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Abstract: The penetration of solar photovoltaic (PV) systems in residential areas contributes to
the generation and usage of renewable energy. Despite its advantages, the PV system also creates
problems caused by the intermittency of renewable energy. As suggested by researchers, such
problems deteriorate the applicability of the PV system and have to be resolved by employing a
battery energy storage system (BESS). With concern for the high investment cost, the choice of a
cost-effective BESS with proper sizing is necessary. To this end, this paper proposes the employment
of a vanadium redox flow battery (VRB), which possesses a long cycle life and high energy efficiency,
for residential users with PV systems. It further proposes methods of computing the capital and
maintenance cost of VRB systems and evaluating battery efficiency based on VRB electrochemical
characteristics. Furthermore, by considering the cost and efficiency of VRB, the prevalent time-of-use
electricity price, the solar feed-in tariff, the solar power profile and the user load pattern, an optimal
sizing algorithm for VRB systems is proposed. Simulation studies are carried out to show the
effectiveness of the proposed methods.

Keywords: vanadium redox flow battery; capital and maintenance costs; efficiency; optimal sizing;
residential PV system

1. Introduction

In recent years, rooftop solar photovoltaic (PV) systems are increasingly used in residential
areas [1,2]. By harvesting the solar energy, reduced electricity bills and lower greenhouse gas emissions
are expected by the investors. However, due to the intermittent nature of solar irradiance, unpredictable
fluctuations will be generated in the harvested solar energy, making it unsuitable for direct load power
supply and/or grid integration [3,4]. To attenuate the effects of solar intermittency, the employment
of a local battery energy storage system (BESS) is proposed by researchers [5,6]. Furthermore, in
view of the high grid electricity price and very low solar feed-in tariffs in some countries, such as
Spain and Australia [7,8], selling solar energy back to the grid is not a wise choice. Instead, storing
surplus solar energy and utilizing it for load levelling becomes more desirable. This means that the
usage of BESS is not only technically, but also economically beneficial for PV system owners. In
fact, time-varying electricity prices, i.e., time-of-use (TOU) rates, have been proposed and adopted in
several countries and areas [9–11]. In view of such situations, the benefit of employing BESS can be
further extended through peak shaving in high price regions. This means users with BESS will be able
to reduce peak-hour load consumption by purchasing and storing energy during off-peak hours in
addition to the storage of solar energy.

Despite its advantages, the high cost of BESS necessitates the selection of appropriate
battery technology. In reality, among all types of batteries, the vanadium redox flow battery (VRB) is
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considered to be one of the most promising candidates for renewable and residential applications [12].
It possesses attractive features of a long cycle life, high energy efficiency and low maintenance
cost [13,14]. Therefore, the employment of VRB in residential areas with PV generation is cost effective.
From the viewpoint of BESS users, another important factor that needs to be considered is the sizing
of BESS. In the past decade, a substantial amount of research attention has been given to the appropriate
sizing of BESS. Unfortunately, the majority of them focus on the lead-acid or Li-ion batteries [15–17].
These types of batteries have coupled power and energy ratings. Thus, the corresponding sizing
approaches are not directly applicable to VRB. In recent years, some research articles have been
published on the characterization and sizing of VRB systems for microgrid applications [18,19].
Nonetheless, the proposed methods for battery efficiency and cost evaluation are based on a specific
set of field test data and empirical equations, respectively. Consequently, they may not be accurate for
general VRB systems. In fact, several important variables, which affect VRB cost, are not explicitly
considered by the cost evaluation method in [20]. Moreover, the study in [19] investigates the sizing
of VRB from the viewpoint of the microgrid operator rather than users in residential areas. Thus,
further studies are required on the proper sizing of VRB systems for residential applications with more
accurate efficiency and cost evaluation approaches.

As concerns such scenarios, this paper proposes an optimal sizing method for the VRB system in
residential applications. It provides a guideline for the computation of the capital and maintenance
costs of the VRB system. Furthermore, it presents a generalized efficiency evaluation approach based
on a detailed VRB electrochemical model and a typical charge/discharge strategy. The proposed
optimal sizing method is carried out offline by using historical data of solar generation and load
consumption. It can be efficiently implemented in the MATLAB environment.

The remaining part of this paper is structured as follows: In Section 2, the computational method
of VRB capital and maintenance costs is presented. Then, a generalized VRB efficiency evaluation
approach is provided in Section 3. To illustrate the time-varying electricity price in the residential
retail power market, the Australian TOU price policy is reviewed in Section 4. Subsequently, the
proposed optimal VRB sizing algorithm is presented in Section 5 with an illustrative case study.
Finally, the conclusion is drawn in Section 6. Acronyms are listed in Table 1.

Table 1. Table of acronyms.

Acronym Meaning
PV solar photovoltaic system

BESS battery energy storage system
VRB vanadium redox flow battery
TOU time-of-use
SOC battery state of charge

2. Computation of VRB Costs

2.1. Capital Cost

Theoretically, a VRB consists of electrolyte tanks (positive and negative tanks), stacks, endplates
and pumps. Its configuration is briefly depicted in Figure 1. The capital costs of key components
of VRB can be computed by using Equations (1) to (10). Notations used in these equations are
defined in the nomenclature on the next page. The numerical values of 1.35 in Equations (1) and
(2) and 1.1 in Equation (3) represent the average open-circuit potential at 50% SOC and the nominal
design of the membrane (where the area of the membrane is slightly larger than the area of the
electrode to avoid internal leakage), respectively. In general, Equation (1) calculates the nominal
current Inominal flowing through a single stack and its density Idensity by considering the voltage
efficiency ve f f iciency. Equation (2) firstly calculates the nominal cell voltage vcell as the difference
between average open-circuit potential and the internal voltage drop. Then, it computes the number of
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cells to be connected in each stack to provide the desired stack terminal voltage vstack. In Equation (3),
the areas of electrode, membrane and graphite are computed, where Selectrode represents the total area
of the electrode and is expressed as the product of the electrode area per cell (in units of m2) and the
number of cells. Since the area of the membrane has to be slightly larger than that of the electrode
to prevent internal leakage and each cell has two graphite plates, the coefficients 1.1 and two are
used in the calculation of the membrane and graphite areas, respectively. To estimate the cost of the
electrolyte, its volume has to be computed first as Velectrolyte in Equation (4), where the vanadium
concentration µvanadium, the coefficient of moles per kWh µmoles and the actual utilization rate µutilization
are used. Similarly, the weight of vanadium pentoxide is calculated in the bracket of the first term of
Equation (8). Equations (4) to (9) summarize the cost of different parts of VRB, and their summation
provides the capital cost of VRB, as shown in (10). Noticeably, the coefficient two has been introduced
in the computations of the costs of the endplate Cendplate and flow frame C f low because the quantity of
endplates, flow frames and electrodes in each cell is two.

Inominal =
Pnominal

vstack × Nstack
, Idensity =

1.35× (1− ve f f iciency)
Rcell × (1 + ve f f iciency)

(1)

vcell = 1.35− Idensity × Rcell , Ncell =
vstack
vcell

× Nstack (2)

Selectrode =
Inominal
Idensity

× Ncell
10000

, Smembrane = 1.1× Selectrode, Sgraphite = 2× Selectrode (3)

Velectrolyte =
Pnominal × Hnominal × µmoles

µutilization × µvanadium
, Cmembrane = βmembrane/m2 × Smembrane (4)

Cgraphite = βgraphite/m2 × Sgraphite, Cendplate = Nstack × βendplate × 2 (5)

C f low = Ncell × βelectro− f abr × 2 + Ncell × β f low− f abr × 2, Cassemble = Nstack × βassemble/stack (6)

Cstack = Cmembrane + Cgraphite + Cendplate + C f low + Cassemble (7)

Celectrolyte = (
µelectrolyte

µutilization
× Pnominal × Hnominal)× βvanadium + Velectrolyte × βacid (8)

Ctank = βtank/kWh × Pnominal × Hnominal , Cpump = 2× βpump × (Nstack × Pstack) (9)

CVRB = Cstack + Celectrolyte + Ctank + Cpump (10)

Furthermore, it is pointed out that the number of stacks used in a VRB is determined by battery
nominal power Pnominal and the maximum power handling capability of each stack Pstack, where
Nstack ≥ Pnominal

Pstack
(Nstack ∈ N). In most cases, the maximum power that a VRB stack can handle

is larger than its nominal power. For instance, a 5-kW stack can handle a peak power of 10 kW
(i.e., Pstack = 10 kW), and a 30-kW stack can support charging/discharging power up to 50 kW
(i.e., Pstack = 50 kW). In practical applications, the maximum power handling capability of a VRB stack
is determined by its manufacturing data. Since the configuration of multiple 5-kW stacks is commonly
used in the VRB system, a 5-kW stack is selected as the basic module of VRB in this paper.
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Figure 1. Basic configuration of the vanadium redox flow battery.

Of course, to properly control the charging/discharging processes of VRB, a power electronic
inverter is necessary. In reality, the cost of such an inverter is usually much lower than that of VRB.
This is especially true considering the rapidly decreasing prices of power electronic devices. In view of
this, the capital cost of the power inverter is briefly estimated as a function of the VRB nominal power
as shown in Equation (11).

Cinverter = βinverter × Pnominal (11)

In theory, the total capital cost of the VRB system is equal to the sum of battery cost CVRB and
inverter cost Cinverter. However, to compensate for the uncertainties and price variations of different
components in the VRB system, it is helpful to add a mark-up factor to the actual total capital cost.
This is shown in Equation (12), where βmark-up denotes the mark-up factor. It is a user-defined factor
and is selected to be one in this paper for a conservative capital cost estimation.

CVRB-Sys = (CVRB + Cinverter)× (1 + βmark-up) (12)

2.2. Maintenance Cost

The maintenance of the VRB system requires timely replacement of the membrane and annual
preventive overhaul. Theoretically, the cost of the former term is dependent on the lifespan of
the membrane and the VRB nominal power; whereas, the cost of the latter term is more or less
fixed. Consequently, the maintenance cost of the VRB system can be summarized by Equations (13)
and (14), where the lifespans of VRB LVRB and membrane LMembrane are expected to be 24 years and
eight years, respectively.

Creplace = Cmembrane + βreplace × Pnominal (13)

Cmaintenance = βannual × LVRB + Creplace × (
LVRB

LMembrane
− 1) (14)

2.3. Overall Cost

By adding up capital and maintenance costs, the overall cost of the VRB system in a 24-year
lifetime can be worked out. To provide an illustrative example, the parameters for the VRB cost
computation are tabulated in Table 2. Based on these parameters, the overall cost/kWh of a VRB
system (overall cost/(nominal power × capacity)) can be computed. The results are shown by blue
curves in Figures 2 and 3, where the nominal power and capacity of BESS are varied, respectively.
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Table 2. Key parameters for VRB cost computation.

Parameter Value Parameter Value
P_stack 10 kW v_stack 48 V
R_cell 1.5 Ohm·cm2 v_efficiency 0.82

µelectrolyte 5.22 kg/kWh µmoles 57.4 mole/kWh
µutilization 70% µvanadium 1.6 mole/L

βmembrane/m2 50 dollar/m2 βgraphite/m2 10 dollar/m2

βendplate 500 dollar/each βelectro- f abr 5 dollar/each
β f low- f abr 2 dollar/each βvanadium 11 dollar/kg

βacid 0.2 dollar/L βtank/kWh 25 dollar/kWh
βpump 100 dollar/kW βinverter 100 dollar/kW
βannual 100 dollar/year βassemble 500 dollar/stack
βreplace 10 dollar/kW βmark-up 1

LMembrane 8 years LVRB 24 years
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Figure 2. Cost(dollar)/kWh of VRB (blue) and lithium battery (red) with fixed capacity (2 h),
but varying nominal power.
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Figure 3. Cost(dollar)/kWh of VRB (blue) and lithium battery (red) with fixed nominal power (5 kW),
but varying capacity.

From these figures, it can be seen that the cost/kWh of VRB drops significantly with the increase
of its energy storage capability in kWh. It is noted that the zigzag shape in the blue curve of Figure 2
is caused by the increase of the number of stacks to satisfy higher power demand. As is known,
VRB is famous for its low cost/kWh compared to some other batteries with a very limited cycle life,
such as the lithium battery. To make a comparison, the overall cost/kWh of employing the lithium
battery in 24 years’ time is briefly estimated by using the approach and data presented in [21,22].
The lithium battery with a standard 3000 life cycles (which has a lifespan of approximately 4.1 years
with two charge/discharge cycles every day) and the peripheral power inverter is chosen, where the
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inverter cost is taken to be equal to that of VRB systems under the same ratings. Furthermore, the
battery depreciation cost is neglected, and the annual maintenance cost is chosen to be only 2% of the
battery capital cost [22] to examine the minimum overall cost/kWh of lithium batteries. Assuming two
charge/discharge cycles for off-peak and daytime operations in each day, the cost/kWh can be worked
out. The results are shown by red curves in Figures 2 and 3. Since the cost/kWh of the lithium battery
is generally several times higher than that of VRB, only 20% of its cost is plotted in the two figures
to ensure proper resolution. Apparently, the cost/kWh of the lithium battery is several times higher
than that of VRB, making it less attractive for residential applications. Furthermore, the variations
of the battery capacity/nominal power have very limited/nearly no impact on the cost/kWh of the
lithium battery. It is worth noting that the actual cost of VRB for each kWh used during its lifetime is
very small because of the long cycle life. It can be easily calculated through dividing the cost/kWh
by the total number of charge and discharge hours in the 24-year lifetime. Generally, the value is in
the magnitude of a few cents or even smaller. Therefore, it can be concluded that VRB is a promising
candidate for residential applications where frequent charge/discharge is needed.

In addition, the overall cost varies in a large range with the variations of nominal power
and capacity. Thus, on behalf of VRB users, proper sizing of the battery is necessary. Generally, there
are three main factors affecting the sizing of batteries, i.e., user PV and load profiles, battery efficiency
and market policy. As user PV and load profiles are usually extracted from historical data, attention is
given to the investigation of the battery efficiency and market policy in the following sections.

3. VRB Charging and Discharging Efficiencies

In theory, VRB charging and discharging efficiencies depend on several factors, such as
battery power, state of charge (SOC) and charging/discharging strategy. To accurately estimate
the efficiency of VRB, experiments or simulations are necessary. It is understandable that battery
efficiency curves obtained based on extensive experimental data can provide good accuracy.
Nevertheless, such efficiency curves may not be accurate for VRBs with different ratings under different
operating conditions. Moreover, carrying out a large amount of experiments for the investigation of
one specific VRB is inefficient and cost ineffective.

As concerns such situations, this paper proposes a simulation-based VRB efficiency
estimation approach. In this approach, an accurate battery model [23], which characterizes the
electrochemical features of VRB, and constant power charging/discharging strategies are used.
By simulating VRB charge and discharge processes, the dynamics of battery energy storage and losses,
including ohmic loss, over-potential loss and battery self-discharge, can be observed and recorded.
Then, dividing the VRB energy consumption with these losses by the VRB energy consumption without
losses, the charging and discharging efficiency of VRB can be obtained. Following such a principle,
the efficiencies of a single-stack VRB (multiple-stack VRBs share similar efficiency curves due to the
duplication of single stacks) can be plotted with respect to the varying battery power as shown by the
blue and green curves in Figure 4, where the initial SOC for charging (blue curve) and discharging
(green curve) is 10% and 80%, respectively.

To investigate the impact of SOC on charge/discharge efficiency, comparative simulations are
carried out by changing the initial SOC for charging and discharging to be 40% and 50%, respectively
(i.e., 30% SOC variation for both charging and discharging processes), while maintaining all of the other
factors unchanged. The results are presented by the red and black curves in Figure 4. By comparing
the red and blue curves, it is observable that the efficiency variation caused by different SOCs is very
small and appears to be negligible in the main operating range of VRB. Therefore, for simplicity, it is
neglected in this study.
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Figure 4. VRB charge and discharge efficiencies with respect to varying battery power: ‘−’ VRB charge
efficiency with SOC starting at 10% (blue) and 40% (red); ‘∗−’ VRB discharge efficiency with SOC
starting at 80% (green) and 50% (black).

4. Australian Time-Of-Use Market Policy

As discussed in the Introduction, one of the main reasons for employing BESS in residential
applications is to reduce the electricity bills of users. Such a requirement necessitates the investigation
of relevant market policy. In reality, the TOU retail market policy becomes increasingly prevalent
in residential areas. Thus, this section mainly introduces the TOU electricity price (the price that
the grid operator charges users when they buy electricity) [9], which varies with respect to time.
Without loss of generality, the TOU electricity price in Australia is used as an illustrative example.
Its profile is given by the blue curve in Figure 5, where two different price patterns are periodically
used in weekdays (three price regions: peak, shoulder and off-peak) and weekends (two price regions:
shoulder and off-peak). In comparison, the low solar feed-in tariff (the price the grid operator pays
users when they sell solar energy back to the grid) [7] is shown by the red line in Figure 5, from which
it can be clearly seen that selling energy back to the grid is not an economically-desirable choice.
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eekdayyweekday weekendweekend

Peaak hour pricePeak hour price

Shouldeer hour priceShoulder hour price

ffff -ff peakk hour priceOff-peak hour price

E
le
ct
ri
ci
ty
P
ri
ce
(d
o
ll
a
r/
k
W
kk

h
)

E
le
ct
ri
ci
ty
P
ri
ce
(d
o
ll
a
r/
k
W
h
)

Time (day)Time (day)

TOOU PriceTOU Price

Solar Feed-in TariffffSolar Feed-in Tariff

Shooulder1Shoulder1 Shoulder2Shoulder2

Figure 5. Profile of Australian time-of-use electricity price.
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In addition, it is visible from the TOU price curve that the peak hour electricity price is much
higher than that of off-peak hours, and the shoulder hour price approximates twice the off-peak
hour price. Hence, from the economic point of view, it is desirable for users to charge BESS by using
surplus solar energy and the electric energy purchased in off-peak hours and discharge BESS to support
load during peak and shoulder hours. Under such circumstances, BESS will be frequently charged
and discharged, indicating the necessity of using long cycle life and high energy efficiency batteries.
Consequently, the VRB system becomes one of the best choices.

5. Optimal Sizing of VRB

In order to optimize the economic benefit of users in residential areas, appropriate sizing of the
VRB system is important. Theoretically, the sizing algorithm should consider the electricity price
profile, charging VRB with available solar energy, charging VRB with purchased electric energy in
off-peak hours, discharging VRB to support load in high price regions, battery efficiency and system
basic power loss. Taking these factors into account, this paper proposes an algorithm for optimal sizing
of VRB, as illustrated in Figure 6. The notations employed in this flow chart are defined in Table 3.

In this algorithm, the basic VRB energy loss caused by pump and shunt current is briefly estimated
by Equation (15), where the pump and shunt current loss is assumed to be 5% and 1.5% of the battery
power, respectively. As shown in Figure 6, the proposed algorithm calculates the overall cost of
employing VRB (denoted as CVRB-overall , which is the sum of capital and maintenance costs) and
the saving by employing the VRB system (the difference of residential electricity bills without and
with VRB) under different combinations of battery nominal power and capacity. It is implemented
iteratively with two for-loops updating increments to capacity Hnominal(m) (where m is the iteration
index) and nominal power Pnominal(n) (where n is the iteration index) until the user-defined upper
limits of capacity and nominal power (Hmax and Pmax, respectively) are reached.

In each combination, VRB cost is computed by Equations (1) to (14). Then, the maximum amount
of energy that can be bought for charging VRB in the off-peak region, i.e., Eo f f _max, is calculated
by comparing the VRB energy storage limit (Pnominal(n)Hnominal(m)× 70%, where the allowable VRB
SOC operating range is chosen as 10% to 80%) and the available energy in off-peak time interval
(Pnominal(n)× to f f -peak) and, subsequently, dividing VRB charge efficiency to compensate for energy
loss. In the next step, the annual user PV and load power data, which are sampled at five-minute
intervals, are loaded, and two internal iterations for daily electricity cost estimation (denoted by
(day > 365?) in the rhombus) are started.

In the first iteration, the difference between the generated PV power and load power demand is
calculated and evaluated as surplus (4P1 ≥ 0) or insufficient (4P1 < 0) power at each sampling point
of each day. Based on this, the earnings of selling energy to the grid (when4P1 ×4T ≥ 0) or the cost
of buying energy from the grid (when4P1 ×4T < 0) are determined and, subsequently, added up to
compute the daily cost/earnings CNo_VRB(day) for users without VRB. Then, the regions where PV
supply exceeds load demand are recorded, and the amount of solar energy that can be harvested in
each step is calculated by taking into account the VRB charge efficiency ηch, which is a function of
charge power4P3. Furthermore, the VRB SOC limit is checked at each step to determine whether or
not the solar energy is charged into VRB. Here, the solar energy stored in different time intervals (peak,
Shoulder 1, Shoulder 2 and off-peak for weekdays, as depicted in Figure 5; Shoulder 1 = shoulder and
off-peak for weekend) are summed separately. The annual overall electricity cost of users without VRB
is summed at the end of this iteration.

Pbasis = Ppump + Pshunt = |Ppv − Pload|×(5% + 1.5%) (15)
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Figure 6. Flow chart of the proposed optimal sizing algorithm.
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Table 3. Definition of notations in the flow chart of Figure 6.

Notation Definition
4Pnominal step increment of VRB nominal power in each iteration (kW)

4Hnominal step increment of VRB nominal capacity in each iteration (hour)

m, n iteration index of VRB capacity, nominal power

day iteration index of days in one year

i iteration index of sampling point in each day
(data sampled every 5 min)

CVRB-overall overall cost of VRB system including maintenance cost

ηch,ηdis efficiency of VRB charge, discharge

to f f -peak time interval of off-peak region (s)

Eo f f _max
The maximum amount of energy that can be bought
in the off-peak region to charge VRB (kWh)

PPV generated power of the PV panel (kW)

PLoad demanded load power (kW)

4P1 to4P4 temporary variables

4CNo_VRB increment of electricity cost for users without VRB

CNo_VRB(day) daily electricity cost for users without VRB

CNo_VRB_Year annual electricity cost for users without VRB

CNo_VRB_Array
array that stores the annual electricity cost for users without VRB
under different nominal power and capacity combinations

4Estore increment of energy stored in VRB

Estore_peak/sh1/sh2/o f f (day) energy stored in VRB during regions of peak,
Shoulder 1, Shoulder 2 and off-peak

Epeak/shoulder1/shoulder2_demand(day) the demanded energy storage in VRB to support load in peak,
Shoulder 1 and Shoulder 2 regions in weekdays

Eshoulder_demand(day) the demanded energy storage in VRB to support load in the
shoulder region in weekends

Epeak/shoulder1/shoulder2_use(day) the actually used energy for load in peak, Shoulder 1 and Shoulder
2 regions in weekdays

Eshoulder_use(day) the actually used energy for load in the shoulder region in
weekends

temp1 to temp6 temporary variables

4T PV and load data sampling interval (5 min)

EA,EB,EC
the amount of energy that is desired to be stored in VRB in the
off-peak region to support load in peak, shoulder 1 and Shoulder
2 regions

Ebuy_A,Ebuy_B,Ebuy_C

the amount of energy that is actually bought and stored
in VRB in off-peak region to support load in peak,
Shoulder 1 and Shoulder2 regions

Ebuy
the total amount of energy that is actually bought in off-peak and
stored in VRB

4C1/2/3/4
increment of electricity cost in off-peak, peak, Shoulder 1 and
Shoulder 2 regions

CVRB(day) daily electricity cost for users with VRB

CVRB_Year annual electricity cost for users with VRB

CVRB_Array
array that stores the annual electricity cost for users with VRB
under different nominal power and capacity combinations
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In the second iteration, total load energy demand in different time intervals of each day is
calculated depending the category of a day (weekday or weekend). It is noted that the start and end
points of each summation are recorded in the first iteration. Then, the solar energy stored in VRB
is compared with the load energy demand in each time interval to determine the amount of energy
that is desired to be stored in VRB in the off-peak region for daily load support, i.e., EA, EB, EC. The
results are then divided by the charge efficiency to compensate for energy loss during charging and
compared with the remaining VRB energy storage capability to estimate the amount of energy that
is actually bought and stored in VRB in the off-peak region for load support different time intervals,
i.e., Ebuy_A, Ebuy_B, Ebuy_C. Subsequently, Ebuy_A, Ebuy_B and Ebuy_C are summed and compared with
Eo f f _max to determine the total amount of energy to be bought in the off-peak region. In the next stage,
the cost of electricity usage in different time intervals (off-peak, peak, Shoulder 1 and Shoulder 2 for
weekdays; off-peak and shoulder for the weekend) are computed by considering the TOU price, the
available energy storage in VRB, load demand and the priority of VRB energy usage (for weekdays,
the priority of VRB energy usage in the peak region is higher than shoulder regions; for weekends,

there is no priority due to the absence of peak region). It is worth noting that the terms
Epeak_use(day)

Epeak_demand(day) ,
Eshoulder1_use(day)

Eshoulder1_demand(day) , Eshoulder2_use(day)
Eshoulder2_demand(day) and Eshoulder_use(day)

Eshoulder_demand(day) are introduced as the average utilization rate
to transform the insufficient energy storage in VRB to the actual energy that has to be bought and
used in each region. Eventually, the cost of electricity for users with VRB is computed for each day
(CVRB(day)) and summed to find the annual total cost (CVRB_Year).

By multiplying such annual electricity bills with battery lifespan (assuming the PV and load
power profiles are approximately the same for different years), the overall economic savings by using
the VRB system can be estimated. Then, by subtracting the investment cost, the net economic benefit
of employing the VRB system can be figured out.

It is pointed out that the proposed algorithm aims to provide an estimation of the potential
economic benefit by employing the VRB system, which serves as a guideline for users to optimize
the size of their VRB. It is implemented in the offline planning stage by using historical user load
and/or PV data depending on the availability of PV system. For instance, for users without PV system,
this algorithm is also applicable by setting input PV power to zero. To demonstrate its effectiveness,
two sets of simulations are carried out by using the load and PV data in residential areas, which are
sampled at 5-min intervals, as shown in Figures 7 and 8. Here, Figure 7 presents the annual power
profiles, and Figure 8 gives an enlarged view of part of Figure 7 aligned with the TOU price profile.
The original PV and load data are downloaded from PVOutput [24] and Australian Energy Market
Operator (AEMO) [25], respectively. In this study, they are re-scaled to represent the annual PV and
load power of a typical residential building (usually consisting of tens of homes).

In the first place, simulation results of earned net economic benefit (total savings on electricity bill
subtracting VRB investment cost), the rate of return (the ratio of net benefit and investment cost of VRB)
and payback period (the ratio of overall VRB cost and annual net economic benefit) by employing VRB
with the PV system are presented in Figures 9–11, respectively.

From Figure 9, it is observable that the economic benefit earned by VRB can be quite significant,
and it varies with respect to battery nominal power and capacity. Here, the ranges of VRB nominal
power and capacity variations are selected to be the same as those in the overall cost computation
(Figure 2). They can be modified by users according to their expectations. Obviously, under such
circumstances, the peak region of net economic benefit is reached by selecting VRBs with high capacity
(9 h) and reasonably high nominal power (between 40 kW to 60 kW). The maximum net economic
benefit of nearly 500 thousand dollars is gained by choosing VRB rated at 49.5 kW and 9 h. It is noted
that the discontinuities on the surface of Figure 9 are caused by the varying numbers of VRB stacks.
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Figure 7. Annual PV and load power data of a residential building.
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Figure 8. Zoomed in profiles of annual PV and load power.
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Figure 9. Net economic benefit earned by the VRB system with PV (in thousand dollars).
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Figure 10. Rate of return (ratio between the net benefit and investment cost) of the VRB system with PV.
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Figure 11. Payback period of the VRB system with PV (years).

In addition to the investigation of net economic benefit, the analysis of the rate of return and
payback period is also crucial for users to quantitatively evaluate the effectiveness of their investment.
In the studied case of VRB with the PV system, the rate of return and payback period are illustrated in
Figures 10 and 11, respectively (again, discontinuities on the surface of Figures 10 and 11 are the result
of the sudden VRB stack number changes due to the increasing nominal battery power). From Figure 10,
it is seen that investing in VRBs with low nominal power can usually lead to a high earning rate.
Furthermore, in the range of 40 to 80 kW, a higher rate of return can be obtained by choosing VRB
capacity to be within 4 to 6 h. In most cases, a VRB with suitable ratings can provide a reasonably good
earning rate. For instance, the rate of return of the VRB offering maximum net economic benefit is
approximately 2.98, which is quite attractive. The payback period is generally maintained at acceptable
levels for VRB with high capacity, as shown in Figure 11. It increases drastically when the VRB capacity
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is too low. For the VRB offering maximum net economic benefit, the payback period is about six years,
which means the investment cost can be earned back within one fourth of the battery lifespan. The
large net benefit, high rate of return and short payback period qualify VRB as a promising battery
technology for residential applications. In comparison, the cost of the lithium battery rated at 49.5
kW and 9 h with a required working period of 24 years can be estimated by using the approach and
coefficients in [21,22] as discussed in Section 2.3. Based on such estimation, it is found that the cost
of the lithium battery is nearly 12-times the cost of VRB, even if only one charge/discharge cycle is
implemented every day, making it undesirable for residential applications. This is especially true
when renewable generation is employed by users, because the lifetime of the lithium battery will be
shortened by more frequent charge/discharge operations in each day.

In the second place, to investigate the economics of employing VRB without the PV system,
simulations are carried out, and the corresponding results are depicted in Figures 12–14. By comparing
these figures with their counterparts in the case of VRB with the PV system, it is seen that a higher
net benefit and larger rate of return are obtainable. This is mainly because the demanded load
power becomes larger when solar energy is unavailable, indicating an enlarged profitable region for
employing BESS. Of course, the resultant payback period also becomes longer owing to the absence of
free energy (users do not need to pay for solar energy if they are already equipped with PV systems)
harvested by the PV system. Under such circumstances, the maximum net benefit of 597.5 thousand
dollars is obtained by selecting VRB rated at 69 kW and 9 h. The corresponding rate of return and
payback period for this VRB configuration is about 2.43 and seven years, respectively. Apparently,
such a VRB system is worth investing in.
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Figure 12. Net economic benefit earned by the VRB system without PV (in thousand dollars).
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Figure 14. Payback period of the VRB system without PV (years).

Noticeably, some users in residential areas may not be willing to start with a large-sized VRB
by considering its initial investment cost. Under such situations, they can define an acceptable
range of VRB ratings and can choose a local optimal VRB size within their expected range of
ratings. Therefore, the proposed method can provide a useful selection guide for users with different
expectations. For instance, if a user would like to install a VRB when the PV system is unavailable
and the expected ranges of ratings are 5 to 15 kW and 2 to 4 h, he/she can follow the proposed
method and evaluate the profits by employing VRB with a size in that specific range. Subsequently,
the user can choose the optimal VRB size based on the information of net economic benefit, rate of
return and payback period. In the previously studied case, VRB within the ranges of 5 to 15 kW and
2 to 4 h can provide the maximum net benefit of 117.5 thousand dollars at ratings of 9 kW and 4 h.
Its corresponding rate of return and payback period is about 5.17 and 3.9 years, respectively.

To illustrate the potential application of the VRB system in areas at a high latitude, such as
northern Europe, a simulation study is carried out with annual PV and load power data in such
areas as shown in Figure 15. Since the TOU electricity price varies from area to area and has not yet
been widely adopted in the areas at a high latitude, the TOU price profile in Figure 5 is used here
for illustrative purpose. Under such situations, the net economic benefit, rate of return and payback
period with varying VRB nominal power and capacity can be calculated, and the results are shown
in Figure 16–18, respectively. From these figures, it is visible that the employment of the VRB system
in high latitude areas is also an attractive investment if the TOU electricity price policy is adopted.
In fact, with an increasing population density and the penetration of electrical appliances in residential
areas, the TOU electricity price can become an effective tool for shaving the peak power demand and,
thus, should be widely advocated.
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Figure 15. Annual PV and load power data of a residential building in a high altitude area.
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Figure 16. Net economic benefit earned by the VRB system with PV in a high latitude area (in
thousand dollars).
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Figure 17. Rate of return (ratio between the net benefit and investment cost) of the VRB system with
PV in a high latitude area.
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6. Conclusions

This paper proposes methods of computing the overall cost and evaluating the efficiency of
a vanadium redox flow battery based on its electrochemical characteristics. Compared to existing
approaches, these methods are more accurate and systematic. Then, an optimal sizing algorithm
for a vanadium redox flow battery employed in residential applications is proposed by taking into
account battery cost and efficiency, time-varying electricity price, solar feed-in tariff and user load and
PV power profiles. The proposed methods are illustrated by simulation studies using data from the
Australian power market. In addition, the economic benefits of employing the vanadium redox flow
battery are demonstrated.
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Nomenclature

Pnominal Nominal power of VRB in kW
Inominal Nominal current of VRB in amperes
Hnominal Nominal capacity of VRB in hours
Idensity Current density of VRB in amperes/cm2

Pstack Maximum power rating of each VRB stack in kW (chosen as 10 kW in this paper)
Ppump Estimated power loss caused by pumping in kW
Pshunt Estimated power loss caused by shunt current in kW
Pbasis Estimated total extra power loss in kW
Nstack Total number of stacks in VRB
vstack Nominal stack voltage in volts
Ncell Total number of cells in VRB
vcell Cell discharge voltage at 50% SOC in volts
Rcell Cell resistance in Ohm·cm2

ve f f iciency Voltage efficiency at nominal power
Velectrolyte Volume of electrolyte in litres
Cmembrane Cost of membrane in dollars
Cgraphite Cost of graphite in dollars
Cendplate Cost of endplate in dollars
C f low Cost of flow frame in dollars
Cassemble Cost of assembling in dollars
Cstack Cost of each stack in dollars
Celectrolyte Cost of electrolyte in dollars
Ctank Cost of tank in dollars
Cpump Cost of pump in dollars
CVRB Total cost of VRB in dollars
Cinverter Cost of inverter in dollars
Creplace Cost of parts replacement in dollars
Cmaintenance Cost of maintenance in dollars
CVRB-Sys Overall cost of VRB system in dollars
LVRB Life span of VRB in years
LMembrane Lifespan of membrane in years
Selectrode Area of electrode in cm2

Smembrane Area of membrane in cm2

Sgraphite Area of graphite in cm2
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Greek Symbols

µelectrolyte Electrolyte weight (kg) per kWh at 100% utilization rate
µmoles Moles per kWh at 100% utilization rate
µutilization Electrolyte utilization rate
µvanadium Vanadium concentration in moles/litre
βmembrane/m2 Rate of membrane cost in dollars/m2

βgraphite/m2 Rate of graphite cost in dollars/m2

βendplate Rate of endplate cost in dollars/each
βelectro- f abr Rate of electrode fabrication cost in dollars/each
βassemble/stack Rate of assembling cost in dollars/stack
β f low- f abr Rate of flow frame fabrication cost in dollars/each
βvanadium Rate of vanadium cost in dollars/kg
βacid Rate of acid cost in dollars/litre
βtank/kWh Rate of tank cost in dollars/kWh
βpump Rate of pump cost in dollars/kW
βinverter Rate of inverter cost in dollars/kW
βannual Rate of annual maintenance cost in dollars/year
βmark-up Coefficient of mark-up
βreplace Coefficient of replacement labour cost/kW
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