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AGENDA 

 Classification of redox flow batteries 

 Economic analysis of a 2 MW PV-Plant in combination with redox flow 
batteries 
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 From kW to MW  

 From kWh to MWh 

 Many competitors 

 NaS 

 Lead-Acid 

 Li-Ion 

 H2 

 CAES 

 Pumped Hydro 

 

 

 

Rated Power to Energy  
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Techno-economic analysis for 2 MW PV-plant 

Installed power 5101 kWp 

2011 generated energy 5861000 kWh 

Solar modules 22360 

Located 48.072°N / 8.796, 940 üNN 
Schwäbische Alb 

Operation since 01.06.2010 

Operating company BES GmbH, Dürbheim 
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Case study – PV-plant - scenario 

2 MW

GridGrid meter

InvPVPV-Park

Battery

Emax 
Pmax  

INVBat
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E~ Load

KEink

KVerk

→ expenses ?
→ Earnings ?

E~Grid
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SOC
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ȠBat

consumerEnergy meter

Battery system

 Objective targets: 

 Maximization 
of solar 
fraction 

 Minimization 
of grid 
electricity use 

 Quick 
amortization of 
the battery 

Commune, local district 
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Case study – PV-plant - scenario 

2 MW

GridGrid meter
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Battery system

 Objective targets: 

 Maximization 
of solar 
fraction 

 Minimization 
of grid 
electricity use 

 Quick 
amortization of 
the battery 

 No taxes for 
local grid use 

 

Commune, local district 
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Case study – PV-plant 

 Approach: 

 Annual Savings = reduction of 
electricity costs caused by battery 

 Annual Savings = what a battery 
might cost 

 In this case higher specific 
investment costs are the target 
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Case study – PV-plant 

 Method: 

 Input profiles 

 Battery dimension 

 Annual simulation 

 Internal rate of return (IRR) 

· Load profile

· Generation profile

· EEX – stock market 
prices

· Consumer tariff

Battery dimension:
Power & Energy

· Specific storage costs 

· Specific investment 
costs for the battery

LCC

· factor of proportionality 
(project time, operation 
costs, discount rate)

· Annual savings

· Optimized 
battery design for 
the application

Battery model

 Approach: 

 Annual Savings = reduction of 
electricity costs caused by battery 

 Annual Savings = what a battery 
might cost 

 In this case higher specific 
investment costs are the target 
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Used models 

 Energy flux models 

 Battery model 

 Efficiency according to 
power and SOC 

 Inverter model 

 Depending on power 

 AC round-trip efficiency 

 Redox approx. 66 %  

 95 % Inverter 

 73 % Redox Flow 

 

Efficiency losses for a redox flow battery for charging 
and discharging 

Efficiency of a redox flow battery 
according SOC and Power 

Efficiency of an inverter 
depending on the power 
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Input data: Energy flows 

 PV-Generation Profile 

 27.5.2011 to 
21.5.2012 

 Load profile divided 
into three periods  

 Summer 

 Transition  

 Winter 
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Input data: Energy flows 

 PV-Generation Profile 

 27.5.2011 to 
21.5.2012 

 Load profile divided 
into three periods  

 Summer 

 Transition  

 Winter 

 Variation of the load 
profile 

 Transition time 
Eload = EPV  
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Input data: Energy flows 

 PV-Generation Profile 

 27.5.2011 to 
21.5.2012 

 Load profile divided 
into three periods  

 Summer 

 Transition  

 Winter 

 Variation of the load 
profile 

 Transition time 
Eload = EPV  

 Summer time  
Eload = 1.87*EPV 
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Input data: Energy flows 

 PV-Generation Profile 

 27.5.2011 to 
21.5.2012 

 Load profile divided 
into three periods  

 Summer 

 Transition  

 Winter 

 Variation of the load 
profile 

 Transition time 
Eload = EPV  

 Summer time  
Eload = 1.87*EPV 

 Winter time     
Eload = 0.3*EPV  
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Energy prices at the Stock market in Germany 

 EEX prices from 
Leipzig 

 Less outlier values 

 Many mean values 
around 5 ct/kWh 

 Electricity generation 
is quite cheap! 

 Consumer tariff for 
2011 

 24.95 ct/kWh 
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First step – annual savings and optimized battery design 

First step 

· Load profile

· Generation profile

· EEX – stock market 
prices

· Consumer tariff

Battery dimension:
Power & Energy

· Specific storage costs 

· Specific investment 
costs for the battery

LCC

· factor of proportionality 
(project time, operation 
costs, discount rate)

· Annual savings

· Optimized 
battery design for 
the application

Battery model
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Annual savings and layout of the battery 

 Annual savings are 
possible with a 
battery 

 Dimension of  

 Power 

 Energy 

 Annual savings rises 
linear in the 
beginning 

 After a certain 
power to energy  
ratio (ca. 0.3) the 
annual savings 
converge to a 
maximum 
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Annual savings and layout of the battery 
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 Annual savings rises 
linear in the 
beginning 

 After a certain 
power to energy  
ratio (ca. 0.3) the 
annual savings 
converge to a 
maximum 

ESPEN 



© Fraunhofer ISE  

18 

Annual savings and layout of the battery 

 Annual savings are 
possible with a 
battery 

 Dimension of  

 Power 

 Energy 

 Annual savings rises 
linear in the 
beginning 

 After a certain 
power to energy  
ratio (ca. 0.3) the 
annual savings 
converge to a 
maximum 

ESPEN 

3400kWh 2200 kWh 

800 kW 500 kW 

Trans ition layout 81 T€ 52 T€ 

Summer layout 67 T€ 42 T€ 

Winter layout 46 T€ 41 T€ 

Annual savings per year depending on the load: 
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Second step – specific storage and investment costs 

Second step 

· Load profile

· Generation profile

· EEX – stock market 
prices

· Consumer tariff

Battery dimension:
Power & Energy

· Specific storage costs 

· Specific investment 
costs for the battery

LCC

· factor of proportionality 
(project time, operation 
costs, discount rate)

· Annual savings

· Optimized 
battery design for 
the application

Battery model
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Internal rate of return – what a battery might cost? 

 Assumption:  

 Salvage value (Ln) = 0  

 Revenue (et): 
reduction of 
electricity costs caused 
by battery 

 Expenditure (at): 
operation and 
maintenance costs 

 Every year the same 
energy fluxes and 
prices 
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Internal rate of return – what a battery might cost? 

 Assumption:  

 Salvage value (Ln) = 0  

 Revenue (et): 
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electricity costs caused 
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Internal rate of Return – what a battery might cost? 

 k = 5.28 

 e = annual savings 

 Computed out 
of annual 
simulations 

 I0 = Allowed invest 
costs of the battery 

 

Amortisation time 

in years  
5  10 15  5  10  15  5  10  15  

discount rate(𝒊) 0 % 5 % 10 % 

Operation costs*           

0 % 5.000 10.000 15.000 4.330 7.722 10.380 3.791 6.145 7.606 

6 % 3.846 6.250 7.895 3437 5.2769 6.396 3.088 4.489 5.223 

10 % 3.333 5.000 6.000 3.021 4.357 5.093 2.749 3.806 4.320 
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Results – what the battery might cost? 

e= 47000 €/a 

k=5.28 

Io= 248000 € 

P = 440 kW  

E = 2200 KWh  

Ratio 1 to 15 
Allowed energy 
investment costs 

Ienergy = 28,2 €/kWh 

Allowed power 
conversion costs 

Ipower = 423 €/kW 

First step: 
· Select power to 

energy ratio
· Calculate IO

Second step:
· Specify ratio of 

power converter 
to energy storage 
costs

Third step:
· Determine specific 

investment costs 
for energy and 
power 

Inputs: 
· Annual saving
· Factor of 

proportionality
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 Redox flow 

 Around 150 up to 200 €/ kWh  

 

Results – variation of consumer electricity tariff 

ESPEN 



© Fraunhofer ISE  

26 

 Redox flow 

 Around 150 up to 200 €/ kWh  

 Lithium-ion 

 Around 150 to 220 € / kWh 

 Scenario: 4% increase of the 
consumer electricity tariff every year  

 2020 – 0.397 €/kWh 

 

Results – variation of consumer electricity tariff 
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 Redox flow 

 Around 150 up to 200 €/ kWh  

 Lithium-ion 

 Around 150 to 220 € / kWh 

 Scenario: 4% increase of the 
consumer tariff every year  

 2020 –  0.397 €/kWh 

 Redox flow 

 220 to 300 €/kWh 

 Lithium-ion  

 300 to 400 € / kWh 

 

 

Results – variation of consumer electricity tariff 
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Results – number of full cycles 

 

 Numbers of full cycles 
per year are limited 

 Redox flow 210 
cycles per year 

 Lithium-ion 250 
cycles per year 

 Number of full cycles 
are proportional with 
specific energy costs 

  with higher 
number of cycles the 
specific energy costs 
can be higher for an 
economical operation. 
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Comparison with real data 

 

 For this case study redox flow batteries have to cost 
under  

 440 €/kW (power conversion costs) 

 40 €/kWh (electrolyte costs) 

 Lithium-Ion batteries have to cost below 220 €/kWh 
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Comparison with real data 

 

 For this case study redox flow batteries have to cost 
under  

 440 €/kW (power conversion costs) 

 40 €/kWh (electrolyte costs) 

 Lithium-Ion batteries have to cost below 220 €/kWh 

 

 

 The usual market prices are higher 
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Comparison with real data 

 

 For this case study redox flow batteries have to cost 
under  

 440 €/kW (power conversion costs) 

 40 €/kWh (electrolyte costs) 

 Lithium-Ion batteries have to cost below 220 €/kWh 

 

 

 The usual market prices are higher 

 

 

 What are the main cost drivers for redox flow 
batteries? 
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What key parameters have to be changed? 

Calender life 
time

Cycle 
stability

Invest costs
Replacement 

costs

Operation 
costs

Manu-
facturing

Operation

Recycling - 
Disposal

Safety

efficiency
Number of 

cycles

Energy 
amount 

SOC-Range

technical
economic

ecological

Energy 
density

Power 
denisty

C-Rate

Power

Self- 
discharge
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What are the key parameters? 

 Redox flow 

 Sensitivity analysis 

 10 years project 
lifetime 

 Efficiency 77.5 % 

 SOC-range 80 % 

 250 cycles per year 

 Ratio power to 
energy 0.25 
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Summary and conclusions 

 Redox flow are in competition with other battery and storage 
technologies 

 Suitable applications are important: 

 Short-term storage applications like PV-plants are not suitable for 
redox flow batteries. 

 The number of full cycles and the investment cost strongly 
influences the specific storage costs. 

 Combination of different  generation technologies like wind and 
photovoltaic or biogas can make batteries more profitable 

 Additional business cases like controlling power / regulating 
energy are may needed 

 Technical and economical improvements are necessary 

 The specific prices of redox flow have to decrease drastically.  

 Energy efficiency of the batteries effects the allowed costs 
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Martin Dennenmoser 

Fraunhofer ISE 

Heidenhofstr. 2 / 79110 Freiburg / Germany 

Ph: +49 761 4588 5682 

martin.dennenmoser@ise.fraunhofer.de 

www.ise.fraunhofer.de 

Questions? 

May the (cash-) flow be with you,  
 and thank you for your kind attention! 


