cost
	$25.13 per kg of V

	Ion-exchange Membrane
	$500 per m2

	Current Collectors
	$51 per m2

	Carbon Felt
	$20 per m2



fluid circulating through a reactor.   Thus, the work presented here is formulated in a way that is similar to that of Douglas, and Level 1 provides the basic information needed for design.  The above input information is a matter of choice and does not necessarily represent an optimal design.  The cost information used here is generally appropriate for 2011 U.S. dollars.  The current densities and the charge and discharge efficiencies have been assumed to be equal for the example presented here.
[bookmark: _Toc358196396]Level 2:  Input-Output Analysis
	The costs of the energy required to charge the battery represents the majority of the cost of operating the battery, while the revenue stream resulting from operating the battery comes entirely from selling the energy discharged by the battery.  By considering these costs and revenues, one can gauge the maximum economic potential of the VRB.  This is much like a chemical process where the maximum economic potential is the difference between the product value and the raw material cost while neglecting any processing costs.
	Equation 5 may be used to calculate the economic potential for level 2.  The cycles per year represent a full cycle, i.e. the charging and discharging of the battery.
                                                                        (5)
EC and ED are defined by equations 6 and 7.
 							                                                            (6)
	                                                                                                                                           (7)

[image: ]
[bookmark: _Toc358196422]Figure 2-2.  The cell voltage at different SOCs for (a) a current density of 40 mA/cm2 and (b) and current density of 80 mA/cm2.

[bookmark: _Toc324848901]Example Calculation for Level 2 Economic Potential:



The economic potential for cycles of up to 350 per year are plotted in Figure 2-3 for Levels 2 through 5.
[bookmark: _Toc324848903][bookmark: _Toc358196397]Level 3:  Power Capacity Considerations
	The next major costs of a VRB considered by the students are the power capacity considerations.  The costs that scale with the power capacity of a VRB are the cells themselves, a power conditioning 

[bookmark: _Toc358196423]Figure 2-3.  Economic Potential for a Vanadium Redox-Flow Battery.

system (PCS) which converts electricity from AC to DC during charging and DC to AC during discharging while adjusting to the desired voltage, the pumps, and the heat exchangers. 
	The materials used to construct the cells consist of carbon felt electrodes, current collectors, and a membrane permeable to protons.  A diagram of the cell construction is presented in Figure 2-4.[12]  As noted earlier, the electrical potential of a cell is dependent on the state of charge (SOC) of the vanadium ion solution being pumped through the cell.  
	Since the SOC is constantly changing during the charge and discharge process, the voltage - and therefore the power - of the VRB is constantly changing.  The power rating of the VRB in the design methodology used by the students is the average power of the VRB over the charge/discharge cycle (or at 50% SOC).  By using the average power for the design process, the correct energy capacity can be calculated without having to account for the changing voltage over the course of the cycle.
	The number of stacks needed is dependent on the current density of the carbon felt electrodes and the number of stacks in the VRB.  The current through all the cells in a stack is constant and may be calculated by multiplying the current density of the carbon felt electrodes by their area, as in equation 8.
           				                                                                                      (8)  
[image: ]
[bookmark: _Toc358196424]Figure 2-4.  Cell Stack Construction.

	In the model used by the students, the stacks were connected in parallel.  In this manner, the electrical current produced by a stack is additive to the current produced by the other stacks.  The electrical potential is determined by the cell potential and the number of cells in a stack, both defined in 
Level 1 of this methodology.  The power capacity of the battery is the electrical potential multiplied by the current capacity of the VRB since the power capacity of the battery is defined in Level 1, the number of stacks can be calculated with equation 9.
               			                                                                                                  (9)
	The power that is lost due to the inefficiencies of the battery is released through heat.  The heat generation is based on a total energy balance around the charging or discharging battery and assumes that the only energy removed from this system is by the exit fluid stream.  To estimate the heat generated by the VRB, equation 10 may be used for charging the battery and 11 for discharging the battery.
                                                                                                                                     (10)
                                                                                                                                     (11)
	It is assumed that the heat generated is shared equally between both the cathode solution and the anode solution with the temperature change of the vanadium ion solutions dependent on the flow rate of the vanadium solution through the stack.  To calculate the flow rate of the vanadium ion solutions, it is necessary to calculate the moles of vanadium ions oxidized per second then divide by the molarity of the vanadium ions in the solution, as in equation 12.
                                                                                                                                         (12)
	FM in equation 12 represents the minimum flow rate if all the vanadium ions in solution are oxidized while flowing through the cells.  One of the sources of inefficiency in a flow battery is transport loss, which is associated with the complete conversion of all available vanadium ions flowing through the cell.[14]  Because of this, it was recommended to the students that a greater bulk flow of the vanadium ion solution be pumped through the cells than the minimum flow rate required.  In the example presented here the minimum flow rate represents 10% of the greater bulk flow rate.  The flow rates of both anode and cathode solutions used by the students was calculated with equation 13.
                                                                                                                                                    (13)
 With the flow rate, the change in temperature of the cathode or anode solution is calculated by equation 14.[15]
                                                                                                                                           (14)                                                                                                             	For estimation purposes, the heat capacity of the sulfuric acid solution is assumed.  Because of the increased flow rate of the vanadium ion solution, the temperature rise of the vanadium ion solution may be such that heat exchangers are unnecessary.  If the temperature rise during the pass of fluid through the stacks is less than 10⁰C, the heat exchangers will not be considered in the analysis, however some heat exchange may indeed be necessary and will need to be considered before final process design.
If the temperature of the vanadium ion solution necessitates the use of heat exchangers, equation 15 may be used to determine the size of the heat exchangers needed to bring the solution to room temperature.[15]
                                                                                                                                                   (15)
	After determining the size of the heat exchangers, the size of the pumps required for the flow rate can be calculated if needed.  The shaft power of the pumps can be calculated with equations 16 and 17, for which FA is in m3/s (in all other equations FA is in liters/s).[15]
											      (16)	
				                                                          (17)
	The students were given an estimate of the cost of the Power Conversion System (PCS) to convert AC power to DC power and to convert the DC product from the battery back to AC power for returning to the electrical grid.  The current cost of a PCS is estimated at $260 per kW.  The costs associated with the PCS are for the transformer, breakers, contacts, and cabling, which are estimated by EPRI.[12]
	To calculate the economic potential for Levels 3 and beyond, it is necessary annualize the capital costs.  The annualized capital costs include the annual expenses, the cost of capital, and equipment depreciation.  The annual expenses used here are those that are directly proportional to fixed capital, as listed in Table 2-4.[15]
	The cost of capital considers the required return on investment for a given capital outlay.  The required return on investment will vary by company but is assumed in this circumstance to be 10%.   Annualized interest on invested capital expressed as a fraction of the initial capital investment is calculated with equation 18.[16]
   										      (18)


	[bookmark: _Toc358196459]Table 2-4.  Annual Expenses Proportional to Fixed Capital.

	Capital-related cost item
	Fractions of fixed capital

	Maintenance and repairs
	0.06

	Operating supplies
	0.01

	Overhead, etc.
	0.03

	Taxes and insurance
	0.03

	General
	0.01

	Total
	0.14



    								      (20)
The economic potential for Level 3 can then be calculated with equation 21.
                                             		                                (21)
[bookmark: _Toc324848904]Example Calculation of Level 3 Economic Potential:
	A summary of the components of the cell stack and their associated costs is given in Table 2-5.  A stack consisting of 100 cells contains 101 current collectors (101 m2/stack, total for 20 stacks = 2020 m2), 202 carbon felt electrodes (202 m2/stack, total for 20 stacks = 4040 m2), and 100 membranes (100 m2/stack, total for 20 stacks = 2000 m2).  Added into the total costs for the stacks are manufacturing costs, shipping costs, and additional costs which were assumed to be 20%, 10%, and 10% respectively of the total capital costs of the components.[12]  The annualized costs of an equipment item are the annualized costs of the installed equipment items; an installation factor of 1.4 is used to modify the purchased costs of the stacks.   Figure 2-3 shows that at Level 3 it is necessary to cycle the battery over 100 times a year in order to make a profit.  The economical potential drops by over $500,000 between Levels 2 and 3, which is significant.  Examining the costs of components in Table 2-5 shows that the bulk of this drop in economical potential is due to the costs of cell ion exchange membranes.   


[bookmark: _Toc324848905][bookmark: _Toc358196398]Level 4:  Energy Capacity Considerations
	The energy capacity of a VRB is determined by the mass of vanadium electrolytes in each solution.  The stoichiometric equations listed in Level 1 show that one 1 mole of vanadium ions will produce one mole of electrons when oxidized or reduced.  Because of this, the students calculated the moles of vanadium ions needed by taking the moles of electrons oxidized by one cell in one second, multiplying by the charge time, multiplying by the number of cells in a stack, then multiplying by the number of stacks in the battery as in equation 22.
 			                                                                                                  (22)
This calculation will provide the moles of vanadium electrolytes needed for the cathode or the anode solutions and should be multiplied by two for the total amount needed.  To calculate the amount of vanadium needed, however, changes in the SOC of the battery must be considered.  As mentioned in Level 3, the electrical potential as a function of the SOC increases as the SOC increases.   The VRB cannot be fully charged without using very high (infinite) voltages and cannot be fully discharged without a severe loss of voltage (efficiency) in the discharge.  It is assumed that the base-case battery will operate between a SOC of 0.20 and 0.80, which means that MV represents 60% of the total vanadium needed.
The tanks used to store the vanadium solution will vary in size with the volume of vanadium ion solution needed, and therefore with the energy capacity of the VRB.  Because of the corrosive nature of sulfuric acid, the use of double-walled tanks should be considered.  In the current example, the students used single-walled fiberglass tanks.  The size of the tanks and amount of vanadium needed is estimated by equations 23 and 24 (in the current example one liter of solution contains one mole of vanadium).
			                                                                                                              (23)                                                                                                                                                  (24)	     
The economic potential for Level 4 is then calculated with equation 25.
                                                                                                                          (25)

	[bookmark: _Toc358196460]Table 2-5.  Level 3 Capital Costs.

	Membrane Area (20 Stacks)
	2000 m2

	Cost of Membrane
	$500 m-2

	Total Cost of Membrane (20 Stacks)
	$1,000,000 

	Cost of Current Collectors
	$51 m-2

	Total Cost of Current Collectors (20 Stacks)
	$103,020

	Cost of Carbon Felt Electrodes
	$ 20 m-2

	Total Cost of Carbon Felt Electrodes
	$80,800

	Total Cost of Stacks (20 Stacks)
	$1,657,348

	Annualized Cost of Stacks (20 Stacks)
	$501,754

	Cost of Pumps (2)
	$86,112

	Annualized Cost of Pumps (2)
	$26,070

	Cost of Power Conditioning System
	$260 kW-1

	Transformer Cost
	$36.58 kW-1

	Cost of Breakers, Contacts, and Cabling
	$28.14 kW-1

	Total PCS and Associated Items Cost
	$324,720

	Annualized Cost of PCS and Associated Items
	$19,303

	Total Annualized Cost of Level 3 Components
	$547,127



	This Level 4 methodology differs significantly from the method suggested by Douglas.  He uses Level 4 for including the costs of separation systems in a chemical process.  This is one place where a change was needed to the Douglas approach for the VRB.  
[bookmark: _Toc324848906]Example Calculation for Level 4 Economic Potential
	A summary of the components associated costs with Level 4 considerations is presented in Table 2-6.   To account for the costs of preparing the solution, the capital cost of the vanadium was multiplied by 1.1.  To annualize the costs it was assumed that the tanks, vanadium, and sulfuric acid could be used throughout the lifespan of the battery.  A reasonable estimate for this lifespan of twenty years was used by the students.[12]  The drop in economic potential between Levels 3 and 4 is over $400,000, and Figure 2-3 shows that it is necessary to have over 200 cycles per year in order to make a profit.
 

[bookmark: _Toc324848907]

[bookmark: _Toc358196399]
Level 5:  Balance of Plant
	The last of the major costs of a VRB are associated with the balance of plant costs.  These costs may also be associated with the power and energy capacity of the VRB, but are included in another level for simplicity.  
	The balance of plant costs are based on the EPRI calculations and include the costs for construction (not already accounted for), costs for the control system, and building and site preparation costs.[12]   Building and site preparation costs are estimated on average to be around $900 per square meter of the facility in 2007.  Accounting for an inflation rate of 3%, the cost in 2011 is $1012 per square meter.  An estimate for the size of the facility is 500 m2/MW.[12]   Adjusting for inflation, the control system is estimated at $22,509 and the remaining costs are $56/kW. 
                                                                                                                                   (26)
Level 5 is not comparable to any level of the Douglas model.  It is used to essentially capture all the remaining capital costs elements that are not functions of power or energy.
[bookmark: _Toc324848908]Example of Level 5 Annualized Capital Costs Estimation:

 
[bookmark: _Toc324848909][bookmark: _Toc358196400]Level 6:  Capital Investment Estimate
	The last step makes use of the information gathered in the earlier steps to create a capital investment estimate table.  A table from the example is presented in Table 2-7.  This methodology has covered only the capital costs of a VRB; the operating costs were not included in the student assignments.  While a complete summary of the total costs of operating a VRB would include the operating costs, the intent of this design methodology was to include only the capital costs.


	[bookmark: _Toc358196461]Table 2-6.  Level 4 Capital Costs.

	Concentration of Vanadium
	1 mol/L

	Volume of Solution
	596,984 L

	Cost of  Vanadium
	$25.13 kg-1

	Total Cost of Vanadium Solution
	$1,528,470

	Annualized Cost of Vanadium Solution
	$393,519

	Tank Size 
	656,680 L

	Total Cost of Tanks
	$264,960

	Annualized Cost of Tanks
	$68,217


[bookmark: _Toc324848910]
[bookmark: _Toc358196401]Future Possible Cost Reductions
	Table 2-7 shows that the cost of the cell stacks and the cost of vanadium were indentified as major contributors to capital cost.  In this section the possibility of cost reduction for these two variables is explored.  The reduced cost of $35/m2 for ion exchanged membranes reflects one author’s expected reduction in manufacturing cost caused by increased demand for membranes and improved manufacturing.[9]  The reduced cost of vanadium at half of the value in Table 2-3 may be more optimistic, but it is based on the observed volatility of vanadium prices in recent years as reported by the U.S. Geological Survey.  The economic potential in the following analysis is based on a more realistic market value of electricity.
	The capital cost elements of the base case model reported in Tables 2-1, 2-2 and 2-3 are only changed by the reduction of ion exchange membrane costs in the results shown in Table 2-8.  The capital costs per MWh is reduced to $262.  The economic potential of the reduced cost system shown in Figure 2-5 is based on the price of product electricity of $0.10/kWh and a purchased cost of $0.01/kWh and shows that the cost of Level 4 and 5 are always negative, indicating no opportunity for profit at the conditions of the study.
	The capital costs elements of the base case model reported in Tables 2-1, 2-2, and 2-3 are changed by both the reduction of ion exchange membrane costs and reduced vanadium costs in the results shown in Table 2-9.  The capital costs per MWh is reduced to $198.  The economic potential of the reduced cost system shown in Figure 2-6 is based on the price of product electricity of $0.10/kWh and 

	[bookmark: _Toc358196462]Table 2-7.  Capital Cost Estimate.

	 
	 
	 
	 
	 
	

	Equipment ID
	Number
	Capacity
	 Purchased Cost
	Installation and Material
Factor
	Capital Investment

	Cell Stacks (100 cells per stack)
	V-101
	20 stacks
	$1,183,120
	1.4*
	$1,657,348

	Vanadium Solution
	S-101
	596,984 liters
	$1,528,470
	
	$1,528,470

	Tanks
	T-101
	656,680 liters, Fiberglass
	$88,320
	3
	$264,960

	Heat Exchanger
	C-101
	Na
	0
	4
	0

	Pumps
	P-101
	7.9 Watts
	$11,482
	7.5
	$86,112

	PCS System and Associated Costs
	E-101
	1,000 kVA
	$324,720
	1
	$324,720

	Balance of Plant Costs
	
	
	$584,509
	1
	$584,509

	Total Cost
	 
	 
	$3,720,621
	 
	$4,446,119

	* for manufacturing costs, shipping costs, and additional costs



purchased cost of $0.01/kWh and shows that the improved cost of Level’s 4 and 5 are still always negative, introducing not opportunity for profit at the conditions of the study.
	The results shown here indicate that reduced costs for ion exchange membranes and vanadium do not appear to be sufficient to make the system profitable at the conditions of this study.  Additional cost reductions will be necessary.  Such cost reductions may be found in activities such as increasing the range of SOC values for system operation and improving the cell current density and efficiency as well as other 
general cost reductions.
[bookmark: _Toc324848911][bookmark: _Toc358196402]General Observations
 	Our current CBE process design classes consist of two senior classes (CBE 480 and 488 or 490). CBE 488 is the honors version of CBE 490 and typically has industrial sponsorship.   CBE 480 covers fundamental chemical process design: process creation and definition, flow sheet development, design 
Vasudevan [15]  with supplemental information on flow sheet creation by Douglas.[10]  CBE 488/490 are both traditional capstone design projects with the primary deliverables being oral and written design 
	[bookmark: _Toc358196463]Table 2-8.  Capital Cost Estimates at Reduced Ion Exchange Membrane Cost.

	
	 
	 
	 
	 
	

	Equipment ID
	Number
	Capacity
	 Purchased Cost
	Installation and Material
Factor
	Capital Investment

	Cell Stacks (100 cells per stack)
	V-101
	22 stacks
	$276,709
	1.4*
	$387,393

	Vanadium Solution
	S-101
	650,820 liters
	$1,666,307
	1
	$1,666,307

	Tanks
	T-101
	656,680 liters, Fiberglass
	$88,320
	3
	$264,960

	Heat Exchanger
	C-101
	na
	0
	4
	0

	Pumps
	P-101
	20 Watts
	$11,482
	7.5
	$86,112

	PCS System and Associated Costs
	E-101
	1,000 kVA
	$324,720
	1
	$324,720

	Balance of Plant Costs
	
	
	$584,509
	1
	$584,509

	Total Cost
	 
	 
	$2,952,047
	 
	$3,314,001

	* for manufacturing costs




and costing of equipment, optimization, economic analysis, and reporting; the textbook is by Ulrich and reports.   Both CBE 480 and CBE 488 or 490 are required 3-semester hour classes.  The case study presented here was the primary focus of CBE 488 and a shortened version used as a homework problem in CBE 480.  Different CBE 488 teams had different design variables, such as current density, in addition to a common base case to study on which to report.	 

	The development of the case study presented here was sponsored by EPRI.  One of the co-authors of this study, Haresh Kamath, was a primary author of an authoritative study of all-vanadium redox flow batteries (EPRI - 1014836).[12]  Mr. Kamath was instrumental in the study reported here as well as the design of the problem statement for the students, discussion and explanation of system details, and review  of the final presentations and reports. Several students stayed for continued discussion with Mr. Kamath and other EPRI personnel after the final presentation; all students approved the transmission of their final report to EPRI. One of the authors of this paper and expert on electrochemical technology,  Dr. 


[bookmark: _Toc358196425]Figure 2-5.  Economic Potential for a Vana Redox-Flow Battery at Reduced Membrane Cost Conditions.

Zawodzinski, gave lectures on electrochemistry and electrical storage batteries in CBE 480.  The roles of EPRI, Mr. Kamath, and Dr. Zawodzinski added authenticity to the project. 
	The students had a unique opportunity to do process design work on an electrochemical process; they were also exposed to experts in the field.  They were surprised at the scale of existing and planned electro-chemical storage facilities and the relationship between mass and energy balances that is facilitated by the flow of electrical energy.  The students also learned that the economics of electrochemical processes may be analyzed similarly to chemical processes.  In general, the students appeared to receive the project very well as indicated with an overall student evaluation of CBE 488 as 4.6/5.0.  If used again, the future studies may focus on different battery chemistries.  The study may also be shortened for use in a Mass and Energy Balance class or a Green Engineering class.
[bookmark: _Toc324848912][bookmark: _Toc358196403]Conclusions
	Working through the six levels of this design procedure allowed the students to modify the chemical engineering design procedures which are the standard for a chemical engineering education.  Applying these traditional procedures to a non-traditional system gave valuable experience needed to a 

[bookmark: _Toc358196426]Figure 2-6.  Economic Potential for a Vanadium Redox-Flow Battery at Reduced Membrane Cost Conditions and Reduced Vanadium Cost.

field that is no longer restricted to the petroleum or chemical industries.  In addition to the experience of applying chemical design principles to a different type of system, the students also received insight into the electric utility industry.
	The potential profit at Level 2 and above is shown in Figure 2-3 for the original study conditions.  The figure shows the annual profits (the y-axis) at each level for an increasing number of charge/discharge cycles per year (the x-axis).  The students concluded that capital costs were such that it would be difficult to construct and operate a VRB at a profit and because of this, there is no need to look into the details of the operating costs until the capital costs can be lowered.  The two largest contributions to the capital costs found by the students were the cost of the permeable membrane and the cost of the vanadium electrolyte.  Any future developments will need to decrease these costs to make the investment in a VRB more attractive.  The potential profit from a VRB was also found to be strongly affected by the cost of peak power electricity.  Since the students assumed a ten-fold difference between the cost of base-load power to feed the battery and peak load power produced by the battery, further reductions in the cost of base-load power would have limited effects.  The cost analysis presented here does appear to be sufficient evidence that further process improvements may indeed make the VRB a commercially viable technology.
[bookmark: _Toc358196404]
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[bookmark: _Toc324848914][bookmark: _Toc358196405][bookmark: _Toc324848915]CHAPTER 3:  Capital Cost Sensitivity Analysis of an All-Vanadium Redox-Flow Battery






Chapter 3 of this thesis is a slightly revised version of an article by the same name that will be published in the Journal of the Electrochemical Society in 2012 by Mark Moore, J. S. Watson, Thomas A. Zawodzinski, Mengqi Zhang, and Robert M. Counce.
My contribution to this paper included the development of the cost model, and the authorship of the paper.  Mengqi Zhang developed the capital cost function based on my cost model, and calculated the relative sensitivity indexes.  Robert M. Counce and Jack S. Watson provided advice and editing support.

[bookmark: _Toc324848916][bookmark: _Toc358196406]Abstract
	Interest in the development of redox-flow batteries (RFBs) for large-scale grid storage is growing, and considerable investments have been made into the research and development of RFBs over the past few decades.  Unfortunately, practical implementation has been hampered by various cost and performance issues typical of an immature state of development.  One critical factor for the competitiveness of this technology is the installed cost.  In this work, we incorporate recent developments in all-vanadium RFBs research and present an analysis of the associated cost factors.  The major components of a RFB that affect installed cost are identified and used as variables to create a capital cost function.  The function is then used to calculate the rate of change of the capital costs with respect to the major components.  The capital costs are also calculated for a range of component values and plotted.  Key findings include a high sensitivity of system capital cost to purity of vanadium and substantial fractions of the cost associated with perflurorosulfonic acid membranes currently used for proton transport.
[bookmark: _Toc358196407]Introduction
	Redox flow batteries (RFBs) are being developed for use in large-scale electrical grid storage.  There are a number of potential benefits that could be provided by large-scale electrical grid storage RFBs. RFBs could be used to store energy during periods of low demand and supply power during periods of peak demand, forgoing the need for additional expensive investments in generating capacity to meet peak demand.   Also, electrical energy generated from renewable resources such as wind or solar could be stored in a RFB for use when supplies of renewable power are limited.  RFBs could help stabilize transmission lines, act as an uninterruptable power supply for sensitive equipment, and improve service reliability for customers [1].  In spite of research and development over the past few decades, however, practical implementation is hampered by various cost and performance issues typical of an immature state of development of the technology.
	One critical factor for competitiveness of this technology is its installed (capital) cost.  ARPA-e targets capital costs of $100/kWh installed, an aggressive target for lowering the capital costs.  Analysis is needed to consider if it is even feasible to meet this kind of target with current technology and to evaluate the changes that are most likely to result in large reductions in capital cost.   Thus, economic analyses can provide focus to research activities.  For example, the trade-off in cost between factors primarily associated with energy density (redox couples, achievable concentrations of electrolyte solutions) and electrical power density (electrochemical converter performance) will provide insight into appropriate priorities for different deployment scenarios.
	In this work, we present an analysis of the cost factors associated with vanadium redox flow batteries (VRBs), which are widely viewed as a possible target technology.  We previously analyzed VRB systems using chemical process engineering design strategies [2,3].  The major variables affecting the capital costs are identified.
[bookmark: _Toc324848917][bookmark: _Toc358196408]Background
	A VRB is a system utilizing a redox reaction to both charge and discharge the battery by means of a flow of the reactants through the electrochemical cells, see Figure 3-1.[4]  Each cell is divided into half-cells by means of a membrane permeable to protons, while the cell itself contains electrodes that collect or provide electrons for the redox reaction.  The cells are arranged in stacks and connected in series to increase the electrical potential of the VRB, while stacks are connected in parallel to increase the current capability of the VRB.  The redox reaction for the VRB is provided by two solutions of vanadium ions pumped through the cell stacks from storage tanks external to the stack. The tanks store the solutions and, thus, the energy supply for the stack.  
[image: Redox_Flow_Battery_System_Clipart_Free.png]
[bookmark: _Toc358196427]Figure 3-1.  Schematic representation of a vanadium redox –flow battery.

The solution pumped through the negative half-cells contains V2+ and V3+ ions and the solution pumped through the positive half-cell contains V4+ and V5+ ions.  Vanadium is dissolved in sulfuric acid to a typical concentration of one molar.  The redox reactions occurring in the half cells while the battery is being charged are:
Negative Half-Cell:  V3+ + e- ↔ V2+								[1]
Positive Half-Cell:  VO2+ + H2O ↔ VO2+ + 2H+ + e-						[2]
During discharge, the reactions are simply the reverse of these reactions.
	The approach presented here for evaluating the sensitivity of the overall costs of a VRB to the selected design variables is taken, in part, from a paper by Moore, et al. in which a hierarchical method is used in the design process [5].  The core of this method is the categorization of the capital costs into identifiable areas that are examined in a step-by-step procedure, with each step building upon the previous step.  The categories presented for analysis of the capital costs are:
1. Costs that scale in proportion to the power capacity;
2. Costs that scale in proportion to the energy capacity;
3. Costs that do not scale with size.
The first two categories constitute the greater portion of the capital costs of the battery and will be the areas in which the cost sensitivity analysis will focus.  
	The electrical power capacity is determined by the design of the cell stacks.  The amount of electric current produced by a cell is dependent on the current density of the cell and the active electrode area.  The cells in a stack are assumed to be identical, however, and the cost model presented here does not allow for any change in current through a stack.  The desired voltage is achieved by selecting the appropriate number of cells in a stack.  The electrical potential of a stack is increased when the cells in a stack are connected in series.  Each cell adds to the electrical potential of the stack by the value of the added cells electrical potential. The desired total current is achieved by changing the area of the cells in a stack or by connecting additional cell stacks in parallel.
	The electrical power of the VRB is dependent on the overall number of cells in the battery.  The current capacity of a cell, thus the current capacity of a stack, is calculated by multiplying the current density of the electrode by the active electrode area.  The current capacity of the VRB is calculated by multiplying the current capacity of a cell by the number of stacks, and the electrical potential of the battery is calculated by multiplying the electrical potential of one cell by the number of cells in a stack.  The electrical power is then the product of the current capacity and the electrical potential.
	The energy capacity of the VRB is determined by the concentration of vanadium and the volume of the process solutions.  For a fixed concentration of vanadium, the greater the volume of the solutions, the more energy can be stored by the battery.  Larger volumes will be required for battery designs that require a higher electrical energy capacity or a longer cycle time at a given power.  An important consideration associated with the energy capacity of the VRB is the state of charge (SOC).  The SOC defines the concentrations of the reactants and the products at any given point in time and represents the amount of energy the VRB is storing relative to its full capacity [6]. The SOC of the VRB is considered because the electrical potential of the battery is dependent on the SOC.  This is illustrated by Figure 3-2, which shows the relationship of the electrical potential to the SOC [6,8]. While the graph of the cell potential in Figure 3-2 approaches the boundaries asymptotically, the middle of the graph is approximately linear. It is therefore advantageous to set the limits of the SOC for the VRB within this middle region, where the dramatic drop-off or increase in electrical potential can be avoided. 
	In addition, narrowing the limits of the SOC provides a smaller range of fluctuation in the power of the VRB.  Any change in the SOC during a pass of solution through the cell stack will result in reduced efficiencies since the conducting electrodes will produce only the lower voltage from the exit conditions.  
	To minimize the inefficiencies, the solution flow rates were maintained sufficiently high so that only incremental changes in the SOC occurred during a single pass through the stack.  Thus, the SOC corresponds to a gradual change in the composition in the solution tanks with time as the vanadium ions are oxidized or reduced.
[bookmark: _Toc324848918][bookmark: _Toc358196409]Method
	The sensitivity analysis begins by defining a base case VRB.  In this paper, the base case is based upon the following conditions:
A. Reaction Related Information
a. Stoichiometry (See Equations 1 and 2 above)
b. Temperature:  Near room temperature (25⁰C)
c. Concentration of vanadium:  1 M
d. Concentration of H2SO4:  5 M
e. Electrical power capacity :  1,000 kW
f. Energy capacity:  12,000 kWhr
g. Cycle time (for charge or discharge):  12 hr
h. State of charge considerations:  Minimum = 0.20, Maximum = 0.80
i. Average Potential of cell:  1.26 Volts [6]
j. DC to DC efficiency:  0.91

[bookmark: _Toc358196428]Figure 3-2.  The effect of SOC on cell electrical potential.

B. Design Details
a. Size (cross-sectional area) of cell:  1 m2
b. Cell stack size:  100 cells
c. Design current density of cell:  40 mA/cm2
d. Materials of construction for tanks and heat exchangers:  PVC and high Ni steel
e. Temperature adjustment in flow from cell stack:  15 ⁰C
C. Cost Information
a. Industrial Grade Vanadium cost:  $21.13/kg of V [7]
b. Cell Construction Materials [8]
i. Ion-exchange membrane:  $500/m2
ii. Electrodes:  $51/m2
iii. Carbon felt:   $20/m2
c. Costs are in 2011 U.S. dollars 

The capital cost of this base case is about $4.5 million, or about $380 per kWh.  The costs of the components as a percentage of total capital costs can be seen in Figure 3-3.
	From the above base case variables a mathematical model was derived using the costs of different components of a VRB.  The components are categorized according to their relationship to the electrical power capacity and energy capacity of the VRB.  The variables chosen that are associated with the electrical power capacity of the VRB are the membrane cost and the current density.  The variables chosen that are associated with the energy capacity of the VRB are the cycle time, the cost of the vanadium electrolyte, and the limits for the state of charge.  The 

[bookmark: _Toc358196429]Figure 3-3.  The Capital Costs of the Base Case VRB.


mathematical model derived is represented as a function of the components that affect the overall capital costs, taken as variables, in equation 3: 








						        [3]
See Table 3-1 for variable definitions.  With this function the relative sensitivity index can be defined by equation 4:
  					        [4]
where BCP is the base case point, x is the cost component variable, f is the capital cost function, x0 is the component variable at the base case, and f0 is the overall capital cost at the base case.  
	 
[bookmark: _Toc358196464]Table 3-1.  Nomenclature.
	Variable
	Description
	Units

	τc
	Time necessary to fully charge or discharge the VRB.
	hr

	P
	Power capacity of the VRB.
	W

	CV
	Cost of the vanadium ions.
	$/g

	SCL
	Lower limit of the SOC.
	

	ηOA
	Overall efficiency of the VRB (DC to DC).
	

	CM
	Cost of the membrane.
	$/m2

	ID
	Current density.
	mA/cm2

	
	
	


The relative sensitivity index is then a measure of the rate of change of the capital costs for a particular component variable at the base case values.  Since the absolute value of the 
equation is taken, the higher the result, the greater the variable’s influence on overall capital costs. We take the variables, such as the current density, cycle time, membrane cost and vanadium cost, into consideration and list the corresponding relative sensitivity index in Table 3-2.
	Other than the relative sensitivity analysis, we start with the base case values to understand the effects of changing variable values of a certain range; the variables are selected individually and given a range of values.  The capital costs of the VRB are then calculated for 
each of these values and divided by the energy capacity of the VRB to attain the value for capital cost per kilowatt -hour for comparison to the ARPA-e goal of $100/kwh.  The costs for the tanks, pumps, and heat exchangers were taken from a textbook by Ulrich [9].
	The cost for the permeable membranes represents the majority of the costs for the cell stacks of a VRB. In the base case scenario, it alone represents about one-fourth of the total capital costs for the VRB.  To test the sensitivity of the system cost to the membrane cost, the total 

[bookmark: _Toc358196465]Table 3-2.  Summary of Relative Sensitivity Indexes.
	Relative Sensitivity Index

	Fixed Power
Capacity Variables
	Current Density
	0.3092

	
	Cycle Time
	0.6101

	
	Membrane Cost
	0.2612

	
	Electrode Cost
	0.021

	
	Vanadium Cost
	0.3337

	
	Lower SOC Limit
	0.1112

	Fixed Energy
Capacity Variables
	Power Capacity
	0.4881

	
	Cycle Time
	0.4881



capital costs for the VRB were calculated for membrane costs ranging from $100/m2 to the base case cost of $500/m2.  
	The current density of the electrodes has a significant effect on the number of stacks required.  When the size of the cell is constant, the added current capacity increases the current 
through the stack, requiring fewer stacks in order to meet the electrical power requirement.  The total capital costs were calculated for a range of current densities of 20 mA/cm2 to 100 mA/cm2.  The increase in current density of the electrodes increases the over potential during charging and lowers the potential during discharge, and thus lowers the efficiency of the VRB.  To calculate the efficiencies for different current densities, data was taken from two graphs from a paper by You [10].  Graphs plotted from the data can be seen in Figure 3-4.  These graphs show that the 
cell voltage while charging and discharging is dependent on the SOC of the VRB.  Graph (a) represents a current density of 40 mA/cm2 while graph (b) represents a current density of 80 mA/cm2.  The area beneath the charging curves represents the amount of energy used to charge the VRB, and the area beneath the discharging curves represents the amount of energy discharged from the VRB.  
[image: ]
[bookmark: _Toc358196430]Figure 3-4.  The cell voltage at different SOC for (a) a current density of 40 mA/cm2 and (b) a current density of 80 mA/cm2.


The ratio of the discharged energy to the charging energy can then be used as the efficiency for that current density.  An assumption was made that the relationship between current density and efficiency was linear.  The linear dependence of efficiencies with current density was determined from the data at 40 mA/cm2 and at 80 mA/cm2 and an assumed efficiency of 1 at 0 mA/cm2..  This equation was calculated to be:
									[5]
where x represents the current density in mA/cm2.
	The cycle time determines the amount of energy the VRB  must store; the longer the cycle time, the greater the mass of vanadium electrolyte required to store the energy.  The sensitivity of the overall capital costs to the cycle time is examined by holding the electrical 
power of the VRB at the base case value and changing the charge and discharge time for values between from 4 hours to 12 hours (total cycle time from 8 hours to 24 hours).  
	The major cost associated with the energy storage capacity of the VRB is the cost of the vanadium electrolyte, which at the base case value represents about 40% of the capital costs of
the entire battery [11].  The base case, however, assumes industrial grade vanadium while most research into VRB has been done in the laboratory with a higher grade of vanadium.  The higher grade of vanadium is significantly more expensive.  If deployment of VRBs increases the demand for higher grade vanadium, the cost for higher grade vanadium could fall, possibly to prices somewhere between the current cost for low grade and current costs for higher grade vanadium.  To examine the effects of this on the capital costs of a VRB, the costs of the vanadium were varied from the industrial base case value of $0.021 per gram to the laboratory grade value of $2.10 per gram.  
	As the SOC range becomes narrower, there is a need for a greater capacity of the vanadium electrolyte since less vanadium is utilized during each cycle.  To examine the effect of this on the total capital costs of the VRB, the upper SOC limit is held at 0.8 while the lower SOC limit ranges from 0.2 to 0.7.  For this study, the electric current density was a parameter of interest, so in all cases, the battery was charged and discharged at a constant current density.  
The energy capacity of a VRB is a product of the power capacity and the cycle time.  It is the amount of power (in kW) applied over a certain period of time (hours), and is measured in kilowatt-hours.  If the energy capacity of a VRB is held constant, an increase in the power will provide for a decrease in the cycle time for the battery, while an increase in the cycle time will provide for a decrease in the power.  The increase in power capacity requires the addition of stacks of cells, increasing the capital costs associated with the power capacity.  The cycle time influences the amount of vanadium electrolyte required as well as the size of the tanks, which affects the capitals costs as well.  To see the effects on the capital costs when power capacity increases and the cycle time decreases, the energy capacity is held constant while the power ranges from 1000 kW to 3000 kW and the charge/discharge time ranges from 12 hours to 4 hours (a total cycle time of 24 to 8 hours).
[bookmark: _Toc324848919][bookmark: _Toc358196410]Results
	The values of the relative sensitivity index are given in Table 3-2.  When the power capacity is fixed, the cycle time has by far, the largest effect on capital cost with the price of vanadium having the next greatest effect.  The cost of increasing the cycle time is a function of the cost of the vanadium; the longer the cycle time, the more vanadium electrolyte is necessary.  This emphasizes the effect that the price of the vanadium electrolytes have on the capital costs.  When the energy capacity is fixed, the power capacity and the cycle time have large and equal effects on the capital costs.
	The sensitivity of the capital cost per kWh to various variables is presented below with accompanying graphs.  In each case, the remaining variables are held constant so that the effects of the intended variables on the overall capital costs is illustrated more clearly.
	The sensitivity of the capital cost per kilowatt-hour to the costs of the membrane can be seen in Figure 3-5.  The sensitivity of the capital costs to the membrane costs does not change as the membrane costs increase, but the capital costs do rise.  With the present day costs (used as the base case cost) the capital cost per kilowatt-hour is about $391, which trends down to $284 per kilowatt when the membrane price is $40 per square meter, a DOE target for fuel cells.
	The sensitivity of the capital costs per kilowatt-hour to the current density can be seen in Figure 3-6 for a family of curves representing different membrane costs.  At lower current densities and higher membrane costs, the capital costs are quite sensitive to the current density.  
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[bookmark: _Toc358196431]Figure 3-5.  The effect of membrane cost on capital costs.

becomes less and less significant, until the majority of the overall cost is related to the costs for the components associated with the energy capacity.
	The sensitivity of capital costs to current density for different electrode prices can be seen in Figure 3-7 for a family of curves representing different electrode prices.   The increase in current density once again shows diminishing returns when approaching 100 mA/cm2.  The 
electrode price does not affect the sensitivity of the capital costs to the current density, as the lines show the same level of curvature for each electrode price.  
	The sensitivity of the capital costs per kWh to the cycle time can be seen in Figure 3-8.  When the power capacity is constant at 1 MW, increasing the cycle time lowers the capital costs per kWh.  The total capital costs will increase because of the larger tanks required and greater volume of vanadium electrolyte; however, the increase in the energy capacity of the VRB more than offsets this expense and lowers the capital costs per kWh.
	The sensitivity of the capital cost per kWh to the cost of vanadium can be seen in the semi-log graph in Figure 3-9.  The capital cost per kWh showed the greatest range when 

[bookmark: _Toc358196432]Figure 3-6. The effect of current density on capital costs.

increasing the cost of the vanadium from the cost of industrial grade vanadium at $0.021 per gram to laboratory grade vanadium at $2.10 a gram.  There is a 100 fold increase in the cost of 
the vanadium electrolytes, increasing the capital costs per kilowatt-hour from around $300 to around $12,000.  The differences in the prices can be explained by the purity of the vanadium, with the laboratory grade vanadium being of much higher purity.  It is then important for a VRB 
to be able to use the lowest purity of vanadium as possible, so that the price of the vanadium can be kept at a minimum. 
	The increase in the capital costs per kilowatt-hour as the SOC limits are narrowed can be seen in Figure 3-10.  As the SOC limits are narrowed by raising the lower limit toward a static upper limit of 0.80, the capital costs per kilowatt-hour increases.  This increase becomes more dramatic the narrower the SOC range, in this case the higher value for the lower limit.   This increase is due to the fact that as the lower limit of the SOC approaches the upper limit of 0.80, the difference in the volume of vanadium solution needed to store the energy at those limits 


[bookmark: _Toc358196433]Figure 3-7.  The effect of current density on capital costs for different electrode costs.

becomes greater.  For example, when the lower SOC limit is raised from 0.2 to 0.225, the volume of vanadium electrolyte solution needed increases by 4.3%; however, when the SOC limit is raised from 0.3 to 0.325, the volume of vanadium electrolyte solution needed increases by 5.2%.
	Figure 3-11 shows the capital costs per kilowatt-hour of a VRB when the energy capacity is held constant at 12 MWh, the power capacity is raised, and the cycle time is decreased.  The higher power capacity translates into greater capital costs for the VRB.  From the perspective of the VRB system design, the extending cycle time with the reduction of power capacity can potentially cut down the total capital cost when the power capacity is not the first consideration. 
[bookmark: _Toc358196411]Conclusion
	The relative sensitivity index for a fixed power capacity shows the importance of the costs of the vanadium to the overall capital costs.  In addition, the capital costs per kilowatt-hour showed the greatest range when the vanadium costs were varied from the cost of industrial grade vanadium to the costs of laboratory grade vanadium.  Note that a relatively large change in vanadium costs was considered in this analysis.  Of course, the large change makes the cost of 

[bookmark: _Toc358196434]Figure 3-8. The Effect of Cycle Time on Capital Cost per Kilowatt-Hour for a 1 MW VRB.

vanadium appear to be an especially important parameter.  The large change in vanadium cost was used because it was apparent that the use of high purity vanadium at current prices (approximately $2,100 per kg) would be prohibitively expensive.  It is clear that using vanadium costs near that of the lowest grade vanadium will be necessary to keep the capital costs of the 
VRB down.   Vanadium costs like those for the laboratory grade vanadium would be almost 120 times greater than the ARPA-e goal.  Better definition of vanadium purity requirements, less expensive sources of vanadium, and lower costs for reaching the required purity appear to be important needs for the VRB to meet or approach the ARPA-e goal.
	When the energy capacity is held constant and the power capacity and cycle time are manipulated, the increased costs of the components related to the power capacity far out weigh the savings in the cost for the vanadium electrolyte and the tanks due to the lowered cycle time.  This shows that there is a greater economic feasibility for VRB designs with a lower power capacity and longer cycle time for a set energy capacity.
	The capital costs per kilowatt-hour are sensitive to the SOC limits, and the trade-off between the greater fluctuation in the power of the discharge and narrower SOC limits must be carefully weighed against this when designing a VRB.  If it is necessary to have a narrower range 
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[bookmark: _Toc358196435]Figure 3-9. The Effect of Vanadium Electrolyte Cost on a VRB.

of power while discharging, the rise in the capital costs of the VRB will be steep; however, VRB uses where the power discharge is allowed a greater range will make the VRB far more affordable.
	The increase in current density showed diminishing returns due to the costs of the components associated with the energy capacity.  While the increase in the current density had a significant effect on the costs of the components associated with the power capacity, increasing 
the current density will have to be coupled with ways to decrease the costs of the components associated with the energy capacity to have a greater effect.  
Since varying only one variable at a time was inadequate to reach the ARPA-e goal of $100 per kWh for any of the variables, a more holistic approach must be taken in which multiple variables will be needed to reach the goal.  Since some of the parameters reflect the different needs of individual electrical utility companies, it may be easier to meet or approach the cost goals for some applications than for others.


[bookmark: _Toc358196436]Figure 3-10. The Effect of SOC Limits on Capital Costs per Kilowatt-Hour.
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[bookmark: _Toc358196437]Figure 3-11. The Effect of Cycle Time and Power Capacity on Capital Costs per Kilowatt-Hour for a 12 MWh VRB.
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[bookmark: _Toc358196414]Introduction
The potential of the redox flow battery (RFB) for use in grid scale energy storage is well documented [1,2].  RFBs provide peak shaving, load leveling, energy reserve and grid stabilization capabilities to improve the performance of the utility grid and defer investments in additional generation capacity. [1]  In addition, the energy generated by solar plants or wind farms can be stored in RFB’s for discharge when the demand calls for it [2].  The Vanadium Redox Flow Battery [VRB] is one type of flow battery that has been developed for several applications and is a continuing subject of research and development.[2]
A schematic of a vanadium redox battery system is shown in Figure 4-1.  The battery cells contain carbon felt electrodes and a cation exchange membrane which divides the cell into two compartments.  One compartment is filled with a solution of V(II) and V(III) ions while the other compartment is filled with a solution of V(IV) and V(V) ions.  The vanadium ions are dissolved in sulfuric acid, usually 1 to 5 mol/liter.  The electrochemical reactions occurring at each electrode while the battery is being charged are given in equations 1 and 2.  The reactions occurring while the battery is being discharged proceed in the opposite direction.[3]
Negative Half-Cell:  V3+ + e- ↔ V2+							 [1]
Positive Half-Cell:  VO2+ + H2O ↔ VO2+ + 2H+ + e-					 [2]
 	In the paper of Zhang et al., the installed fixed capital cost (FCI) of the VRB operating at a current density of 40 mA/cm2 was shown to be a strong function of the cost of the electrolyte (vanadium) and the cost of the ion exchange membrane.[4] The cost of the ion exchange membrane, such as Nafion, is expected to come down in coming years as the production rate increases due to increased use, largely in fuel cells.  In this paper the effect of the VRB current density on their estimated FCI, costs of ion exchange membranes and vanadium is examined as a function of the current density.  The cost of the ion exchange membrane in this paper is that 
[image: ]
[bookmark: _Toc358196438]Figure 4-1.  Schematic of a vanadium redox-flow battery.[1]

expected in the future at high production rates. The estimation model used in the current paper is taken from that presented by Moore et al.[3]  The effect of current density on the VRB performance is from experimental data.
Engineering economic estimation is based on the expected cost of materials and equipment at a certain time.  Over the period 2007 to 2011 the cost of vanadium has been as high as $50.78/kg of V  ($/12.92/lb of V2O5); in the last reported period (2011) the average costs were $26.72/kg of V  ($6.80/lb of V2O5).[5]  These vanadium costs are for a technical grade; the cost of highly refined vanadium is much higher. 
Jossen and Sauer’s 2006 presentation at the First International Renewable Energy Storage Conference includes an estimate of the VRB fixed capital investment (FCI)  of $200/kWkh for a 2 kW/30 kWh VRB [6]  Their costs for the membrane was about $35 per m2 and their cost of V as V2O5 is about $11.20/kg ($5.08/lb)  ($20.00/kg of V).   Both the costs of ion exchange membranes and vanadium appear to be reasonable estimates (especially if the membrane thickness is assumed to be 1 or 2 mills.)
The purchase cost of V is not indicated in economic papers of Schoenung and Eyer (2008), Schoenung (2011) or Oudalov et al. (2006).[8, 9,10]  The purchase cost of vanadium in the EPRI (2007) work as V2O5 is about $12.49/kg (7.00/lb)  ($27.51/kg of V) in 2007; the future purchase cost as V2O5 is estimated at about $8.03/kg ($4.50/lb)  ($17.69/kg of V).[1]  Moore et al. and Zhang estimated the purchase cost of V as V2O5 is about $6.39/kg ($11.41/lb)  ($21.13/kg of V). [3,4]
The purchase cost of a 1 mill thick Nafion membrane at large future production rates is projected by James et al. to be  $20.73/m2 ($16.24 – materials, $4.48 – labor) in 2010 and $22.29/m2 ($17.20 – materials and $5.08 –labor) in 2015.[7]  A 1-mill thick Nafion membrane is N211.  A high production rate purchase cost for a thicker membrane such as N117 (7 mill thickness) may be extrapolated from the numbers of James et al. to $118.23 to $145.11/m2 (2010) or $125.48 to $155.96/m2 (2015)  (the high and low values being related to how the labor costs are scaled). [7]
The purchase cost of membranes is not indicated in papers of Schoenung and Eyer (2008), Schoenung (2011) or Oudalov et al. (2006).    The purchase cost of membranes in the EPRI (2007) work is based on 1 to 2 mill thick Nafion is $125 to $350/m2 for small quantity purchases and $25 to $65 for large quantity purchases in 2007.[1]  Moore et al. and Zhang estimated a purchase cost of $500/m2 for Nafion N 117 (7 mill thick) for large-scale purchases in 2012.[3,4]
There are three different categories of FCI in energy storage – cost that scale proportional to power capacity, costs that scale proportional to energy capacity and fixed costs.[3]  Expressed in equation form,
FCI = (Power Capacity x Scaled Capacity Costs) 
 + (Energy Capacity x Scaled Energy Capacity Costs + Fixed Costs	[3]
or 
FCI = x * ($/kW) + y * ($/kWh) + z							[4]
where x, y and z corresponded to the analogous equation above.  For example the membrane stacks relate to power capacity (kW) and the quantity of electrolyte relates to energy capacity (kWh).  The above FCI is approximately that of a fully installed and operable facility and does not include costs for working capital, contingencies, fees or auxiliary equipment.
 	Several publications have presented the FCI associated with a VRB, many of which give the total costs of a VRB per kilowatt and kilowatt-hour and are listed in Table 4-1.[1,8,9,10].  EPRI’s thorough analysis gives both the purchase costs of the components used in manufacturing a VRB, overall costs per kilowatt and kilowatt-hour, as well as other important cost considerations. 
An alternative to the above FCI estimation, based on the purchase costs of the major equipment items, was used by Moore et al. [3]; this method is used in this paper to examine the relationship between current density, voltage efficiency, and various costs related to VRBs.  This approach is believed to provide a more systematic view of the relation between overall costs and the cost of different components under a range of operating conditions.  The current density is a measure of the current capacity of the VRB per area of the cell electrode and for the analysis here, per the approximate cell membrane area.  Increasing the current density has the effect of providing equivalent current, and therefore power, with a smaller cell stack.  Unfortunately, increasing the current density lowers the voltage efficiency.  The voltage efficiency has a strong affect on the cost associated with the VRB.  As the voltage efficiency decreases, the number of cells of the (constant power) stack must increase in order to compensate for the lost power, increasing the costs of the cell stacks.  With the increase in the size of the cell stacks comes a greater demand for vanadium electrolyte, increasing the total electrolyte capacity of the battery.  
	[bookmark: _Toc358196466]Table 4-1.  Parameters for Fixed Capital Investment Estimates

	Source
	Energy Related Cost
	Power Related Cost
	Balance of Plant Cost 

	Schoenung and Eyer, 2008
	$350 per kWh
	$175 per kW
	$30 per kW

	
Schoenung, 2011
	$600 per kWh
	$400 per kW
	

	Oudalov et al, 2006
	$258-$2,322 per kWh
	
	

	EPRI, 2007(2007 dollars)
	$300 per kWh
	$2,300 per
kW
	$250,000


	EPRI, 2007 (2013 dollars)
	$210 per kWh
	$1250 per kW
	$280,00



This balance between the voltage efficiency and the current density is crucial to determining the size, and therefore the FCI, of the VRB.  Understanding the relationship between the voltage efficiency, current density, and FCI provides design parameters for a rudimentary design before the more exhaustive process begins.
[bookmark: _Toc358196415]Methodology
The methodology used to calculate the manufacturing costs for a VRB, taken from Moore et al.[3], has a number of assumptions, including:  
· The costs of the cell stacks are based on the approximate membrane area (more exactly the electrode area) [3]
· The purchase costs of vanadium are based on prices for industrial (technical) grade vanadium set by the USGS [5]
· The power rating of the battery is based on the electrical potential at 50% state of charge (SOC)[1]
· The current efficiency is approaching 1 at the open circuit voltage. 
In this costing method, the total electrode area (approximate membrane area) needed to meet the VRB’s power capacity is calculated from equations 5, 6, and 7 [3]:
									[5]
									[6]
								[7]
where IS is the current per cell, CD is the current density, ACell is the electrode area of one cell, NC is the number of cells in one stack, P is the power rating of the battery, E0 is the open circuit voltage of the cell, NS is the number of stacks in the battery, and ξV is the voltage efficiency for charging or discharging.  Combining the equations and canceling terms gives equation 8:

									[8]
The purchase cost of the cell stacks is determined by the total electrode area, so the cost of the cell stacks are proportional the to the total electrode area, giving equation 9.
						[9]
The driving factors for changes in the cost of cell stacks are power, current density, open circuit voltage and voltage efficiency.  If the current density is increased while the power of the battery and the open circuit voltage are unchanged then equation 9 can be written as:
						[10]
Equation 10 shows that for a VRB of a constant power capacity, the costs of the cell stacks is inversely proportional to the product of the current density and the efficiency.
The mass of the vanadium electrolyte needed for a VRB, and thus the estimated purchase cost of the electrolyte, can be found by calculating the number of electrons oxidized by the VRB during the entire charge or discharge process.  Since the oxidation or reduction of vanadium ions involves one electron per mole, the moles of electrons oxidized will equal the moles of vanadium electrolyte that are oxidized.  The calculation of moles of vanadium oxidized is shown with equation 11.
									[11]
Where MV is the minimum number of moles of vanadium needed for the anolyte or catholyte, F is Faraday’s constant, and t is the total time for a charge or discharge cycle (it has been assumed that the charge and discharge times are equal).  Combining equation11 with equation 6 and canceling like terms gives equation 12.

										[12]
Since the mass of the vanadium electrolyte needed largely determines the purchase cost of the electrolyte, equation 12 can be written as:
					[13]
The time of the charge or discharge and the power are design parameters, and Faraday’s number is a universal constant, leaving only the efficiency to change as the current density increases.  If the current density is changed while the design parameters of the battery are held constant, the cost of the vanadium electrolyte is inversely proportional to the product of the open circuit voltage and the efficiency.  The efficiency in this case is defined as:

Where ECD is the electrical potential at a defined current density.  Equation 13 can then be written as:
					[14]
[bookmark: _Toc358196416]Results
The laboratory data shown in Figure 4-2 was used to calculate the voltage efficiencies at current densities between 0 and 2600 mA/cm2.[11]  Electrical potential at a current density of 0 mA/cm2 represents the open circuit voltage, which in this case is 1.64 volts.  To get the voltage efficiency for charging or discharging at any current density the potential at that current density is divided by the open circuit voltage.
With the voltage efficiencies associated with current density, the capital costs for VRB’s at a range of current densities from 50 mA/cm2, to 2500 mA/cm2 were calculated using the method described by Moore et al. and the design variables listed in Table 4- 2.[3]  Figure 4-3 shows the capital costs per kWh associated with the current density of the electrodes.  After an initial drop off at very low current densities the rate of the increase in FCI is approximately steady until reaching about 2000 mA/cm2, where it begins to escalate dramatically. Figure 4-3 shows the ideal range of current densities to design the battery in order to minimize the capital costs.  The design variables for the estimate of the FCI are in Table 4-3.  If the FCI of the VRB’s are approximated as the costs of the stacks and the costs of the vanadium electrolyte (where the majority of the capital 


[bookmark: _Toc358196439]Figure 4-2.  Cell Potential vs Current Density for a Laboratory VRB (ion exchange membrane = Nafion N 211; temperature = 30 C; and V and H2SO4 concentration are 1.7 and 3.3 mol/L.

costs are), equations 10 and 14 can also be used to approximate the ideal range of current densities for the VRB design.
Figure 4-4 shows the purchase costs per kWh of the cell stacks associated with the current density of the cell membranes (electrodes), which can be compared with a plot of Equation 10 in Figure 4-5.  Membrane costs of $25, $75, and $127 per square meter were used to illustrate that the shape of the curve is not affected by the cost of the membrane.  In all other FCI calculations the membrane cost used was $25 per square meter.  Since the majority of the purchase costs for the cells stacks are associated with the membrane [3], the trend is illustrated again in Figure 4-6 which shows the total membrane area required for the VRB vs the current density.  By comparing the minimal FCI in Figure 4-4 to the total capital cost (FCI) of  Figure 4-3, it may be noted that the cost of stacks (including membranes) has become only a small fraction of the FCI.
Figure 4-7 shows the purchase costs per kWh of the vanadium electrolyte associated with the current density of the electrodes, and Figure 4-8 shows the amount of vanadium electrolyte 

[bookmark: _Toc358196440]Figure 4-3.  Fixed Capital Investment per kWh vs Current Density

required vs current density.  Since the vanadium costs are on a per mass basis, these curves show a similar shape and trend, a slow increase in vanadium required/cost, until the current density 
approaches 2000 mA/cm2 where the rise in vanadium required/cost becomes much more pronounced.  The shape and trend of these curves appears to be well represented in Figure 4-9, a plot based on equation 14 at varying current density.  The similarities between Figures 4-7, 4-8, and4- 9 suggest that the ideal range of current density for minimizing the costs of the vanadium can be easily predicted with equation 14.
[bookmark: _Toc358196417]Conclusion
The range of current densities used for battery operations continues to expand due to developments in research. [11]  Considering that at conditions of former studies the majority of the FCI of the VRB are in the purchase costs of the cell stacks and vanadium,[3]  it is useful to find the optimum range of  the current density  to minimize these costs.  The purchase costs of the stacks and the vanadium, and how they are affected by changes in current density, were examined.    Using new current density information,[11] a simple method of predicting the trends in the FCI of the cell stacks and vanadium over a range of current densities has been presented.  This simplified perspective provides a quick and sound preliminary basis for the selection of a 
	[bookmark: _Toc358196467]Table 4-2  Design Variables for Estimate of VRB Fixed Capital Investment

	Power Capacity
	1000 kW

	Charge Time
	12 hr

	Electrical Potential of 1 Cell
	1.639 Volts

	Number of Cell Stacks in Batter
	20

	Cost of Vanadium 
	25.13 $/kg

	Cost of Ion Exchange Membrane
	25 $/m2

	Cost of Current Collectors
	51 $/m2

	Cost of Carbon Felt
	20 $/m2



specific operating condition (current density) for any intended application.  In addition, this simplified perspective is valid regardless of the scale of the battery unless the scale should become large enough to affect the cost of vanadium or cell membranes.  The shape of the curves showing the optimal range of current densities will be the same even if there should be significant changes in vanadium or membrane purchase costs.  Perhaps the most important finding of this study is that at the conditions of higher current density, reduced membrane thickness and projected future membrane costs the dominant cost factor is only that of the electrolyte.  


[bookmark: _Toc358196441]Figure 4-4.  Purchase Cost of Stacks per kW/hr vs Current Density

[bookmark: _Toc358196442]Figure 4-5.  1/(CD*ξV) vs Current Density



[bookmark: _Toc358196443]Figure 4-6.  Total Membrane Area vs Current Density


[bookmark: _Toc358196444]Figure 4-7.  Purchase Cost of Vanadium per kWh vs Current Density



[bookmark: _Toc358196445]Figure 4-8.  Moles of Vanadium Required vs Current Density


[bookmark: _Toc358196446]Figure 4-9.  1/(ξ*V) vs Current Density
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[bookmark: _Toc358196419]Conclusions
	A step by step process for the design of a base case VRB has been outlined in Chapter 2.  This process includes a capital cost analysis at every step to access the potential for the profitability of the design.  The relative sensitivity index for a fixed power capacity in Chapter 3 also shows the importance of the costs of the vanadium to the overall capital costs.  Chapter 4 presents a simple method of predicting the trends in the costs of the cell stacks and vanadium over a range of current densities.  This simplified perspective provides a quick and sound preliminary basis for the selection of the current density of the electrodes.  
The wide scale adoption of the VRB, like any other chemical process, is dependent on the costs of construction as well as potential profitability.  Together, Chapters 2, 3, and 4 provide a focus that could make the VRB more affordable.  The costs of the permeable membranes can be lowered by increasing the current density of the half-cells, which decreases the overall size of the stacks.  This, however, provides diminishing returns because of the increasing costs required for the vanadium electrolyte.  The costs of the permeable membranes will go down if they can be manufactured on a larger scale, which will require a commitment to the manufacturing of a large number of flow batteries and fuel cells.  The largest barrier to scale up in the use of VRB is the costs of the vanadium electrolyte.  Finding ways to reduce the costs of the vanadium electrolyte would reduce the capital costs of the VRB and provide for a greater profitability.
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Cell Potential (Volts)


Electrolyte cost	Cell stacks costs	Electrolyte tanks costs	PCS cost and Balance of plant	Heat exchangers 	&	 Pump costs	1669397.73336	1406629.9709107915	348600	931712.93109637441	147250	Base Case:  Membrane $500 per square meter	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	469.95113541121941	427.21804364748363	398.76853434518472	378.48224832770995	363.2990545839304	351.51892608778866	342.12189029429044	334.45891589467863	328.09735635944543	322.73772739678611	318.16615138255253	314.22582418905932	310.79918212787419	307.79636309254369	305.14751417266302	302.79752863501648	300.70236201090086	Membrane $375 per square meter	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	422.67383711633408	388.96515188477525	366.52363140306073	350.52141855916869	338.54462311577851	329.25223103566435	321.83966834481208	315.79496665549846	310.77684605845349	306.54906758038231	302.94292043502935	299.83471450858758	297.13171330100164	294.76303185317113	292.67356884497394	290.81985502465932	289.16714726762524	Membrane $250 per square meter	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	375.39653882143369	350.71226012206932	334.27872846092163	322.5605887906413	313.79019164759325	306.98553598353863	301.55744639534385	297.13101741631363	293.45633575745165	290.36040776397806	287.71968948750595	285.44360482813516	283.46424447413051	281.72970061379772	280.19962351728526	278.84218141430432	277.63193252435036	Membrane $125 per square meter	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	328.11924052653978	312.45936835935771	302.03382551879162	294.59975902210664	289.03576017943942	284.71884093141512	281.27522444585526	278.46706817713334	276.13582545646966	274.17174794756869	272.49645853998169	271.05249514767399	269.79677564724773	268.69636937442425	267.72567818959641	266.86450780394932	266.09671778106474	Membrane $10 per square meter	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	284.62412609522943	277.26670793766363	272.36851481202763	268.87579563505778	266.26168322872888	264.23348148346071	262.61558025233518	261.2962348770738	260.20095597955714	259.27818091648169	258.49108606825178	257.81267424165043	257.2227043265367	256.7057046342008	256.2496484881226	255.84504808242087	255.48432021726583	Current Density mA/cm2
Capital Cost per kWh
$5/m²	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	470.49128333454888	429.94570771420354	402.95253490202163	383.70470822181716	369.29874542604699	358.12164423715376	349.20564472374537	341.93493962910316	335.89902969248493	330.81376128728863	326.47620523087193	322.73758423251303	319.48635271423063	316.63724863012072	314.12399485523122	311.89430558186586	309.90639098712074	$20/m²(base case)	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	481.95130044121981	439.21820867748369	410.76869937519513	390.48241335770899	375.29921961393035	363.519091117789	354.12205532429039	346.45908092468102	340.09752138944572	334.73789242678612	330.16631641255123	326.22598921905677	322.79934715787363	319.79652812254369	317.14767920266308	314.79769366501642	312.70252704090069	$120/m²	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	558.35141448576212	501.03488176602178	462.87646252968455	435.66711426366152	415.30238086648285	399.50207032202206	386.89812599464699	376.62002289520012	368.08746603585604	360.89876669009504	354.76705762375906	349.48202246266948	344.88597678209823	340.85839140537195	337.30557485220669	334.15361421935432	331.34343406603375	$240/m²	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	650.03155133925611	575.21488947226851	525.40577831507255	489.88875535080325	463.30617436954583	442.68164536710196	426.22941079907599	412.81315325982303	401.67539961153182	392.29181580606564	384.28794707718669	377.38926235503232	371.38993233116901	366.13262734477001	361.49504963166254	357.38071888455818	353.71252249619164	$360/m²	20	25	30	35	40	45	50	55	60	65	70	75	80	85	90	95	100	741.71168819272248	649.39489717851154	587.93509410045749	544.1103964379455	511.30996787260875	485.86122041218169	465.56069560350471	449.00628362445451	435.26333318721169	423.68486492203732	413.80883653062449	405.29650224736764	397.89388788023905	391.40686328415779	385.68452441111674	380.60782354977221	376.08161092635225	Current density (mA/cm2) 
Capital costs ($/kWh)

4	4.4000000000000004	4.8000000000000007	5.2000000000000011	5.6000000000000005	6.0000000000000018	6.4000000000000021	6.8000000000000025	7.2000000000000028	7.6000000000000005	8.0000000000000036	8.4000000000000057	8.8000000000000043	9.2000000000000011	9.600000000000005	10.000000000000005	10.400000000000006	10.800000000000006	11.200000000000005	11.600000000000007	12.000000000000007	811.52901638578248	753.13039429818855	704.37484235166323	663.04703964947169	627.56253932456298	596.75869622404264	569.76150484958396	545.90311518593785	524.66361599470736	505.63119906004363	488.47708076699064	472.93458046611869	458.78560879963959	445.8490503483842	433.97463475838163	423.03578861975438	412.92556697184699	403.55211672254126	394.83730939588116	386.71374263114404	379.12234745334575	Cycle Time in Hours
Capital Cost per kWh

0.2	0.22500000000000001	0.25	0.27500000000000002	0.30000000000000032	0.32500000000000601	0.35000000000000031	0.37500000000000488	0.4000000000000003	0.42500000000000032	0.45000000000000018	0.47500000000000031	0.50000000000000022	0.52500000000000024	0.5500000000000006	0.57500000000000062	0.60000000000000064	0.62500000000001099	0.65000000000001235	0.67500000000001392	0.70000000000000062	379.12295815846062	386.02190806504399	393.53178897135399	401.73895906651239	410.74659940306293	420.67913398839693	431.68858362860459	443.96281343739764	457.73543007079064	473.30266358427701	491.04370142633701	511.45407624689869	535.19296750900651	563.15740421642329	596.59966124541177	637.32482536784391	688.03309627799854	752.95567838226748	839.12267173133932	959.14655419652797	1138.15679244836	SOC Lower Limit
Captial Cost per kWh

0	154.6	333	530.79999999999995	740	954.4	1170.5999999999999	1386.8	1598.8	1811.6	2023.4	2232.8000000000002	2445	2652.2	2866.8	1.639	1.5389999999999799	1.4389999999999752	1.339	1.2389999999999792	1.139	1.0389999999999799	0.93900000000000161	0.83900000000000263	0.73900000000000565	0.63900000000000934	0.53900000000000003	0.4390000000000035	0.33900000000000596	0.23900000000000021	Current Density (mA/cm2)
Cell Potential (Volts)

$500 Membrane	155	0	531	740	954	1171	1387	1599	1813	2023	2232	2445	2652	2867	183.89114707553844	184.45320522260579	189.46692727259224	193.58832357059887	204.34914836106381	214.24325869692663	226.26775461784533	241.11516931897651	259.86060587008427	280.19154791104626	317.40131441213424	365.05579974568735	439.77371690208639	528.01010762563783	Current Density mA/cm2
Fixed Capital Cost per kWh

$127 per sq meter	333	531	740	954	1171	1387	1599	1812	2023	2233	2445	2652	2867	5.3782237297637101	3.6476856299075782	2.8445501264941977	2.4145558376469078	2.1609312538247445	2.0232876868762442	1.9661997245583867	1.969623123619388	2.0375942635325432	2.1830004922770812	2.4389357650895542	2.8974826304929171	3.7779586951748767	$75  per sq meter	333	531	740	954	1170	1387	1599	1812	2023	2233	2445	2652	4.2537830031941883	2.9360338078908828	2.2700353495214802	1.994477136443136	1.805278419175335	1.6991069338395139	1.6556362836341412	1.6582430920934579	1.6762189566549581	1.8207231067594078	2.0156095989010172	2.3647783129237587	$25 per sq meter	531	740	954	1171	1387	1599	1813	2023	2232	2445	2652	2867	2.1156420986867968	1.6882855922833671	1.4576868343016161	1.3245250912298698	1.2512835601930681	1.2209064793266799	1.2221707990704398	1.2352895520400098	1.336771910845018	1.4724540972239912	1.716451511842308	2.1849617113978761	Current Density  mA/cm2
Purchase Cost of Stacks per kWh

100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	2100	2200	2300	2400	2500	2600	2700	2800	2900	3000	1.0322580645161427E-2	5.3333333333334138E-3	3.6781609195402402E-3	2.8571428571428606E-3	2.3703703703703812E-3	2.0512820512820652E-3	1.8285714285714407E-3	1.6666666666666794E-3	1.5458937198067641E-3	1.4545454545454603E-3	1.3852813852813903E-3	1.3333333333333441E-3	1.2955465587044506E-3	1.2698412698412761E-3	1.2549019607843205E-3	1.2500000000000041E-3	1.2549019607843205E-3	1.2698412698412761E-3	1.2955465587044506E-3	1.3333333333333361E-3	1.3852813852813903E-3	1.4545454545454603E-3	1.5458937198067641E-3	1.6666666666666794E-3	1.8285714285714407E-3	2.0512820512820643E-3	2.3703703703703812E-3	2.8571428571428606E-3	3.6781609195402402E-3	5.3333333333334138E-3	Current Density mA/cm2
1/(CD*Eff)  

100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	2100	2200	2300	2400	2500	2600	2700	2800	2900	3000	4915.5145929339524	2539.6825396825402	1751.5051997810804	1360.5442176870749	1128.7477954144631	976.8009768009764	870.74829931972783	793.6507936507935	736.13986657464955	692.64069264069303	659.65780251494539	634.92063492063505	616.92693271640644	604.68631897203352	597.57236227824853	595.23809523810485	597.57236227824455	604.68631897203352	616.92693271640644	634.92063492063482	659.65780251494539	692.64069264069303	736.13986657464955	793.6507936507935	870.74829931972772	976.8009768009764	1128.7477954144631	1360.5442176870749	1751.5051997810788	2539.682539682537	Current Density mA/cm2
Total Membrane Area m2

50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	2100	2200	2300	2400	72.64590858406838	74.053775029494489	75.51728836999996	77.039814345201577	78.624995710328889	80.276781334492753	81.999459045536526	83.797692796535031	85.676564832330229	87.641623658763137	89.698938768120868	91.855163257740344	94.117605702512307	96.494312917222203	98.994165583471627	101.62698913622117	104.40368282846885	107.3363705483707	110.4385777896531	113.72544022386838	120.92325289626578	129.0937429568242	138.4483620116666	149.26464029382441	161.91418608144059	176.90624034824287	194.95789752663558	217.11220406374918	244.94710202064078	280.9687346707351	329.41161995878184	398.03904078354202	502.78615677920072	682.35264134320062	Current Density mA/cm2
Purchase cost  of Vanadium per kWh
100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	2100	2200	2300	2400	1110094.1909781888	1157943.0785203299	1210102.6766518801	1267182.9915883001	1329914.8228550411	1399181.2198787401	1476059.30888306	1561876.7105623097	1658288.8531896211	1767386.8040573499	1891850.6634980151	2035172.6834599811	2201990.1165304706	2398596.37693498	2633752.8844775977	2920030.3719208357	3276131.6367892367	3731149.9196766247	4332948.2938180175	5166207.5810907204	6396257.0051599406	8395087.3192724325	12211036.100759896	22386899.518059913	Current Density mA/cm2
Moles of Vanadium Electrolyte Required
200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	2100	2200	2300	1.0862068965517431	1.1351351351351351	1.1886792452830199	1.2475247524752151	1.3125	1.3846153846153861	1.4651162790697658	1.555555555555556	1.6578947368421038	1.774647887323944	1.9090909090909101	2.0655737704918042	2.25	2.4705882352941178	2.7391304347826089	3.0731707317073815	3.5	4.0645161290321745	4.8461538461538458	6.0000000000000018	7.8750000000000044	11.454545454545524	Current Density mA/cm2
1/(ξ*V)
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