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Summary 

 

 

The competitiveness of energy storage technologies must be assessed in terms of 

application-specific lifetime cost. The lifetime cost approach accounts for all cost and 

performance parameters relevant during the lifetime of energy storage technologies 

and reflects the minimum revenue requirement to achieve a positive business case.  

 

Figure 1 shows the lifetime cost metric levelized cost of storage (LCOS) for standard 

flywheels, lithium-ion and vanadium-flow battery systems, and Qnetic flywheels in a 

sample energy arbitrage application in 2030. Qnetic flywheels display the lowest 

lifetime cost of 101 US$/MWh in the given energy arbitrage application. They are 

designed for multiple-hour discharge applications and therefore significantly cheaper 

than standard flywheels, which are typically designed for power applications with much 

shorter discharge durations and so are ill-suited for the sample energy arbitrage use 

case investigated here. 

 

 

Figure 1 – Levelized cost of storage (LCOS) for four energy storage technologies in a sample energy 
arbitrage application in 2030. Application requirements are shown in text box on top right, including the 
system’s power capacity, discharge duration, annual number of full equivalent charge-discharge cycles, 
the power price for charging, and discount rate. Colours and legend indicate contribution of different 
lifetime cost components.  
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Qnetic flywheels also outperform battery systems which are more appropriately suited 

to this application. Their levelized cost is lower than for lithium ion due to lower 

replacement cost (which is driven by better durability), and lower than for vanadium 

flow due to a combination of lower investment and charging cost (due to higher round-

trip efficiency).  

 

These results are driven by the input parameters for cost and performance. For 

standard flywheels, lithium-ion and vanadium-flow battery systems, these were taken 

from peer-reviewed literature and industry reports. The literature provides cost and 

performance projections for 2030 that account for continued scale-up and technical 

improvement. As Qnetic flywheels are a novel energy storage technology, input 

parameters were provided by the Qnetic corporation. The parameters were scrutinized 

by the authors based on their techno-economic understanding of energy storage 

technologies. A full technical due diligence was not conducted.   
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Introduction 
 

 

Qnetic is a novel flywheel energy storage system designed for stationary, large-scale 

and multiple-hour discharge applications. This is differentiated from traditional flywheel 

products, and is enabled by scaling-up the rotor – being the energy storage component 

– to 5.5 metres height and 2.5 metres diameter, and using innovative ultra-light 

composites as the rotor material, leading to a unit capacity of 2,000 kWh.  

 

According to Qnetic, optimisation of the rotor structure and materials enables storage 

of a comparatively very large amount of energy (due to its light weight, high strength, 

and high speed) for a comparatively low cost (due to its minimisation of materials 

used). Reduced mechanical losses further improves cost. The technology is 

developed by the Qnetic corporation and prototypes are planned to be deployed in 

2023/24. More information is available at https://www.qnetic.energy/ and 

https://wefunder.com/qnetic.  

 

The purpose of this report is to independently quantify the lifetime cost of the Qnetic 

flywheel energy storage system at the envisioned cost and performance parameters, 

and to compare it to the cost of alternative energy storage technologies. This is 

performed for a sample energy arbitrage application, which, due to the transition to 

renewable energy, is expected to be the dominant application for the deployment of 

energy storage technologies globally in the coming years [4].   

 

The appropriate metrics for quantifying and comparing lifetime cost are levelized cost 

of storage (LCOS) and annuitized capacity cost (ACC). LCOS quantifies the 

discounted cost of electricity per unit of discharged electricity. It represents the 

minimum remuneration required for each “MWh” to achieve a project net present value 

of zero. This metric is used for applications that monetize electric energy provision. 

ACC quantifies the annuitized cost of a “MW” power capacity provided by the electricity 

storage device and thus the minimum annual remuneration required for each “MW” 

made available continuously each year to achieve a project net present value of zero. 

This metric is used for applications that monetize the provision of electric power 

capacity. The calculation of these metrics is outlined in the Methods section.  

https://www.qnetic.energy/
https://wefunder.com/qnetic
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Input data 
 

 

The lifetime cost of an energy storage system will depend on the requirements of the 

application it serves as well as cost and performance parameters for the technology. 

Table 1 lists the application requirements chosen for the analyses in this report, which 

are representative for a utility-scale system (circa US$ 60-100 million investment), 

providing arbitrage twice-daily (e.g. charging overnight and during solar peak 

production).  

 

Table 1 – Application requirements for energy arbitrage chosen in this report 

Energy arbitrage  

Nominal power capacity 50 MW 

Nominal energy capacity 200 MWh 

Annual charge-discharge cycles 700 p.a. 

Power price (for charging) 30 $/MWhel 

Discount rate 8% 

 

The ratio of energy capacity to power capacity indicates this service requires storage 

technologies that can provide discharge for four hours. Not all storage technologies 

are suitable for this type of operation, as the different cost characteristics of storage 

technologies make them competitive for different durations. The energy-specific cost 

(i.e. the cost to add an extra unit of energy capacity) is very high for supercapacitors, 

so they only are competitive for applications requiring seconds to minutes of 

discharge. The power-specific cost (i.e. the cost to add an extra unit of power capacity) 

is very high for hydrogen-based energy storage, so it is mainly proposed for multiple-

day duration applications. Moreover, some technologies, such as pumped hydro, have 

limited geographical applicability and so cannot match the versatility of more ‘modular’ 

technologies such as batteries or flywheels.  

 

Therefore, the chosen comparison technologies for Qnetic flywheel energy storage 

systems are lithium-ion and vanadium-flow battery systems, as well as compressed 

air energy storage with overground tanks. Standard flywheels are also included for 

reference, although it should be noted they are typically used for shorter-duration 

storage due to their high energy-specific cost.  
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The cost and performance parameters for all technologies considered are shown in 

Table 2. These parameters are central projections for 2030 and therefore subject to 

uncertainty around future material or manufacturing cost and technical improvements, 

among other factors.  

 

Table 2 – Technology cost and performance parameter assumptions for 2030 for Qnetic flywheel 
energy storage systems and the four comparison technologies. Cost categories are additive, so total 
investment cost is the sum of energy and power components, total O&M cost is the sum of fixed and 
variable components, etc. Data sources are referenced in last row.  

Input Data for 2030   Standard 
flywheel 

Lithium-ion 
battery 

Vanadium- 
flow battery 

Compres-
sed air 

Qnetic 
flywheel  

Technology cost 

Investment – energy $/kWh - 288 378 115 353 

Investment – power $/kW  4,320 91 145 1,153 207 

Replacement – energy $/kWh - 114 182 - - 

Replacement – power $/kW - - - - 128 

Fixed O&M cost $/kW p.a. 6 4 6 16 5 

Variable O&M cost $/kWh - - - - - 

End-of-life – energy $/kWh - - - - - 

End-of-life – power $/kW - - - - - 

Technology performance 

Cycle life cycles 200,000 15,000 20,000 20,000 15,000 

Temporal degradation % p.a. - - - - - 

Replacement interval cycles - 2,640 7,000 - 7,500 

Round-trip efficiency % 86% 85% 65% 52% 85% 

Depth-of-discharge  % 100% 80% 80% 80% 100% 

Self-discharge % 10% 0% 0% 0% 2.26% 

End-of-life threshold % 95% 80% 95% 95% 95% 

Construction time years 1 1 1 3 1 

Sources  [5] [6] [6] [6], [7] Qnetic 

 

Data for the comparison technologies are taken from prominent reports by 

independent authors and government bodies. Care was taken to use data from one 

single report or from the same institution to ensure consistency in terms of scope and 

methodology. The data refers to 2030 and accounts for projected technical progress 

and manufacturing scale-up. The technology cost figures are therefore lower than 

quotes available in 2022.  

 

The investment cost for Qnetic flywheel energy systems is composed of several parts 

(see Table 3). Best- and worst-case values are supplied to account for the uncertainty 

in making cost projections for 2030. The cost are end-customer cost, including profit 

margins. 
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Table 3 – Individual investment cost components for Qnetic flywheel energy storage systems.  

Input data for 2030  Base Best Worst Comment 

Components for energy capacity $/kWh 234 170 310 e.g., rotor, bearings 

Components for power capacity $/kW 186 122 234 e.g., motor, converter 

Engineering, procurement, constr.  $/kWh 52 52 52 10% top-up to lithium-ion 

Project development $/kWh 63 63 63 10% top-up to lithium-ion 

Excavation  $/kWh 4 4 4 7 metres deep installation 

Grid connection  $/kW 21 21 21 Same as for lithium-ion 

Investment – energy $/kWh 353 289 429 Sum of energy cost  

Investment – power  $/kW 207 143 255 Sum of power cost 

 

The components for power and energy capacity include materials, manufacturing, 

assembly, rotor balancing, the foundation materials, generator, converter, power 

cables, and auxiliaries (vacuum pump, cooling system, sensors, and 

monitoring/control system). The best- and worst-case scenarios represent the 

variation of the cost for the rotor’s raw material (high strength composite fibres) and 

the power components (generator and converter), which have significant influence on 

total system cost as they represent 69% of the total base-case investment cost.  

 

The engineering, procurement and construction (EPC), project development (PD) and 

grid connection cost estimates are based on the respective referenced cost for lithium-

ion projects. Qnetic’s energy density per unit of land surface area is comparable to 

lithium-ion, which means these cost should also be comparable. A 10% top-up was 

added to EPC and PD cost to be conservative. In addition, excavation cost are added 

separately since the Qnetic flywheels are installed below ground at 7 metres depth. It 

is assumed that 110m3 of soil needs to be removed for each 2-MWh Qnetic system, 

at a cost of US$ 7,000. 

 

The replacement cost only includes the generator that will be replaced after 7,500 

cycles. It is 128 $/kW in the base-case, and ranges from 80 $/kW in the best- and 160 

$/kW in the worst-case scenario.  

 

Qnetic apply a fixed O&M of 5 $/kW-year to provide inspection, condition monitoring 

service and intervention, if necessary, for the 20 years of operation. At end of life, 
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Qnetic intends to perform product take-back, dismantling and re-use or recycling at no 

charge to the customer. 

 

Unlike lithium-ion batteries, flywheels do not degrade over time. Therefore, Qnetic’s 

depth of discharge is 100%. The round-trip efficiency is estimated at 85% (including 

rotor/bearing losses, and generator and converter efficiency) for a 4-hour discharge 

system. This reduces to 81% and 77% for 8-hour and 12-hour discharge systems 

respectively. Qnetic’s service life is 40 years and it is designed to provide 15,000 full 

cycles. 

 

Qnetic’s self-discharge (stored energy lost to friction) is estimated at 2.26% per charge 

for a 4-hour system and 700 annual charge-discharge cycles. This corresponds to an 

idling time of 8.66 hours per day, assuming half of this time is idling fully charged and 

the other half is idling fully discharged. The self-discharge increases to 4.51% and 

6.77% for 8-hour and 12-hour systems at 350 and 233 charge-discharge cycles per 

year respectively. 

 

The difference in investment cost parameters between Qnetic and standard flywheels 

is striking. While both technologies work in the same way, standard flywheels are 

designed for short-duration energy storage and Qnetic flywheels are designed for 

long-duration applications. Figure 2 illustrates the main difference. 
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Figure 2 – Conceptual comparison between standard (left) and Qnetic (right) flywheel energy storage 
systems (FESS). Graphic was provided by Qnetic corporation.   
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Lifetime cost estimates 
 

 

The results of the lifetime cost analyses refer to the year 2030. Based on the input 

data, the Qnetic flywheel energy storage system will be the most cost-effective 

technology for the chosen energy arbitrage application (see Figure 3). The Qnetic 

levelized cost of storage is 101 $/MWh, 38% lower than for lithium-ion battery systems 

and 31% lower than for vanadium redox-flow battery systems. Standard flywheels are 

significantly more expensive at ~600 $/MWh since they are not designed for this 

application. 

 

Based on the assumed 30 $/MWh purchase price for power, the Qnetic system needs 

to find a market where electricity can be resold at a 3.4:1 price ratio, compared to 4.9:1 

and 5.5:1 for vanadium and lithium respectively. 

 

 

 

Figure 3 – Levelized cost of storage (LCOS) for four energy storage technologies in a sample energy 
arbitrage application in 2030. Application requirements are shown in the text box on top right, including 
the system’s power capacity, discharge duration, annual number of full equivalent charge-discharge 
cycles, the power price for charging, and discount rate. Colours and legend indicate contribution of 
different lifetime cost components. 

 

$164 
$147 

$101 

0

50

100

150

200

Standard flywheel Lithium ion Compressed air Qnetic flywheels

U
S

$
 /

 M
W

h

Investment cost Replacement cost O&M cost Charging cost End-of-life cost

~$600
Energy arbitrage

• Size: 50 MW

• Duration: 4 hours

• Cycles: 700 p.a.

• Power: 30 $/MWh

• Discount rate: 8%



13 

Figure 3 shows that the investment cost component of Qnetic flywheels is comparable 

to battery technologies, slightly higher than lithium ion and slightly lower than 

vanadium flow. Relatively low replacement cost for the Qnetic system are the key 

difference. Lithium ion and vanadium flow need replacement of battery cells or cell 

stacks after ~2,500 or ~7,000 charge-discharge cycles respectively. The replacement 

of the motor-generator for Qnetic flywheels is comparatively low-cost and takes place 

after ~7,500 cycles only. Charging cost are comparable between lithium ion and Qnetic 

flywheels. Vanadium-flow battery systems have higher charging cost due to their lower 

round-trip efficiency. 

 

Figure 4 shows the lifetime cost results in terms of annuitized capacity cost, for 

completeness. This metric would be relevant if the sample service (energy arbitrage 

in this case) is remunerated per power capacity provided, for example via an 

availability payment. The structure of the result is unchanged to the LCOS results, with 

Qnetic flywheels being the most cost-effective with 274 $/kW-year, 16% lower than for 

vanadium, and 20% lower than for lithium-ion batteries. Standard flywheels remain 

much higher cost with ~1,500 $/kW-year since they are not designed to provide power 

continuously for 4 hours as required in this sample application.  

 

 

Figure 4 – Annuitized capacity cost (ACC) for four energy storage technologies in a sample energy 
arbitrage application in 2030.  
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Sensitivity analyses 
 

 

The results provided in the previous section are for the year 2030 and thus uncertain. 

They also refer to the specific energy arbitrage application with 4-hours discharge 

duration. This section aims to shed more light on the variability of the results due to 

variation of the input parameters for Qnetic flywheels and variation in the application 

requirements.   

 

Variation of input parameters for Qnetic flywheels 

 

Investment cost uncertainty for Qnetic flywheel energy storage systems towards 2030 

is predominantly associated with high strength composite fibre material prices for the 

rotor and prices for the motor-generator and converter. Figure 5 shows that accounting 

for the best and worst case scenarios, the calculation returns an LCOS range of 101 

± 14 $/MWh for the sample energy arbitrage application. Thereby, the lifetime cost for 

Qnetic flywheels would remain significantly below the comparison technologies even 

under the projected worst case investment cost (compare Figure 5 to Figure 3).  

 

Figure 5 – Variation in levelized cost of storage (LCOS) for Qnetic flywheel energy storage system in 
a sample energy arbitrage application by 2030.  

 

 

$115 
$101 

$88 

0

50

100

150

Worst Base Best

U
S

$
 /

 M
W

h

Investment cost Replacement cost O&M cost Charging cost End-of-life cost



15 

Variation in application requirements 

 

Applications for energy storage can vary widely in their requirements, in particular 

discharge duration and annual charge-discharge cycle frequency. It can vary for 

energy arbitrage itself or if another application is provided for, for example 

transmission / distribution investment deferral or backup power.  

 

Figure 6 shows the LCOS result for an energy arbitrage application requiring 8 hours 

of discharge duration and 350 charge-discharge cycles per year. Due to the lack of 

competitiveness of standard flywheels at long discharge applications, they are 

replaced with compressed air energy storage as comparison technology.  

 

 

Figure 6 – Levelized cost of storage (LCOS) for four energy storage technologies in a sample energy 
arbitrage application with 8 hours discharge duration and 350 cycles per year in 2030.  
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At 12 hours discharge duration the investment cost advantage for compressed air 

energy storage is so significant that it becomes the most cost-effective energy storage 

technology with 166 $/MWh (see Figure 7).  

 

 

Figure 7 – Levelized cost of storage (LCOS) for four energy storage technologies in a sample energy 
arbitrage application with 12 hours discharge duration and 233 cycles per year in 2030. 
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Competitiveness landscape 
 

 

Figure 8 broadens this analysis by considering the full range of application 

requirements. It shows the most cost-competitive energy storage technologies across 

the spectrum of possible discharge durations and charge-discharge frequencies. It 

covers the technologies discussed in this report excluding Qnetic flywheels, to give an 

overview of the incumbent technology landscape.  

 

 

Figure 8 – Competitive landscape showing energy storage technologies with the lowest LCOS as a 
function of discharge duration and annual cycle requirement in 2030, excluding Qnetic flywheels. Colour 
indicates the technology with the lowest LCOS. Shading indicates how strong its cost advantage is 
compared to the second-best technology. Lighter areas are contested between at least two 
technologies, while darker areas indicate a strong cost advantage of the dominant technology. Both 
axes are on logarithmic scale: x-axis with base 10 and y-axis with base 2. The dotted shape marks the 
region of application requirements where most energy storage deployment is expected in the coming 
decade (see Table 4). Points that require >8760 hours per year (top-right of the chart) are left blank. 
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Four distinct ‘areas’ emerge where different technologies dominate: Compressed air 

above 8 hours discharge duration; classic flywheels above 3,000-5,000 cycles; 

vanadium-flow batteries at 0.5-8 hours discharge and 500-5,000 cycles; and lithium-

ion batteries below 8 hours discharge and 500-3,000 cycles. 

 

The highlighted area marks the application requirements where most energy storage 

is expected to be deployed, according to the National Renewable Energy Laboratory 

(NREL) in the US [8]. Their study revealed that most capacity will be needed to shift 

solar PV generation from midday to afternoons and evenings on a daily basis, i.e. 4-

12 hours discharge duration. Table 4 categorises this as ‘phase 3’ of energy storage 

deployment, and quantifies the US potential as more than 100 GW. All other phases 

either have less or highly uncertain deployment potential. 

 

Table 4 – Four phases of energy storage deployment relative to variable renewable energy deployment 
(VRE) with indicative deployment potential for the US [8].  

Phase Description of services Deployment potential  
in the US 

Discharge 
duration 

Response 
time 

Pre-
2010 

Peaking capacity, energy 
time-shifting and operating 
reserves 

 23 GW of pumped hydro 
Mostly  
8-12 hours 

Minutes 

1 Operating reserves <30 GW < 1 hour 
Milliseconds to 
seconds 

2 Peaking capacity 
30-100 GW, strongly linked 
to PV deployment 

2-6 hours 
Seconds  
to minutes 

3 
Diurnal capacity and energy 
time shifting 

100+ GW. Depends on 
Phase 2 and deployment of 
VRE resources 

4-12 hours Minutes 

4 
Multiday to seasonal capacity 
and energy time-shifting 

Zero to more than 250 GW >12 hours 
Minutes  
to hours 

 

 

Figure 9 displays the results of the same analysis as in Figure 8, but including Qnetic 

flywheels. It shows that Qnetic flywheels displace the comparison technologies as 

most cost-efficient technology at 0.5-16 hours of discharge duration and 100-5,000 

annual charge-discharge cycles. Based on these results, Qnetic flywheels would be 

the lowest-cost technology across almost the entire spectrum for diurnal energy 

shifting, where the highest deployment of energy storage technologies is expected.  
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Figure 9 – Competitive landscape showing energy storage technologies with highest probability to have 
lowest LCOS relative to discharge duration and annual cycle requirement in 2030, incl. Qnetic flywheels.  
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Conclusion 
 

 

In conclusion, if Qnetic can realize the expected cost and performance parameters for 

2030 given in Table 2 and if the comparison technologies do not improve beyond the 

given parameters, the modelling results suggest that Qnetic flywheels will provide 

energy arbitrage significantly more cost-efficiently than lithium-ion batteries and 

vanadium redox-flow batteries. Figure 9 shows that Qnetic’s cost advantage could 

extend from applications of 0.5 up to 16 hours of duration when above 100 cycles per 

year. This includes several services that are monetized in power systems around the 

world (e.g., energy arbitrage, diurnal capacity and energy time shifting capacity).  

 

This analysis accounts for the anticipated cost reductions for conventional 

technologies, based on technical progress and scale-up. However, cost projections 

for 2030 cannot be guaranteed for any technology. Also the conventional technologies 

covered in this report may feature higher or lower lifetime cost than reported here. This 

uncertainty is particularly true for early-stage technology prototypes. But, in this regard 

the analysis in this report finds that the Qnetic system could have a cost advantage of 

more than 30% in relevant applications, hence the conclusions are robust to the 

anticipated range of Qnetic investment cost (see best- and worst-case scenarios). 
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Lifetime cost methodology 
 

 

The lifetime cost methodology employed in this report was developed by the authors 

and published in a peer-reviewed academic paper [2] and a forthcoming book 

Monetizing Energy Storage from Oxford University Press [1]. It is designed to give a 

comprehensive estimate of the total remuneration that any storage technology must 

receive to be financially viable, based solely on its cost and performance data, and the 

requirements of the service it provides. It is therefore a technology-agnostic approach 

that can be used to objectively compare the potential competitiveness and financial 

viability of storage technologies. 

 

The methodology is established as comprehensive and objective assessment of 

energy storage technology cost. It is widely used by various stakeholders, such as: 

• Academics like Pawel [9], Jülch et al.[10], Zakeri et al.[11], Belderbos et al.[12] 

• (Non-)Governmental institutions like the U.S. Department of Energy [6], U.S. 

Energy Information Administration [13], and International Energy Agency and 

Nuclear Energy Agency [14] 

• Technology providers like Invinity [15] and Tesvolt [16] 

• Market research firms like BloombergNEF [17] 

• and investment banks like Lazard [18]  

 

Levelized cost of storage (LCOS) divides all cost incurred throughout the lifetime of 

the technology by the total discharged electricity. Annuitized capacity cost (ACC) 

divides all cost incurred throughout the lifetime of the technology by the power 

capacity. In both metrics, not only the cost, but also the output needs to be discounted 

as it represents future revenue. Equations (1) and (2) display the formulas for LCOS 

and ACC including all cost components.  

 

𝐿𝐶𝑂𝑆 =
∑

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
(1 + 𝑟)𝑛

𝑁
𝑛 + ∑

𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡
(1 + 𝑟)𝑛

𝑁
𝑛 +  ∑

𝑂&𝑀
(1 + 𝑟)𝑛

𝑁
𝑛 + ∑

𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔
(1 + 𝑟)𝑛

𝑁
𝑛 +  

𝐸𝑛𝑑 𝑜𝑓 𝑙𝑖𝑓𝑒
(1 + 𝑟)𝑁+1

∑
𝐸𝑜𝑢𝑡(𝑛)
(1 + 𝑟)𝑛

𝑁
𝑛

 (1) 
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𝐴𝐶𝐶 =
∑

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
(1 + 𝑟)𝑛

𝑁
𝑛 + ∑

𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡
(1 + 𝑟)𝑛

𝑁
𝑛 +  ∑

𝑂&𝑀
(1 + 𝑟)𝑛

𝑁
𝑛 + ∑

𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔
(1 + 𝑟)𝑛

𝑁
𝑛 + 

𝐸𝑛𝑑 𝑜𝑓 𝑙𝑖𝑓𝑒
(1 + 𝑟)𝑁+1

∑
𝐶𝑎𝑝𝑝,𝑛𝑜𝑚

(1 + 𝑟)𝑛
𝑁
𝑛

 (2) 

 

 

The equations include all relevant elements: Investment, replacement, operation and 

maintenance (O&M), charging and end-of-life cost divided by electricity discharged 

(𝐸𝑜𝑢𝑡) or power provided (𝐶𝑎𝑝𝑝,𝑛𝑜𝑚) during the lifetime. They sum ongoing cost in each 

year (𝑛) up to the lifetime (𝑁), discounted by the discount rate (𝑟).  

 

For simplicity, equations (1) and (2) introduced 𝑁 as the lifetime. This value differs 

depending on the component of the equation that is being calculated. It can refer to 

the construction time 𝑇𝑐𝑜𝑛, operational lifetime of the storage system 𝑁𝑜𝑝 or the sum of 

two, the project lifetime 𝑁𝑝𝑟𝑜𝑗𝑒𝑐𝑡.  

 

𝑁𝑝𝑟𝑜𝑗𝑒𝑐𝑡 = 𝑇𝑐𝑜𝑛 + 𝑁𝑜𝑝 (3)  
 

Project lifetime is determined by calculating operational lifetime 𝑁𝑜𝑝 based on the 

temporal (𝐷𝑒𝑔𝑡) and cycle degradation (𝐷𝑒𝑔𝑐) of the storage system and a pre-defined 

end-of-life threshold (𝐸𝑜𝐿).   

 

𝑁𝑜𝑝 =
log (𝐸𝑜𝐿)

log(1 − Deg𝑡) + 𝐶𝑦𝑐𝑝𝑎 ⋅ log (1 − 𝐷𝑒𝑔𝑐)
 (4) 

 

Investment cost accounts for nominal power (𝐶𝑎𝑝𝑝,𝑛𝑜𝑚) and energy capacity 

(𝐶𝑎𝑝𝑒,𝑛𝑜𝑚), and the specific power (𝐶𝑝,𝑖𝑛𝑣) and energy storage capacity cost (𝐶𝑒,𝑖𝑛𝑣). If 

construction of the technology takes multiple years (𝑇𝑐𝑜𝑛 > 1), then the cost are 

discounted to reflect their present value with respect to the year in which they are 

spent, on the assumption that equal shares of the total investment cost are spent in 

each construction year.  

 

 
∑

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

(1 + 𝑟)𝑛

𝑁

𝑛

=  ∑
𝐶𝑝,𝑖𝑛𝑣 ∙ 𝐶𝑎𝑝𝑝,𝑛𝑜𝑚 + 𝐶𝑒,𝑖𝑛𝑣 ∙ 𝐶𝑎𝑝𝑒,𝑛𝑜𝑚

(1 + 𝑟)𝑛−1

𝑇𝑐𝑜𝑛

𝑛=1

 (5) 
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Replacement cost accounts for the specific replacement cost for power (𝐶𝑝,𝑟𝑒𝑝)  and 

energy storage capacity (𝐶𝑒,𝑟𝑒𝑝). These cost are accounted for in the specific year in 

which the replacement occurs.  

 

 
∑

𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

(1 + 𝑟)𝑛

𝑁

𝑛

=  ∑
𝐶𝑝,𝑟𝑒𝑝 ∙ 𝐶𝑎𝑝𝑝,𝑛𝑜𝑚 + 𝐶𝑒,𝑟𝑒𝑝 ∙ 𝐶𝑎𝑝𝑒,𝑛𝑜𝑚

(1 + 𝑟)𝑇𝑐𝑜𝑛+𝑘∙𝑇𝑟𝑒𝑝

𝑅

𝑘=1

 

 

(6) 

 

with 𝑇𝑟𝑒𝑝 =  
𝐶𝑦𝑐𝑟𝑒𝑝

𝐶𝑦𝑐𝑝𝑎

 (7) and 𝑅 =  
𝑁𝑜𝑝

𝑇𝑟𝑒𝑝

 (8) 

 

 O&M cost account for power and energy specific operation and maintenance cost 

(𝐶𝑝,𝑜𝑚 and 𝐶𝑒,𝑜𝑚) relative to nominal power capacity and annual charged electricity 

(𝐸𝑖𝑛). Annual charged electricity accounts for the nominal energy capacity, the depth-

of-discharge (𝐷𝑜𝐷), round-trip efficiency (𝜂𝑅𝑇), cycle degradation (𝐷𝑒𝑔𝑐), time 

degradation (𝐷𝑒𝑔𝑡).  

 

∑
𝑂&𝑀 𝑐𝑜𝑠𝑡

(1 + 𝑟)𝑛

𝑁

𝑛
= ∑

𝐶𝑝,𝑜𝑚 ∙ 𝐶𝑎𝑝𝑝,𝑛𝑜𝑚 + 𝐶𝑒,𝑜𝑚 ∙ 𝐸𝑖𝑛(𝑛)

(1 + 𝑟)𝑛+𝑇𝑐𝑜𝑛−1

𝑁𝑜𝑝

𝑛=1

 (9) 

 

𝐸𝑖𝑛(𝑛) =
(𝐶𝑎𝑝𝑒,𝑛𝑜𝑚 ⋅ 𝐷𝑜𝐷 ⋅ 𝐶𝑦𝑐𝑝𝑎)

𝜂𝑅𝑇

∙ (1 − 𝐷𝑒𝑔𝑐)(𝑛−1)∙𝐶𝑦𝑐𝑝𝑎 ∙ (1 − 𝐷𝑒𝑔𝑡)(𝑛−1) (10) 

 

Cycle degradation accounts for a predefined end-of-life threshold (𝐸𝑜𝐿) relative to 

nominal energy storage capacity (e.g. 80%) and cycle lifetime (𝐿𝑖𝑓𝑒𝑐𝑦𝑐) of the 

technology. It can be derived as follows 

 

𝐶𝑎𝑝𝑒,𝑛𝑜𝑚 ⋅ (1 − 𝐷𝑒𝑔𝑐)𝐿𝑖𝑓𝑒𝑐𝑦𝑐 = 𝐸𝑜𝐿 ⋅ 𝐶𝑎𝑝𝑒,𝑛𝑜𝑚  (11) 

 

𝐷𝑒𝑔𝑐 = 1 − 𝐸𝑜𝐿
1

𝐿𝑖𝑓𝑒𝑐𝑦𝑐 (12) 

 

Charging cost are determined by multiplying electricity price (𝑃𝑒𝑙) with the annual 

charged electricity. 
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∑
𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔

(1 + 𝑟)𝑛

𝑁

𝑛
= ∑

𝑃𝑒𝑙 ∙ 𝐸𝑖𝑛(𝑛)

(1 + 𝑟)𝑛+𝑇𝑐𝑜𝑛−1

𝑁𝑜𝑝

𝑛=1

 (13) 

 

End-of-life cost consider specific cost (or residual value) for the power (𝐶𝑝,𝑒𝑜𝑙) and 

energy components (𝐶𝑒,𝑒𝑜𝑙) at their end-of-life. Nominal energy capacity needs to 

account for cycle and temporal degradation during operational lifetime. The cost are 

discounted towards the end of technology lifetime.  

 

∑
𝐸𝑛𝑑 𝑜𝑓 𝑙𝑖𝑓𝑒 

(1 + 𝑟)𝑛

𝑁

𝑛

=
𝐶𝑝,𝑒𝑜𝑙 ∙ 𝐶𝑎𝑝𝑝,𝑛𝑜𝑚 + 𝐶𝑒,𝑒𝑜𝑙 ∙ 𝐶𝑎𝑝𝑒,𝑛𝑜𝑚 ⋅ (1 − 𝐷𝑒𝑔𝑡)𝑁𝑜𝑝 ⋅ (1 − 𝐷𝑒𝑔𝑐)𝐶𝑦𝑐𝑝𝑎∗𝑁𝑜𝑝

(1 + 𝑟)𝑁𝑝𝑟𝑜𝑗𝑒𝑐𝑡+1  (14) 

 

Discharged electricity (𝐸𝑜𝑢𝑡) is determined by multiplying annual charged electricity 

with the technology’s round-trip efficiency and self-discharge (𝜂𝑠𝑒𝑙𝑓), and discounting 

the product over time. 

∑
𝐸𝑜𝑢𝑡(𝑛)

(1 + 𝑟)𝑛

𝑁

𝑛

=  ∑
𝐸𝑖𝑛(𝑛) ⋅ 𝜂𝑅𝑇 ⋅ (1 − 𝜂𝑠𝑒𝑙𝑓)

(1 + 𝑟)𝑛+𝑇𝑐𝑜𝑛−1

𝑁𝑜𝑝

𝑛=1

 (15) 

  

Power provided is determined by discounting nominal power capacity over the lifetime. 

  

 
∑

𝐶𝑎𝑝𝑝,𝑛𝑜𝑚

(1 + 𝑟)𝑛

𝑁

𝑛

=  ∑
𝐶𝑎𝑝𝑝,𝑛𝑜𝑚

(1 + 𝑟)𝑛+𝑇𝑐𝑜𝑛−1

𝑁

𝑛=1

  (16) 

 

 

An online web tool based on this methodology is available to test custom input 

assumptions and sensitivities: www.EnergyStorage.ninja           

 

  

http://www.energystorage.ninja/
https://www.EnergyStorage.ninja
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