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2 Background 

2.1 Global energy trends, statistics, and projections 

Figure 1. Renewable net installed capacity additions, 2019-2021. Bioenergy 

includes biomass and biogas. Source: [2]. 
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Figure 2. Annual Clean Energy Investments, 2017-2022E. Source: [29]. 
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2.2 BESS market trends and technology assessment 

2.2.1 Market trends 

Figure 3. Yearly International Patent Family Publications within the scope of 

battery cells, 2000-2018. Source: [34] 
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Figure 4. Yearly International Patent Family publications within Lithium 

chemistries, 2000-2018. Source: [34] 
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2.2.2 Technology assessment 
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2.3 OWP projections in the Baltic Sea until 2030 

2.3.1 Finland 

Table 1. Baltic Sea OWP projects in Finland 3 2022 status. Source: [46] 

Name Stage Output [MW] Year 

Tahkoluoto Phase I In production 2 2010 

Tahkoluoto  Phase II In production 42 2017 

Korsnäs Land use plan process started 1300 2028 

Halla EIA process ongoing 1600 3 2600 2030 

Laine EIA process ongoing 1500 3 2500 2030 

Siipyy EIA done 240 3 480 2030 

Inkoo-Raasepori EIA done 180 3 480 2030 

Kiiri Land use plan or STR done 40 3 80  

Suurhiekka Land use plan proposal 400  

Nimettömänmatala Identified project / pre-screening 96 3 160  

Hoikkahiue-Luodeletto Identified project / pre-screening 390 3 650  

Ulkonahkiainen Identified project / pre-screening 250 3 400  

Maanahkiainen Land use plan or STR done 216 3 432  

Tahkoluoto Expansion EIA process ongoing 200 3 495  
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Figure 5. OWP projects in the Finnish Baltic coast. Source: [46] 
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2.3.2 Germany 

Baltic Sea OWP projects in Germany 3 2022 status. Source: [47]

 
Name Stage Output [MW] Year 

EnBW Baltic 1 In production 48 2011 

EnBW Baltic 2 In production 288 2015 

Wikinger In production 350 2020 

Arkona In production 378 2020 

Arcadis Ost 1 Final investment decision 247 2023 

Baltic Eagle Final investment decision 476 2024 

Windanker Awarded in tender 300 2026 

Wikinger Süd Awarded in tender 10 2026 

Gennaker Awarded in tender 927 2026 
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Figure 6. OWP projects in the German Baltic coast. Source: [47] 
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Figure 7. Overview of OWP projects in the Westlich Adlergrund region. 



22 
 

3 Research material and methods 

3.1 Statistical Analysis of power system operation 3 GCM 

and OWP curtailment 
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3.1.1 Triggering processes for re-dispatch and curtailment 

Figure 8. Redispatch process timeline overview. Source: [48] 
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3.1.2 Data processing pipeline for operational reports 
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3.1.3 Quantification of power system costs 

3.1.4 Overview of regulations for potential BESS business case 
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3.2 BESS modelling and optimization 
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3.2.1 Revenue modelling 

Charge	(Eur/MWh)	=		

(SUMPRODUCT(SMALL(A:B,SEQUENCE(C)))+(D)*SMALL(A:B,E))/(F*G)                 (1)	

	

Discharge	(Eur/MWh)	=	

(SUMPRODUCT(LARGE(A:B,SEQUENCE(C)))+(D)*LARGE(A:B,E))/F																											(2)	

	

Margin	(Eur/MWh)	=	Discharge	3	Charge		 	 																									(3)	
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Table 3. Example of quarter-hourly system cost format. 

Date 
Triggering 

Process 

Plant / 

Cluster 

00:00 

Cost 

(¬/MWh) 

00:15 

Cost 

(¬/MWh) 

& 

23:30 

Cost 

(¬/MWh) 

23:45 

Cost 

(¬/MWh) 

11.18.21 IDCF Wikinger 0.00 0.00  0.00 0.00 

02.12.21 PRD1 Arkona 2006.17 0.00  0.00 0.00 

&        

21.06.22 IDCF Arkona 0.00 0.00  0.00 0.00 

24.06.22 DACF Wikinger 337.26 730.73  0.00 0.00 
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Figure 9. Flowchart representation of curtailment capture algorithm. 
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3.2.2 Cost modelling 
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Figure 10. Indicative comparison of BESS sizing philosophies, actual versus 

nameplate capacity, with and without considering augmentation over its life-

time. Source: [44] 
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Table 4. Ideal BESS operating conditions and corresponding linearized de-

gradation rates. Source: [9], [39], [41], [42] 

Operating Condition variable Unit Ideal Range 

Cell Temperature ºC 5 - 15 

Charge rate C < 0.5 

Discharge rate C < 0.5 

Depth of Discharge % 100 

Calendric degradation rate % / year 0.25% 

Cyclic degradation rate % / cycle 0.002% 



34 
 



35 
 

3.2.3 Free cash flow model and IRR optimization 

Table 5. Financial parameters and values used. Source: [16], [19], [21] 

Parameter Unit Value 

Day-Ahead Price Average 

Yearly Escalation 

% 4.3 

Corporate Tax Rate % 15.83 

Discount Rate = WACC % 5.6 

Percentage of Total Over-

night Costs Financed 

% 20 

Interest Rate % 8.0 

Depreciation rate - Linear over 20 years 
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Figure 11. Simplified global process overview, including use-case-optimized 

oversizing and financial characteristics.
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Table 6. Configuration settings for GRGNL solver. 
Parameters 3 GRGNL solver Value 

Optimization objective Maximum 

Maximum number of iterations 200 

Maximum number of subproblems 200 

Convergence 0.1 

Derivatives Central 

Use multistart (population size) Yes (200) 

Require bounds on variables Yes 
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4 Results and Discussion 

4.1 Statistical Analysis of power system operation 3 GCM 

and OWP curtailment 

4.1.1 Frequency and nature of OWP triggering mechanisms 
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Table 7. Monthly count of days with redispatch and OWP curtailment 
Month Days with redispatch Days with OWP curtailment 

November 2021 18 1 

December 2021 23 3 

January 2022 28 7 

February 2022 28 15 

March 2022 28 13 

April 2022 29 9 

May 2022 20 8 

June 2022 24 4 

Figure 12. Euler diagram of redispatch triggering mechanisms for OWP cur-

tailment present in the sampling period, in days 
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4.1.2 Curtailed power and energy trends 
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Table 8. Outlier analysis for daily curtailed energy values. 
Date Curtailed energy 

(MWh) 

WAPP 

(%) 

DACF 

(%) 

ID 

(%) 

23.02.22 7863.50  100  

28.05.22 7628.25  96 4 

07.04.22 7271.00  100  

26.05.22 6961.25  100  

27.05.22 6709.00 28 47 25 

14.05.22 6105.25  100  
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Figure 13. Box-and-whisker distributions for maximum power and average 

power-based energy-to-power ratios 
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Figure 14. Chronologically aggregated quarter-hourly OWP curtailment po-

wer commands observed in sample period 
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4.1.3 Economic impacts of OWP curtailment 

 

Figure 15. Total energy curtailed and total system costs by redispatch trigge-

ring mechanism 
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Figure 16. Total Eur/MWh per dominant daily redispatch triggering mecha-

nism 
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Figure 17. Total and frequency-weighted Eur/MWh by triggering mechanism 

intersection 
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4.2 BESS modelling and optimization 

4.2.1 Cost modelling 

����	(����) =
!7# $%7&

'.')7'***

����	(����) =
!7# $%7&

'.')7'***
                    (4) 

Table 9. Surface fitting function coefficients for 2021 and 2030 BESS costs 

Cost Type (USD/kW) Year A B C D 

Total Installed 2021 217.1 1.051 402.4 -0.2102 

EPC + SI + PD 2021 65.82 1.054 117.3 -0.2158 

O&M 2021 0.7194 1.028 1.687 -0.1677 

Total Installed 2030 159.9 1.047 307.5 -0.2052 

EPC + SI + PD 2030 126 0.7739 -30.17 0.1794 

O&M 2030 0.6266 1.026 1.456 -0.1694 
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Figure 18. Heat map representation of Total Installed Costs for proposed 

BESS, for durations between 2 and 10 hours, and power ratings between 

10 and 1000 MW 

4.2.2 Degradation modelling 
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Figure 19. Yearly 2-meter average ambient temperatures in the Lubmin re-

gion, 1981-2021.  
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4.2.3 Free Cash Flow modelling and optimization 
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Figure 20. IRR heat maps for curtailment capture algorithm, considering 

2021 and projected 2030 costs. 
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Figure 21. IRR heat maps for energy arbitrage algorithm under 2021-2022 

market conditions, considering 2021 and projected 2030 costs. 
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Figure 22. IRR heat maps for curtailment capture + energy arbitrage algo-

rithm under 2021-2022 market conditions, considering 2021 and projected 

2030 costs. 
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Figure 23. IRR heat maps for energy arbitrage algorithm under 2019-2020 

market conditions, considering 2021 and projected 2030 costs. 
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Figure 24. IRR heat maps for curtailment capture + energy arbitrage algo-

rithm under 2019-2020 market conditions, considering 2021 and projected 

2030 costs. 
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Table 10. Aggregated technical and economic results from IRR optimization 

following a manual NPV sub-optimization, with 2021 costs. 

Optimal 

Results 
Curtailment 

Arb. 21-

22 

Curt. + Arb. 

21-22 

Arb. 19-

20 

Curb. + Arb. 

19-20 

MW 

(%OWP) 
43 (5.9%) 728 274 (37.6%) 728 64 (8.8%) 

Hours 2.8 2.0 2.0 2.0 2.4 

EoL % 

(20years) 
91.7 % 83.3 % 83.3 % 83.3 % 83.0 % 

Oversizing 26.8 % 39.7 % 39.7 % 39.7 % 40.1 % 

IRR 4.3 % 20.3 % 19.9 % 0.3 % 7.4 % 

NPV 

(MEur) 
-3.4 665.9 250.3 -153.8 7.2 

PBT (<) 15 6 6 20 12 

Equity 

CAPEX 

(MEur) 

30.9 377.8 146.7 377.8 42.8 

kEur/Cycle 18.6 196.6 74.6 37.4 8.8 



57 
 



58 
 

Table 11. Aggregated technical and economic results from IRR optimization 

following a manual NPV sub-optimization, with 2030 cost projections. 

Optimal 
Results 

Curtailment 
Arb. 21-

22 
Curt. + Arb. 

21-22 
Arb. 19-

20 
Curb. + Arb. 

19-20 

MW 47 (+4) 728 254 (-20) 728 61 (-3) 

Hours 2.9 (+0.1) 2.0 2.3 (+0.3) 2.0 2.6 (+0.2) 

EoL % 
(20years) 

91.7 % 83.3 % 83.3 % 83.3 % 83.0 % 

Oversizing 26.8 % 39.7 % 39.6 % 39.7 % 40.0 % 

IRR 7.2 % 26.6 % 26.1 % 2.8 % 10.8 % 

NPV 
(MEur) 

3.8 752.2 292.2 -65.7 17.0 

PBT (<) 12 5 5 16 9 

Equity 
CAPEX 
(MEur) 

24.9 280.0 112.1 280.0 31.7 

kEur/Cycle 20.6 196.6 77.2 37.4 8.8 
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5 Conclusions 
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