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ABBREVIATION AND ACRONYM LIST 

Abbreviation / Acronym Full Form  

BESS Battery Energy Storage System 

CAPEX Capital Expenditure 

CO2e Carbon Dioxide Emissions 

 @DG Diesel Generator 

DGCF Diesel Generator Capacity Factor 

DOD Depth of Discharge 

EAC Equivalent Annual Cost 

EFC Equivalent Full Cycles 

ESS Energy Storage System 

FLH  Full Load Hours 

FR Fast Reserve 

GA Genetic Algorithm 

GWP Global Warming Potential 

HESS Hybrid Energy Storage System 

HOMER  Hybrid Optimization of Multiple Energy Resources 

IRR  Internal Rate of Return 

KPI  Key Performance Indicator 

LCOS Levelized Cost of Storage 

MB  Mercato di Bilanciamento (Balancing Market) 

MGP Mercato del Giorno Prima (Day-Ahead Market) 

MILP  Mixed-Integer Linear Programming 

MI  Mercato Infragiornaliero (Intraday Market) 

NPV Net Present Value 

OPEX Operational Expenditure 
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Abbreviation / Acronym Full Form  

PI Profitability Index 

PV Photovoltaic 

REF Reference signal (in control equations) 

RES Renewable Energy Sources 

RFB Redox Flow Battery 

RTE Round-Trip Efficiency 

SAFB Smoothing and Fluctuation Benefit 

SC Supercapacitor 

SOC State of Charge 

SPP Simple Payback Period 

SSR Self-Sufficiency Rate 

UC Use Case 

VRFB Vandium Redox Flow Battery 

WACC  Weighted Average Cost of Capital 

ZEBRA  
Zero Emission Battery Research Activities (a type of NaNiCl  

battery) 
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1. INTRODUCTION 

1.1. CONTEXT OF THE DELIVERABLE 

Deliverable D2.3 provides a detailed techno-economic analysis and sizing methodology for 

Hybrid Energy Storage Systems (HESSs) under varying use cases, business cases, and regional 

conditions. This deliverable is prepared within the framework of Task 2.3 of the project, which 

builds upon the insights gained from: 

Task 2.1 ï D2.1 HESS business cases assessment: identification of relevant storage 

applications, market mechanisms and revenue streams, profitable use cases and business cases 

for HESSs. 

Task 2.2 ï D2.2 Digital twins for HESSs design: development of simulation and optimization 

tools to evaluate the performance and profitability of hybrid storage solutions. 

By combining these foundational tasks, D2.3 focuses on optimal sizing guidelines for HESS 

implementations. The study includes an examination of how different technologies such as salt-

based battery, RFB and SC can be combined and optimized to meet various operational, 

economic, and regulatory requirements. Particular attention is given to three European 

countries, Portugal, Germany, and Italy and one African context, recognizing the diverse market 

structures, electricity pricing schemes, and considering the system limits that influence HESS 

feasibility. 

1.2. SCOPE AND OBJECTIVES 

The primary scope of this deliverable is to present the optimal sizing of the proposed Hybrid 

Energy Storage System (HESS) solutions: Redox Flow Battery (RFB) + Supercapacitor (SC) 

and Salt-based battery + Supercapacitor (SC), for the selected use cases. This includes: 

¶ Demonstrating how the results from Task 2.2ôs optimization framework can be applied 

to sizing scenarios in particular for Portugal and Germany case studies. 

¶ Identifying the most advantageous balance between system capacity, Capital 

Expenditure (CAPEX) and Operational Expenditure (OPEX), and revenue potential in 

each geographical setting. 

¶ Providing actionable recommendations on HESS design and deployment that will feed 

into subsequent tasks, including practical demonstration activities. 

Within the scope of SMHYLES, this deliverable address both the technical and economic 

aspects of HESS integration. Through this work, the deliverable targets the following 

objectives:  
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¶ Definition and Application of Methodologies: outline of the approach to evaluate 

storage requirements, from sizing (power and energy capacities) to assessing cost-

benefit outcomes under various operational strategies. 

¶ Analysis of Geographical Variations: demonstration of how differences in market rules, 

and grid conditions drive HESS feasibility and potential revenue streams. 

¶ Recommendation of Optimal Sizing Approaches: proposition of strategies for 

configuring HESS to provide multi-purpose services (e.g., peak shaving, frequency 

regulation, renewable integration) while maintaining financial viability. 

¶ Identification of Opportunities for Further Development: highlights of areas for refining 

modeling techniques, scaling real-world demonstrations, and adaptation of regulations 

to better accommodate HESS deployments. 

By fulfilling these objectives, the project aims to establish robust guidelines for designing and 

implementing HESS solutions that are both technically sound and economically viable. These 

guidelines will incorporate a techno-economic sizing methodology for HESS, which varies by 

use-case, as summarized below.  

Within the four addressed cases, we deploy distinct yet complementary optimization tools 

tailored to each use caseôs objectives and the resolution of available data. For the Portuguese 

case, the Graciosa Island microgrid is analyzed, while for the German case, the Technology 

Center for Energy (TZE) at the University of Landshut is simulated. In both cases, FBK applies 

a data-driven, two-tier, multi-objective genetic algorithm (GA) framework, based on the HESS 

optimization approach introduced in D2.2 [1]and briefly described in Appendix 1, which 

outlines its application for system sizing. 

Since the objectives and data contexts of the Italian and African cases differ from those of the 

Portuguese and German studies, alternative optimization methodologies are selected to better 

suit each caseôs specific requirements. In the Italian case, FBK models a stand-alone utility-

scale PV plant with HESS using a Mixed-Integer Linear Programming (MILP) formulation, 

aiming to maximize project profitability by stacking revenues from the day-ahead, intra-day, 

balancing, and Fast-Reserve markets, while accounting for battery ageing, SC power limits, and 

Italian market constraints. 

Finally, the African case is analyzed by COMETE/ RINA using HOMER (Hybrid Optimization 

of Multiple Energy Resources), a software tool specialized in the techno-economic modeling 

and optimization of hybrid energy systems. HOMER employs an exhaustive, scenario-based 

simulation approach, automatically evaluating hundreds or even thousands of potential system 

configurations by combining various production, storage, and energy conversion technologies.  
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2. INPUT AND BACKGROUND 

2.1. USE CASES AND BUSINESS CASES 

Task 2.1 laid the groundwork for analyzing and selecting the most relevant use cases (UCs) and 

business cases (BCs) for HESSs. These use cases reflect a range of operational conditions, 

market opportunities, and regulatory environments. By identifying the unique drivers and 

constraints of each scenario, Task 2.1 established a foundation for subsequent techno-economic 

evaluations for this deliverable. Using D2.1 as a starting point, four case studies were selected 

for analysis in Task 2.3. Key highlights of these case studies are summarized below:  

Portugal ï Graciosa Island, Graciólica demonstration site (Demo #1) 

Graciosa Island, part of the Azores archipelago, operates as a microgrid with limited 

interconnection to mainland Portugal. The Graciólica facility currently supplies over 60% of 

the island's energy from renewable sources, significantly reducing diesel consumption. Despite 

the existing wind and solar infrastructure and a battery storage system, challenges remain in 

minimizing renewable curtailment and increasing clean energy penetration. A properly sized 

HESS could enhance grid regulation, stabilize fluctuations from intermittent renewables, and 

further reduce reliance on diesel, leading to lower fuel costs and emissions. 

Objective: Minimize curtailment of existing wind and solar power plants and reduce reliance 

on diesel generators to enhance sustainability and lower operational costs. 

Germany ï Passau, Technology Center for Energy (TZE ï Landshut University) 

Germanyôs energy market, characterized by a high share of renewable energy and dynamic 

pricing structures, is facing new challenges in managing fluctuations in supply and demand. 

With the increasing reliance on renewable sources, the market experiences significant variations 

in electricity prices between off-peak and peak periods, highlighting the need for efficient 

energy storage and management solutions. Additionally, as electrification progresses and 

demand-side loads such as EV charging stations continue to grow, there is an increasing focus 

on enhancing energy flexibility and optimizing grid performance. 

By implementing HESSs, the study addresses capitalization on price differentials through 

energy arbitrage, charging during periods of low demand (e.g., weekends) and discharging 

during high-demand periods (e.g., weekdays). Advanced storage solutions will also support 

grid stability by providing services such as momentary reserve, improving system efficiency, 

and facilitating the integration of additional renewable capacity. These measures contribute to 

maximizing financial returns while supporting the transition to a more flexible, sustainable, and 

resilient energy system. 

Objective: Optimize HESS dispatch to leverage energy arbitrage, charging during periods of 

low demand (and low electricity prices) and discharging during periods of high demand (and 

higher prices). 
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Italy  ï Utility -scale HESS with PV local production 

Italyôs energy landscape is characterized by a growing interest in integrating renewables with 

energy storage to enhance self-consumption, optimize grid operations, and participate in diverse 

market mechanisms. With multiple layers in its energy market, such as intraday, day-ahead, 

balancing, and capacity markets, there are significant opportunities for energy storage systems 

to play a crucial role in improving the flexibility and efficiency of the grid. As more utility-

scale PV systems are deployed, there is an increasing focus on managing surplus generation, 

reducing curtailment, and providing ancillary services to stabilize the grid. 

By implementing HESSs, this case study unlocks additional revenue streams by acting as a 

flexible resource that supports both the energy market and grid operations. HESSs can store 

excess solar generation during times of low demand and dispatch it during periods of high 

demand, participating in balancing or frequency regulation services as needed for further 

revenue. This approach not only maximizes the economic value of renewable energy 

investments but also contributes to the broader goal of achieving a more sustainable, reliable, 

and resilient energy system. 

Objective: Integrate a standalone utility-scale PV system with HESS to participate in market 

mechanisms such as day-ahead, intra-day, balancing, and fast reserve. 

 

Tunisia ï Medium-Voltage Industrial Facility with PV production capacity  

In Tunisia, a medium-voltage, grid-connected industrial facility serves as the demonstration site 

for evaluating the applicability of HESS under African regulatory and economic conditions. 

The site features a rooftop PV system designed to maximize on-site energy consumption. 

However, current grid regulations impose restrictions on exporting excess PV generation, with 

limited compensation for the energy fed back into the grid. These constraints significantly 

reduce the economic incentive for exporting solar energy, thereby increasing the appeal of local 

energy storage and self-consumption strategies. To address this challenge, the study proposes 

a HESS configuration that integrates a RFB for long-duration energy storage and a SC for fast-

response, high-power demands. The techno-economic assessment was conducted using the 

HOMER Pro simulation platform, enabling a comprehensive evaluation of thousands of system 

configurations to identify optimal performance and financial viability. 

Objective: Optimize HESS design to reduce grid dependency, mitigate peak loads, and assess 

the economic viability of storage in Tunisiaôs regulatory context. 

2.2. SMHYLES Optimizer for HESS Sizing (Portugal & Germany) 

Task 2.2 focused on designing and validating a flexible, data-driven techno-economic 

optimization framework for detailed assessments of HESSs in diverse operational contexts. 

This framework accommodates multiple storage technologies, such as Redox Flow Batteries, 

salt-based batteries, and supercapacitors, and evaluates how these components can be optimally 
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combined to meet various energy management objectives (e.g., self-consumption, arbitrage, 

load shifting, etc). The toolôs multi-period optimization capabilities allow subtle comparisons 

of battery-only vs. hybrid solutions across different timescales and market conditions. 

Validation against real data further strengthens its robustness, making it a solid foundation for 

Task 2.3, which will address optimal HESS sizing under specific use cases and regional 

contexts outlined in this deliverable. Figure 2.1 provides a general overview of the approach of 

using multi-period optimization for battery and HESS arrangements as reported in D2.2 [1]. 

 

Figure 2.1 Overview of Using Multi-Period Optimization for Battery and HESS combinations as reported in D2.2 

2.2.1. HESS Components and Interaction Models 

Redox Flow Batteries (RFBs) 

RFBs are well-suited for energy-intensive applications, providing substantial energy capacity 

that allows them to store and release energy over extended periods, such as from midday solar 

surplus to evening demand. This makes them an attractive solution for bulk energy shifting and 

renewable integration in microgrids or utility-scale deployments. The electrolyte tanks in RFBs 

can be sized separately from the power stack, offering flexible design for varying power and 

energy requirements. Additionally, RFBs often exhibit lower capacity fade compared to 

conventional batteries, making them cost-effective over long lifetimes. During the charging 

process, RFBs may de-rate their power output to avoid exceeding certain voltage thresholds, 

particularly as the electrolyteôs state of charge (SOC) approaches upper limits. This de-rating 

can reduce the effective charging rate, causing underutilization of available surplus renewable 

energy if high production spikes occur[2][3]. 

Role of SC: Supercapacitors can mitigate these limitations by quickly absorbing short-duration 

power spikes that exceed the RFBôs safe charging rate, thus minimizing curtailment and 

ensuring the RFB remains within its optimal operational envelope. 
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Salt-Based Batteries ё ċ Ŕ9ũБђ 

Similar to RFBs, salt-based (NaNiCl ) batteries exhibit power de-rating under certain 

conditions, such as thermal management requirements and current/voltage limits. Their 

operating temperature must be maintained within a specific range, which can introduce further 

constraints and power limitations. Despite the need for careful thermal management, salt-based 

batteries offer high energy density and cycle stability, providing high cycle life and steady 

performance for daily deep discharge applications. Commonly used in industrial microgrids or 

remote locations where robust energy supply is essential, these batteries require operation at 

elevated temperatures (e.g., around 270ï350 C) [4]. If the temperature falls below or rises above 

these setpoints, self-heating or de-rating measures are triggered. Self-heating consumes stored 

energy or external power to maintain the necessary temperature, thereby reducing net usable 

capacity. Overheating leads to power de-rating to prevent permanent damage or excessive wear. 

Additionally, salt-based cells follow constant currentïconstant voltage charging profiles, so the 

battery cannot charge or discharge beyond certain rates without risking cell damage. 

Approaching the minimum or maximum SOC can limit the batteryôs power output, causing 

suboptimal charging/discharging schedules if the battery alone must handle rapid load or 

generation changes[5]. 

Role of SC: By complementing salt-based batteries with a supercapacitor, fast fluctuations are 

offloaded to the SC, letting the main battery maintain a stable charging rate within safe thermal 

and electrical thresholds. 

Supercapacitors (SCs) 

SCs feature high power density and rapid charge/discharge capabilities, making them ideal for 

capturing brief power spikes and smoothing power output in real time. They cannot store large 

amounts of energy cost-effectively over long durations, but they excel at short-term buffering 

to compensate for the slower response of batteries. SCs excel at managing short-term power 

events, such as surges in load or sudden dips in generation, thanks to very high charge/discharge 

rates[6]. Because SCs do not rely on chemical phase changes like batteries, they are highly 

resistant to cycle wear, making them ideal for repetitive fast-charge scenarios. Although SCs 

deliver high bursts of power, their usable energy capacity is relatively small, making them 

unsuitable for long-duration shifting (e.g., storing power overnight) [7].  

Buffering Role: By absorbing momentary spikes or dips that last seconds to minutes, SCs 

protect main battery technologies, such as RFB or salt-based batteries, from rapid cycles that 

cause increased degradation. The potential de-rating power limitations of these batteries can be 

also compensated by SCs. 
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2.3. SYNERGISTIC HESS OPERATION 

By combining a battery, such as RFB or salt-based, with a supercapacitor, the HESS leverages 

the complementary strengths of each technology. The advantages of HESS operation can be 

categorized as follows: 

Power Management and Efficiency: 

¶ Power Smoothing: SCs handle high-frequency components of the load or generation 

profile, allowing the battery to focus on bulk energy management[8]. 

¶ Operational Efficiency: This synergy improves overall system efficiency by reducing 

energy curtailment, smoothing out battery power usage, and minimizing wear on the main 

battery[9]. 

Reliability and Lifespan: 

¶ Increases Reliability: SCs manage sudden, short-lived power demands, freeing the 

battery from high-frequency cycling and enhancing overall system reliability[10]. 

¶ Extends System Lifespan: By reducing stress on the main battery, SC integration helps 

preserve long-term capacity and efficiency[11]. 

Economic and Market Benefits: 

¶ Market Applications: The combined system can provide ancillary services (e.g., frequency 

regulation), capture energy arbitrage opportunities, and enhance self-consumption of 

renewables[12]. 

¶ Maximizes Economic Potential: HESS can pursue time-shifting, peak shaving, and 

frequency regulation strategies, ultimately enhancing return on investment[10]. 

2.4. MULTI-PERIOD OPTIMIZATION AND SOFTWARE PLATFORM 

Multi-Objective Approach 

A central innovation in Task 2.2 is the use of data-driven, multi-period, multi-objective 

optimization by deploying a genetic algorithm (GA) for revenue maximization, considering 

system operational limits. This tool, previously utilized in several BESS optimization 

problems[13][14][15], has been updated for multi-timeframe usage and HESS within Task 2.2, 

as reported in D2.2 [1]. Figure 2.2 shows the optimization procedure flow. The framework can 

evaluate scenarios at various time resolutions, hourly, minute-based, or even second-based, 

striking a practical balance between computational feasibility and operational fidelity. This 

approach accounts for key factors such as battery aging, temperature constraints, and power de-

rating, ensuring that the optimized strategies remain viable in real-world conditions. 
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Dual-Timeframe Optimal Management 

The HESS optimization process is designed to address optimal usage of the HESSS within two 

distinct timeframes, this dual-timescale approach offers a practical management strategy for 

conducting long-term techno-economic analyses, considering: 

High Temporal timeframe (Seconds to Minutes):  Supercapacitor capture rapid fluctuations in 

generation and load, mitigating short-lived power spikes or dips that the main battery might not 

handle efficiently. Beside it can be used to compensate the limits of the batteries.  

Low temporal timeframe (15-Minute to Hourly Intervals):  RFB or salt-based battery are used 

to store and release large quantities of energy. They are particularly effective for shifting surplus 

solar generation from midday to meet evening demand. Additionally, these batteries can be 

utilized to capitalize on time-dependent price differentials by storing energy when prices are 

low and releasing it when prices are high.  

 

Figure 2.2 Workflow of Multi -Objective-Multi -Period optimization for HESS as reported in D2.2 
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Showcased Functionalities 

The tool developed within Task 2.2 incorporates critical technical and system limits, including 

battery power de-rating, thermal boundaries, and SOC restrictions. It provides feasible, safe, 

and robust solutions under real operational conditions. This tool demonstrates how different 

operational strategies for HESS can be evaluated and optimized, and It has already been 

showcased for self-consumption maximization and energy arbitrage: 

Self-Consumption Enhancement 

The HESS can maximize the fraction of on-site renewable energy used by minimizing PV 

curtailment and unmet load. Batteries and SCs work together to match supply and demand, 

reducing grid imports and improving overall system efficiency[16]. 

Energy Arbitrage 

The framework exploits price differentials in wholesale or retail electricity markets. During 

low-price (or high-renewable) periods, the HESS charges; then it discharges when prices are 

higher or when the system needs support, thereby increasing revenue or offsetting expensive 

grid purchases[17]. 
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3. CASE STUDY - PORTUGAL 

3.1. INTRODUCTION 

Graciosa Island, part of the Azores archipelago in Portugal, has been at the forefront of 

integrating renewable energy sources (RES) into a remote, islanded power system. Until 

recently, its electricity supply depended primarily on diesel generators, leading to high fuel 

costs, logistical challenges, and significant greenhouse gas (GHG) emissions. In an effort to 

reduce diesel consumption and enhance energy autonomy, the island introduced a hybrid wind-

solar-battery system that currently supplies over 60% of its energy demand from renewable 

resources. This integrated solution already saves approximately two million liters of diesel each 

year while ensuring stable electricity provision to local consumers. 

Despite the tangible success of existing infrastructure, Graciosa Island still faces nontrivial 

levels of renewable curtailment, around 6 GWh of otherwise usable clean electricity per year. 

The limitations stem chiefly from the operational needs of diesel generators, which must run at 

or above minimum thresholds to maintain grid stability. As the penetration of variable 

renewable energy continues to rise, more sophisticated energy storage strategies become critical 

to balancing real-time supply and demand, buffering large power swings, and further 

minimizing diesel usage. 

3.2. PURPOSE OF THE CASE STUDY 

The Gracíolica Island case study illustrates how a HESS, specifically combining a salt-based 

battery (NaNiCl ) with a supercapacitor, can address the challenges posed by variable 

renewable generation in a remote microgrid. The salt-based battery provides bulk energy 

storage and longer-duration shifting, while the supercapacitor offers rapid-response buffering 

to manage fast transient events and offset power de-rating constraints in the battery. By 

examining system sizing, operational profiles, and techno-economic results in this unique island 

context, the case study aims to: 

¶ Quantify reductions in diesel consumption from higher renewable energy utilization. 

¶ Evaluate how SC can mitigate rapid load changes (providing services) and battery power 

de-rating. 

¶ Demonstrate the technical feasibility and economic viability of incorporating HESS in 

remote microgrids. 

¶ Provide insights and guidelines that may be replicated in similarly constrained island or 

isolated power systems elsewhere. 

Remote and islanded microgrids often grapple with the dual challenges of high diesel reliance 

and the underutilization of RES[18]. This tension arises when diesel generators are required to 

run at minimum load to maintain system stability, forcing renewable power to be curtailed when 

generation exceeds local demand. In response, HESS have emerged as an effective strategy to 
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mitigate curtailment and minimize diesel consumption. By storing surplus renewable energy 

during peak generation periods, HESS can supply clean energy later, reducing both fuel costs 

and emissions. The Graciosa Island microgrid, exemplifies these challenges and opportunities. 

Similarly, research focusing on Graciosa Islandôs hybrid energy system highlighted the need to 

reduce diesel generation and excess renewable electricity curtailment through the integration of 

HESS[19].  

Such combined battery-supercapacitor systems deliver multiple operational and economic 

benefits. On the operational side, supercapacitors relieve batteries from high-frequency cycling, 

thereby prolonging battery lifetime, improving overall system robustness, and delivering 

smoother, more reliable energy dispatch. On the economic side, an optimally sized HESS that 

captures energy otherwise curtailed leads to significant cost savings by offsetting diesel 

production and deferring expensive generator operating hours. Various techno-economic 

analyses underscore that a well-designed HESS, especially one tailored to local load profiles, 

climatic conditions, and renewable resource variability, can markedly lower total lifecycle costs 

while ensuring secure and stable electricity supply.  

Accordingly, the forthcoming techno-economic assessment will concentrate on identifying the 

optimal sizing of both the salt-based battery and supercapacitor, with a strong focus on four key 

objectives: reducing diesel consumption, increasing RES utilization with HESS, enhancing 

frequency regulation, and ensuring optimal sizing and techno-economic feasibility. This 

includes evaluating the required power and energy capacities, frequency response capabilities, 

and temperature-related performance constraints. By capturing these interrelated parameters, 

the analysis will illuminate how best to reduce diesel usage and maximize RES utilization in 

Graciosaôs unique setting, ultimately reinforcing the islandôs status as a leading example of 

high-renewable, low-carbon microgrid operation. 

Reducing Diesel Consumption and Increasing RES Utilization with HESS 

Integrating HESS into microgrids has been shown to effectively reduce reliance on diesel 

generators and increase the penetration of RES. By storing excess energy generated from RES, 

HESS can mitigate renewable energy curtailment and ensure a stable power supply during 

periods of low renewable generation. For instance, a study on optimizing hybrid renewable-

diesel power plants introduced an innovative energy management system that incorporates 

battery energy storage systems, leading to enhanced economic benefits and reduced diesel 

consumption[20]. The integration of high levels of RES is often constrained by the necessity to 

maintain diesel generators at a minimum operational load and to curtail excess renewable 

generation to prevent system instability[21][20].  

The high energy capacity of batteries is beneficial for absorbing excess generation over 

extended periods. However, their slower charge/discharge dynamics and specific operating 

requirements necessitate augmentation with supercapacitors to manage rapid power 

fluctuations. Consequently, studies have proposed HESS configurations that combine batteries 

with supercapacitors to effectively smooth the output of wind and PV power. This approach 
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also provides a buffer, allowing diesel generators to operate less frequently or at more optimal 

load levels[21]. 

Frequency Regulation through HESS 

HESS, particularly those combining batteries and supercapacitors, have demonstrated 

significant advantages in providing frequency regulation services. Supercapacitors, known for 

their rapid charge and discharge capabilities, are well-suited for handling short-term power 

fluctuations, thereby complementing batteries that manage longer-term energy storage. A study 

presented an effective hybrid supercapacitor-battery energy storage system for active power 

management in a wind-diesel system, emphasizing its role in frequency regulation and power 

quality improvement[22]. Furthermore, an economic analysis of a Li-ion battery-supercapacitor 

HESS highlighted its benefits in multitype frequency response services. The study developed 

an operational mode tailored to various frequency response requirements, demonstrating the 

HESS's capability to deliver distinct services efficiently[10].  

Optimal Sizing and Techno-Economic Considerations 

Optimal sizing of HESS, particularly those integrating batteries and supercapacitors, is crucial 

for maximizing technical performance and economic viability. Proper sizing ensures that each 

component operates within optimal parameters, significantly extending system lifespan, 

enhancing operational efficiency, and reducing overall costs. One of the main challenges in 

sizing HESS involves determining the appropriate capacity and power ratio between batteries 

and supercapacitors. Correctly sizing a supercapacitor in combination with battery storage can 

drastically reduce battery degradation caused by high-frequency cycling, thus extending battery 

life and minimizing replacement costs[23]. 

Moreover, advanced optimization algorithms and modeling techniques are essential for 

accurately determining HESS dimensions. It has been demonstrated that a well-sized HESS can 

significantly reduce operational costs by effectively capturing excess renewable energy, which 

would otherwise be curtailed, thereby reducing reliance on costly diesel generation[24]. 

Additionally, temperature management and environmental conditions significantly impact 

techno-economic considerations. Salt-based batteries, for instance, exhibit performance 

derating at extreme temperatures, limiting their effective utilization[25]. In this regard, 

supercapacitor can be used to compensate for these limitations, especially under temperature-

induced power derating conditions.  

3.3. SITE AND DATA DESCRIPTION 

Currently, the site integrates a 4.5 MW wind farm, a 1 MW solar photovoltaic farm, and a 

lithium titanate oxide (LTO) battery system of 2.6 MWh/4 MW, allowing the island to achieve 

over 60% clean energy penetration and saving around 2 million liters of diesel annually. 

Nonetheless, to address a remaining annual curtailment of approximately 6 GWh and further 

boost the renewable fraction, a new salt-based HESS, comprising a 250 kW/750 kWh salt 
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battery and a 250 kW supercapacitor, will be added. While the salt battery provides the bulk 

energy capacity for longer-duration storage, the supercapacitorôs capability for rapid charge and 

discharge makes it essential for primary control, particularly frequency regulation. It also 

compensates for moments when the salt battery experiences power derating due to operating 

temperature constraints.  

Figure 3.1. below shows a sample of the power profiles from the generation assets owned by 

Graciolica.  In this example, curtailment of solar and wind power generation is observed in 

several instances (between hours 1-5, 11-14 and 22-24), given by the discrepancy between 

maximum possible generation and actual power generated. This illustrates the possible 

advantage of adding a salt-based battery, as the additional battery storage system could recharge 

using otherwise curtailed renewable power and discharge in times of high diesel power 

generation to reduce diesel consumption. 

 

Figure 3.1. Sample of power profiles for the generation assets in Graciolica over a 24 hour period during 31 January 

2024, at 1 minute temporal resolution. 
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3.4. METHODOLOGY 

This section explains how we determine the optimal HESS size and operating strategy for the 

Gracíolica demo site. The procedure re-uses the multi-period optimization tool, workflow and 

component models already documented in D2.2[1], while Appendix 1 gathers the additional 

sizing details. Adapted to the site-specific objectives and constraints of this remote microgrid, 

the approach follows the main steps summarized below and visualized in Figure 3.2. 

 

Figure 3.2 Workflow of optimal HESS size and operating strategy for Gracíolica demo site 
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3.4.1. Data Collection and Scenario Definition 

Actual data on consumption, renewable production, renewable curtailment, and DPP 

generation, along with the existing battery profile was utilized as input for the optimization 

process. Historical data, provided on a minute-by-minute basis, served as the baseline for 

hourly-based battery optimization (averaged to hourly intervals). Minute-by-minute data was 

also employed to precisely identify the salt-based battery's operational limits. Additionally, the 

supercapacitor was integrated and optimized using minute-based data to enhance the system's 

response capabilities. This integration compensates for the battery's limitations that become 

apparent at higher data frequencies. Furthermore, the supercapacitor is used for showcasing 

proper frequency regulation with second-by-second data over a day, ensuring efficient 

frequency regulation through power smoothing and thereby improving power quality. 

To evaluate the performance, flexibility, and techno-economic value of the HESS, a set of 

representative operational scenarios is defined. These scenarios are designed to reflect typical 

system behavior as well as stress conditions under which storage assets provide critical value. 

The first scenario describes the role of HESS in reducing reliance on conventional diesel 

generation and enhancing the utilization of renewable energy. This focuses on strategic 

charging and discharging of the HESS to maximize renewable self-consumption and minimize 

fuel-based generation. Another scenario extends the first by using SC to address short-term 

power fluctuations and support frequency regulation. This case evaluates the systemôs ability 

to respond to high-resolution variability, using minute and sub-minute data to assess the 

contribution of rapid energy balancing. Additionally, a high-renewable month scenario is 

explored, involving a period with sustained excess generation from solar and wind resources. 

This scenario is particularly useful for analyzing renewable curtailment risks, battery charging 

opportunities, and strategies to increase self-sufficiency under abundant renewable availability.  

3.4.2. HESS components models  

For this demo case, the HESS included a Sodium Nickel Chloride battery, often referred to a 

ZEBRA battery and henceforth referred to as the salt-based battery as well as a supercapacitor. 

This section will provide a brief description of these technologies; however, please refer to 

deliverable document D2.2[1] for a detailed explanation on the technical constraints of the salt-

based battery and supercapacitor, and for a summary of the equations used to model these 

components. 

 The salt-based battery utilizes a molten salt electrolyte and must be maintained within a 

specific temperature range to operate. A summary of the technological parameters and 

constraints for a single battery module are provided in Table 3-1 below. 
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Table 3-1 Technological parameters and constraints for the salt-based battery 

Parameter Value 

Model 250UP40 FZSonick 
Battery type Sodium Nickle Chloride or ZEBRA 

Total Capacity 9.6 kWh/ 40Ah 

Maximum Charge Current 9 - 10 A 

Maximum Discharging Current 60 A 

Maximum Discharging Power 12 kW 

Max Charging Power 2.5 kW 

Charging Scheme CC - CV 

CC at ~9 A until terminal voltage of 274 V is reached 

CV at 274 V until 80% SOC and then 267 until 100% SOC 

Operational Temperature 265 - 350 C 

Heating Modes When temperature goes below minimum temperature setpoint, 

the battery will reheat using an external power source (if 

available) or self-discharge (if it is charged > SOC_min) 

Heating Power External power heating - 340 W 

Self-discharge heating - 230  W 

Cooling No active cooling. When max temperature setpoint is reached, 

battery will cease operation and cool passively 

Thermal Dissipation 110 W 

Degradation 0.0044% per cycle  

(Assuming a 20% degradation after 4500 cycles) 

  

The parameters for a single supercapacitor submodule are summarized in Table 3-2. 

Table 3-2 Supercapacitor submodule parameters 

Parameter Value 

Capacitance  150 - 200 F 

Maximum open circuit voltage 27 V 

Minimum open circuit voltage 12 V 

Total energy storage capacity  50 ï 60 kJ 

Peak power  20 kWp 

Internal Resistance 8 - 15 m Ý 

Capacitance degradation rate 2 x 10-5 % / Cycle 

Resistance degradation rate 1 x 10-4% / Cycle 

 

In the techno-economic analysis, 5 salt-based battery sizes and 5 supercapacitor sizes were 

assessed, corresponding to a total of 25 HESS sizes that were simulated. Each HESS 

corresponded to a combination of 1 battery size and 1 supercapacitor. A óbattery-onlyô 

assessment was carried out for each battery size, hence a total of 30 simulations were carried 

out. The different sizes are summarized in Table 3-3. Size 1 corresponds to the battery and 

supercapacitor module arrangements that were proposed in the SMHYLES Initial Design 

proposal [26]. For the salt-based battery, this corresponds to a system of the 250UP40 FZSonick 

modules arranged in 3 series (s) and 32 parallel (p) scheme. For the supercapacitor, this 

corresponds to a 30 series, 2 parallel arrangements of the sub-modules. For each size step, we 
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add another system in of 3 s, 32p in series to the battery arrangement, and 30s, 2p in series to 

the supercapacitor arrangement. Note that each SC size is presented in terms of their peak 

available power (kWp).  

Table 3-3  Salt-based battery and supercapacitor sizes assessed in the techno-economic assessment. 

Size 

 

Battery Supercapacitor 

Energy and Power No. in Series & 

Parallel 

Peak Power No. in Series & 

Parallel 

Size 1 240 kW / 920 kWh 3 s, 32 p 1200 kWp 30 s, 2 p 

Size 2 480 kW/ 1840 kWh 6 s, 32 P 2400 kWp 60 s, 2 p 

Size 3 720 kW/ 2760 kWh 9 s, 32 p 3600 kWp 90 s, 2 p 

Size 4 960 kW / 3680 kWh 12 s, 32 p 4800 kWp 120 s, 2 p 

Size 5 1200 kW / 4600 kWh 15 s, 32 p 6000 kWp 150 s, 2 p 

 

3.4.3. Operational constraints  

Diesel Generator 

The following section defines the constraints for diesel generator, which is based on its 

minimum runtime and minimum power output. This is an important consideration, as it affects 

the possible interaction with HESS. The constraints are described by equations (1) to (5), and 

the relevant variables are defined below. 

¶ ὖdieselὸ: Power output of the diesel generator at time t. 

¶ ὖcEÉÉὸ: Power output of the hybrid energy storage system (HESS) at time t. 

ὸ‏ ὸᶰπȟρ: Binary variable indicating whether the diesel generator is ON‏ ¶ ρ 

or OFF ‏ὸ π. 

¶ ɝὸ: Simulation time step (in minutes). 

¶ ὝůŔŰ ρψπ: Minimum required runtime for the diesel generator (in minutes). 

¶ M: A constant variable indicating max diesel generator capacity. 

Minimum  Runtime Constraint 

Once the diesel generator is turned on, it must remain on for at least 3 hours (180 minutes). 

Equations (1) defines this, where ὸon be the time the diesel generator is turned on.  

 

ὸ‏ Ὥɝὸẗɝὸ Ὕ ȟ where ὔ
Ὕmin
ɝὸ

 (1) 
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 Minimum Operating Power Constraint 

The diesel generator cannot operate below 200 kW. Thus, when it is ON, its output must be 

either 0 kW (completely off) or at least 200 kW. This is defined by equations (2) and (3) 

ὖ ὸ ςππẗ‏ὸ ὓẗρ ὸ‏  

 

(2) 

ὖ ὸ ὓẗ‏ὸ (3) 

 

 Interaction with HESS 

The HESS cannot reduce diesel generator output to within the range of π ὖdieselὸ ςππ 
kW. Therefore, the residual diesel power after offsetting by HESS must satisfy equations (4) 

and (5) below. 

ὖ ὸ ÍÁØπȟὖ ὸ ὖ ὸ  

 

(4) 

ὖ ὸ π ÏÒ ὖ ὸ ςππ 

 

(5) 

Based on these conditions, the partial offsetting of diesel load by HESS into the invalid 

operating band is avoided. For example, if the generator operates at 250 kW, the HESS must 

offset up to 50 kW, the entire 250 kW or not offset the load at all. 

Salt-Based Battery 

The technological parameters have been discussed in sub-section 3.4.2 and are also detailed in 

deliverable D2.2 [1]. Table 3-4 below summarizes the site specific operational constraints for 

a single FZSonick 250UP40 module. These operational constraints are equal to or more 

restricting than the default technological constraints summarized in Table 3-1. 

As explained in document D2.2[1] and summarized in Table 3-4, one of the heating modes for 

the battery is via self-discharge. In practice, the battery can self-discharge beyond its minimum 

SOC limit to 0% when carrying out this heating process; however, in our model we have 

imposed the lower SOC limit of 12 % for both energy discharging and self-discharging modes, 

where the battery can self-discharge only until the lower SOC limit of 12% is reached. In a real-

world scenario, it would be possible to extract additional heating energy by allowing the battery 

to self-discharge below 12%, to 0%. However, doing so would mean that, after heating, the 

battery would not be operational until it was recharged back above 12% SOC. In contrast, by 

enforcing the 12% SOC floor in our model, we forgo that last portion of energy that could be 

used for heating, but ensure that the battery is always immediately usable after reheating. This 
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trade-off improves model simplicity and avoids modeling complications associated with deep 

depletion and recovery. 

 

Table 3-4 Site specifc operational cosntraints for a single 250UP40 FZSonick module 

Parameter Value 

Total Energy capacity 9.6 kWh 

Rated Energy capacity 7.5 kWh 

SOC Limits 12-90% 

Maximum Discharging Power 2.8 kW 

Max Charging Power 2.5 kW 

Maximum Discharge Current 11.9 A 

Maximum Charging current 8.9 A 

 

Supercapacitor 

No additional site-specific operational constraints were defined for the supercapacitor. Refer to 

the default technological parameters summarized in Table 3-. 

 

3.4.4. Objective Function  

Two cases are assessed for the HESS arrangements in the Graciolica case study, as summarized 

below: 

¶ Case 1: The primary focus is to reduce the diesel consumption, by discharging the salt-

based to substitute power output provided by the diesel generator. A secondary focus is 

to maximize renewable energy generation by using surplus RES that would otherwise 

be curtailed, to recharge the salt-based battery.  

¶ Case 2: As per Case 1, with an additional third focus of using the supercapacitor to smooth 

out power fluctuations in output load profile, thereby supporting frequency regulation. 

The objective functions for Case 1 and Case 2 are as per equation (6) and (7), respectively: 

ÍÉÎ ὧẗὖ2ÅÓÉÄÕÁÌ $ÉÅÓÅÌὸ ὧẗὖ ȟ ὸ  (6) 

ÍÉÎ ὧẗὖ2ÅÓÉÄÕÁÌ ÄŔĲƚĲũὸ ὧẗὖ ȟ ὸ ὧẗ„É9рŸŰ 
(7) 

 

 

Where:  

ὖÒÅÓÉÄÕÁÌ dieselὸ ὖdieselὸ ὖ ȟ ὸ (8) 
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ὖ ȟ ὸ ὖÅEÉЯċƻċŔũὸ ὖÅEÉЯƨƚĲĬὸ ὖ ȟ ὸ (9) 

 

¶ ὖdieselὸ is the original diesel generator output at time t [kW] 

¶ ὖ ȟ   ὸ is the discharge power of the salt-based battery at time t [kW] 

¶ ὖ ȟ   ὸ is the charge power of the salt-based battery at time t [kW] 

¶ ὖRES,availὸ is the available renewable energy at time t [kW] 

¶ ὖRES,usedὸ is the original renewable energy used at time t [kW] 

¶ ὧȟὧȟὧ are the weighting coefficients for each cost or performance term 

¶ Ὕ is the total number of time steps in the optimization horizon 

¶ „
SC-on
 is the standard deviation of power fluctuations with SC active 

¶ „
SC-off
ȡ Standard deviation of power fluctuations without SC 

To evaluate the performance of frequency regulation provided by the supercapacitor, the Power 

Smoothing Index, also known as the Smoothing and Fluctuation Benefit (SAFB), is used, as 

defined in Equation (10). This metric quantifies the ability of the supercapacitor to reduce high-

frequency power fluctuations that impact grid stability. A higher SAFB value indicates greater 

smoothing effectiveness, and thus, better frequency regulation performance. 

3!&"ρ
„
3#ȤÏÎ

„
3#ȤÏÆÆ

 (10) 

 

The standard deviations used in equation (10) is based on the standard deviation of the 

difference between a reference profile and the generation profile before smoothing (to calculate  

„
3# ȤÏÆÆ 

)  or between a reference profile and the generation profile after smoothing (to calculate  

„
3# ȤÏÎ 

) . This is summarized by equations (11) and (12) below. 

„
3# ȤÏÆÆ  

 (11) 

„
3# ȤÏÎ  

 (12) 

 

Where: 

¶ ὖrefὸ is a frequency regulation reference signal, representing the desired smoothed 

power profile at time t 

¶ ὖgenὸ is the raw power output from generation sources (e.g., diesel, PV) at time t 

¶ ὖSCὸ is the supercapacitor power injection/absorption at time t 

The reference signal ὖrefὸ is typically constructed as a low-pass filtered version of the raw 

generation power to emphasize low-frequency components, and is given by equation (13). 

 

ὖ ὸ ‌ẗὖ ὸ ρ ‌ẗὖ ὸ (13) 
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In this formulation, the supercapacitor is tasked with regulating the high-frequency mismatch 

between ὖgen and ὖref , thereby supporting grid frequency stability. The reduction in the 

standard deviation from „
SC-off

 to  „
SC-on

  directly reflects the systemôs frequency regulation 

effectiveness. ‌ᶰ πȟρ is a filtering parameter that determines the responsiveness of the 

reference signal ὖrefὸ. Lower values of ‌ result in a smoother signal with slower dynamics, 

while higher values track ὖgenὸ more closely. 

3.4.5. HESS Performance and Techno-Economic Modeling  

In our HESS performance assessment, performance was based on the total annual diesel 

consumption that has been reduced. This given by value Ὁ ȟ  in kWh. To proceed 

with techno-economic modeling, annual revenue for each HESS arrangement was determined 

which was based on the cost savings due to avoided diesel use and CO2 emissions. The annual 

CO2 emissions in tonnes is given by equation (14) and the annual revenue or cash inflow is 

given by equation (15), with all related parameters summarized in Table 3-5.  

ά ȟ
 Ͻ Ͻ ȟ    (14) 

ὅὊ  ὅ Ͻ ‍ ϽὉ ȟ   ὅ Ͻά ȟ  (15) 

 

Net present value (NPV) was the primary KPI used for the techno-economic assessment for 

each HESS arrangement, and this quantifies the financial viability of a project. This considers 

the present value of the initial project investment and all future cash inflows and outlfows over 

a specified period. This is calculated as per equation (16) below. 

 

ὔὖὠ
ὅὊ ὅὊ

ρ ὡὃὅὅ
ὅὃὖὉὢ 

(16) 

 

 

Where: 

¶ ὅὊ is the annual revenue generated by the HESS, and this corresponds to the cost 

savings due from avoided diesel use and avoided CO2 emissions. 

¶ ὅὊ  is the annual operating expenditures for the HESS, as per equation (17). 

¶ ὔ is the project period and corresponds to the expected lifetime of the HESS where it 

still generates revenue (see Table 3-5. ). 

¶ ὣ is the assessment interval, and corresponds to 1 year. 

¶ ὡὃὅὅ is the weighted average cost of capital (see Table 3-5. ). 

¶ ὅὃὖὉὢ is the capital expenditure and corresponds to the inital investment cost for 

implementing the HESS arrangement, as per (18) . 
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ὅὊ  ὕὖὉὢ ὕὖὉὢ (17) 

ὅὃὖὉὢ = Ὓ Ͻ ὅὃὖὉὢ Ὓ ϽὅὃὖὉὢὅὃὖὉὢȟ  (18) 

 

Where: 

¶ ὕὖὉὢ  is the annual battery OPEX (see Table 3-5. ). 

¶ ὕὖὉὢ is the annual SC OPEX (see Table 3-5. ). 

¶ Ὓ  is the battery size in terms of energy storage capacity [kWh]. 

¶ Ὓ  is the SC size in terms of maximum power output [kW]. 

¶ ὅὃὖὉὢ  is the specific battery cost (see Table 3-5. ). Note that battery installation 

cost is already accounted for in this specific cost 

¶ ὅὃὖὉὢ is the specific SC cost (see Table 3-5. ) 

¶ ὅὃὖὉὢȟ  is the SC installation cost (see Table 3-5. ). 

We assume that the cashflow remains constant for each assessed year as the battery and 

supercapacitor will have the same performance over the entire assessed period. This is not 

entirely accurate, as the battery and supercapacitor behavior is dependent on the renewable 

energy generation and diesel production, which are dependent on specific weather conditions 

and demand on the network. However, it is assumed that the production data used for assessed 

year of 2024 is representative of a typical year for Graciolica.  

In our techno-economic analysis we also consider battery degradation and impact this will have 

on the battery performance and financial outcome. In deliverable D2.2[1]  the degradation rate 

for the salt-based battery was stated as 0.0046% per cycle as per the study in [27], and using 

this we can determine a yearly degradation as per (19), and then use this to determine the 

degraded cash flow input as per (20) and the updated NPV as per (21). 

 

Ὀ   ὲ ȟ ‏  
(19) 

ὅὊȟ  ὅὊρ ὣ ρὈ  

 

(20) 

ὔὖὠ
ὅὊȟ ὅὊ

ρ ὡὃὅὅ
ὅὃὖὉὢ (21) 

 

Where: 

¶ ὲ ȟ  is the annual battery cycles. 

‏ ¶  is the battery degradation rate. 
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¶ Ὀ  is the annual battery degradation. 

 

Table 3-5. Summary of parameters used for revenue and NPV calculations 

Parameter  Description Value Reference 

‍  Specific diesel consumption by the 

generator 

0.263 L / kWh Graciolica 

 ‎  Specific CO2 emissions for diesel 2.6 kg / L - 

ὅ  Unit cost of diesel ú1.088 / L Graciolica 

ὅ  Unit cost per CO2 emitted ú70 / tonne 2024 average 

ὅὃὖὉὢ  Battery specific cost ú450 / kWh Assumed 

ὅὃὖὉὢ SC specific cost ú32 /kW Manufacturer Specified 

ὅὃὖὉὢȟ  SC installation cost ú40,000 Manufacturer Specified 

ὕὖὉὢ  Battery annual OPEX ú2,000 / year Assumed 

ὕὖὉὢ SC annual OPEX ú2,000 / year Manufacturer Specified 

ὔ Project lifetime 10 ï 20 years - 

ὡὃὅὅ Weighted average cost of capital 5.5 % [28] 

‏  Battery degradation rate 0.0046% / cycle [27] 

 

For the Case 2 analysis, where the SC is used to for battery assistance and ancillary service, we 

incorporated a hypothetical payment scheme to compensate for the contribution provided for 

power regulation. In reality, Graciolica cannot expect to receive revenue by utilizing the SC in 

this manner as Graciolica does not participate in an energy market and is only compensated for 

diesel and CO2 emissions avoided. Additionally, the power regulation provided by the SC for 

the Case 2 scheme is applied to the power generated by Graciolica rather than to assist the 

external grid. In any case, applying a revenue scheme for this service was considered as a 

worthwhile exercise to evaluate the additional impact of that the supercapacitor could provide 

when used in this manner.  

The renumeration for this power regulation service was set to 1  per kW minute of energy 

absorbed or injected by the SC. This is summarized in (22). This additional renumeration can 

be added to the NPV calculation with the NPV formula for Case 2 summarized in (23). 

ὅὊȟ   ὅ  Ͻ ȿὖ ȿ

 

 

 

(22) 

ὔὖὠ
ὅὊȟ ὅὊȟ   ὅὊ

ρ ὡὃὅὅ
ὅὃὖὉὢ 

 

(23) 

  

Two other financial KPIôs were also considered, and these were payback time and internal rate 

of return (IRR). Payback time is the time in years for the HESS net revenues to recover the 

initial investment cost and this is calculated as per (24). IRR is the WACC required to make 

NPV = 0, and is represented in (25). 
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Ὕ  
ὅὃὖὉὢ

ὅὊȟ ὅὊ
 

 

(24) 

π  
ὅὊȟ ὅὊ

ρ ὍὙὙ
ὅὃὖὉὢ (25) 

 

3.5. BATTERY AND HESS PERFORMANCE RESULTS 

3.5.1. Battery Only Performance Results 

Figure 3.1. shows an example of the original renewables and diesel power plant generation 

profiles, over a 48-hour period, starting from the 12 am on 3 January 2024. It also shows the 

augmented profiles when a 1200 kW/ 4800 kWh salt-based battery is simulated with the GA 

optimization tool. The salt-based battery is able to charge using renewable energy that was 

originally scheduled for curtailment, and discharge at a subsequent period to substitute some of 

the energy originally produced by the diesel power plant. Below is a summary of the generation 

systemôs behavior and the battery performance.  

Time 0 - 5 hours: 

¶ Power demand in Graciosa Island is met by a combination of diesel power generation 

and renewable energy. 

¶ No curtailment of renewable energy, as the PV and windfarm are producing as much 

power as possible given by the current weather conditions. 

¶ At this point, the salt-based battery is at its minimum SOC and therefore cannot 

discharge to offset some of the diesel generation. It cannot recharge as there is not 

curtailed renewable generation that it could use.  

¶ The batteryôs temperature is at the minimum set point of 265°C, which decreases to 237 

°C over this period. There is no external power available that can be used to heat the 

battery, and the battery does not have sufficient charge to self-heat.  

Time 5 - 7 hours: 

¶ The load demand on Graciosa Island can be met by renewable generation. In the original 

scenario, the renewable generation assets can produce up to 4000 kW, but only ~1500 

kW is required; therefore 2500 kW are curtailed.  

¶ With the salt-based battery, 170 kW of renewable energy that was originally curtailed, 

is now injected into the system and consumed by the salt-based battery, so that it can 

repeat itself to its minimum operating temperature of 265 °C. 

Time 7 -13 hours: 

¶ Over this period there is still ~1000 - 2000 kW of renewable power that is curtailed in 

the original scenario. 
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¶ The salt-based battery uses some of the curtailed renewable power to recharge to its 

maximum SOC of 90%. 

Time 13 - 18 hours: 

¶ There is still some renewable power curtailment over this period. 

¶ Although the battery is at full SOC, it consumes some of the originally curtailed 

renewable power to heat itself and maintain temperature at its minimum operating 

setpoint.  

Time 18 - 23 hours: 

¶ There is no more curtailed renewable power, and the PV and wind generation assets are 

producing the maximum possible power based on the current weather conditions. 

¶ In the original scenario, the diesel generator comes online to help meet some of the 

demand in the network. 

¶ The salt-based battery discharges substitute the load originally met by the diesel 

generator. For the first hour, it can completely offset the diesel generation, and 

subsequently it only partially offsets the diesel generation. The battery discharges until 

it reaches its minimum SOC limit. 

¶ The temperature of the battery has increased to 276 °C by the end of this period, due to 

the heating from the ohmic losses during discharge operation. 

Time 23 - 38 hours: 

¶ There is no curtailed renewable energy, and diesel generator is operating to meet the 

demand of the network. 

¶ Battery cannot recharge as there is no curtailed renewable energy. Additionally, its 

temperature decreases to 194 °C as it does not have sufficient charge and there is no 

external power supply for heating. 

Time 38 - 42 hours: 

¶ There is a brief moment of curtailed renewables energy. The salt-based battery uses this 

for heating, however it does not occur for long enough for the battery to reach its 

minimum temperature, let alone for recharging. 

¶ Following the brief curtailed energy, the battery cools down back to 194 °C 

Time 42 - 48 hours: 

¶ The renewable generation assets produce about 2000 KW in the original scenario and 

curtail a further 2000 kW. This gives the battery the opportunity to reheat and recharge. 

¶ It takes ~ 3 hours for the battery to reheat itself to its minimum operating temperature, 

before it can start to recharge. 
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Figure 3.3 - Interaction of a 1200 kW/4600 kWh salt-based battery with Graciolicaôs generation assets over 48 hours 

(sample from 3 January 2024, 1-minute resolution). 

Based on the example in Figure 3.3  and the detailed summary above, it is clear that the salt-

based battery can reduce the renewable power curtailment and reduce diesel consumption. 

However, there is a notable drawback, where the battery will have to use available renewable 

power to first reheat itself, if it is below its minimum temperature, before it can use this power 

to recharge. Additionally, and not observed in this example, the battery will self-discharge to 

maintain its temperature at the minimum setpoint. During prolonged and intermittent periods 

of low renewable power curtailment, this will mean that the battery will remain on its minimum 

SOC and only use renewables to reheat, meaning that the battery will not provide any benefit 

during these times. To further illustrate this, Figure 3.4 shows yearlong results for the renewable 

and diesel generation profile and the 1200 kW / 4800 kWh battery performance. Additionally, 

Figure 3.5 shows the monthly RES energy used by each battery size, the monthly diesel 

reduction, and the energy profiles for surplus RES availability, original diesel usage by 

Graciolica. During the summer months (May ï October), there is very low renewable power 

curtailment, and which is attributed to the low wind speeds and therefore low wind generation 

potential, compared to the rest of the year. This is typical for the Azores, where wind power 

generation is low over this period, with August being the lowest wind generation month [29]. 

This clearly impacts the performance of the salt-based battery, as it barely operates in these 
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months, particularly during August and September. During these months, the periods of 

renewable energy curtailment occur briefly and too far apart, such that the battery can only 

partially reheat and then cool down before the next period of curtailed energy. Hence the salt-

based battery cannot offset diesel generation for a significant portion of the year. 

 

Figure 3.4 - Yearlong results for a 1200 kW / 4800 kWh salt-based battery, showing generation profiles, battery power, 

SOC, and temperature.  

Figure 3.5 shows how the batteryôs ability to offset diesel usage is greatly affected by the 

available surplus RES to recharge the battery. This is reinforced by the clear trend between 

amount of RES available and the amount of diesel the batteries have reduced. We see that 

January is the best performing month, where all battery sizes reduce the most diesel, compared 

to their respective performance in the other months. This is followed by February and 

November and coincides with the months where there is high curtailed RES available for battery 

charging. As explained previously, we see the lowest diesel reduction during the summer 

months where surplus RES is at minimum availability. 
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Figure 3.5 Monthly surplus RES and diesel use, and battery energy use 

Table 3-6.  shows the results for the battery-only simulation for each battery size, in terms of 

absolute and relative total diesel reduction over the year, where the original annual diesel energy 

produced 6,104,338 kWh and the total surplus RES is 5,391,654 kWh. The results also show 

the increase in renewable energy generation due to curtailment reduction and using the excess 

power to recharge the salt-based battery. We also show Table 3-7. , which shows the diesel 

reduction and renewable energy increase for the month of January 2024, which was the best 

performing month. For January, the total original diesel consumption is 340,723 kWh and the 

surplus RES is 826,839 kWh . The following observations are made: 

¶ Increasing the battery size will increase the reduction of diesel and reduction of renewable 

energy curtailment. This would be expected as a larger battery size would have more energy 

storage capacity to both uptake renewable generation and offset diesel generation.  

¶ For the 1 year-long results we see that the reduction in diesel consumption is ~ 0.8% to 

3.7%. For the 1-month results, the relative reduction in diesel consumption is significantly 

higher at ~3% to 13.5 %. The discrepancy between the 1 month and 1-year results can be 

attributed to the surplus RES that is available to recharge the battery. For the yearlong 

results, surplus RES energy is equal to ~88% of the total original diesel consumption; 

however, for the 1-month results, surplus RES energy is equal to 242% of Januaryôs total 

diesel consumption. This comparison highlights how important surplus RES energy is to 

reduce meaningful amounts of diesel consumption. 

¶ For the 1-year results, absolute renewable energy use increase is over 2 times greater than 

absolute diesel energy reduction for each battery size. Because the renewable energy 

increase corresponds to the charging energy supplied to the battery, and the diesel reduction 

corresponds to the energy discharged by the battery, it would be expected that the diesel 
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energy reduction would be about 10-15% less than renewable energy increase due to the 

internal losses of the battery and power converter. However, as we have hinted in Figure 

3.3 and Figure 3.4, a large portion of curtailed renewable energy and energy stored in the 

battery must be used for heating the battery, hence why we see a significant difference 

between the increase of renewable energy and decrease of diesel energy. This is further 

illustrated in Figure 3.6 and Figure 3.7 which show the distribution of the charging and 

discharging energy over the yearlong and 1 month long (for January 2024) periods, 

respectively, for the different internal battery processes. For example, for the 1200 kW/4800 

kWh battery, only 58.9% of the charging energy supplied by the curtailed renewable energy 

generation is stored in the battery. The remaining energy is used to reheat the battery or is 

lost due to the internal resistance of the battery and power converter. A similar pattern 

occurs during discharging, where only 72.7% of the total energy stored by the battery is 

used to offset the diesel energy. The remainder is lost due to self-discharge for battery 

heating or internal losses from the battery and power converter. 

¶ Looking at the 1-month long results, absolute renewable energy increase is about 1.75 ï 1.8 

times greater than absolute diesel energy reduction for each battery size. This difference 

between RES and diesel energy changes is smaller than the observation made above for the 

yearlong simulation; this is because a greater portion of renewable energy absorbed by the 

battery is being stored in the battery as energy, as instead of being used for battery heating. 

Looking at Figure 3.6, we see that 25.9 - 27% of the energy absorbed by the battery is used 

for heating over the 1-month periods, whereas for the yearlong period this is 33.8 to 36.1%. 

During January, the battery is constantly in use, hence, it can maintain its minimum setpoint 

temperature via the battery ohmic losses during operation. They are only few standby 

periods, hence less opportunities for the battery to cool down when not in use, resulting in 

less energy required to actively heat the battery.   

 

Table 3-6. Yearlong 'battery-only' results showing diesel reduction and reduced RES curtailment. 

Battery Size Diesel Reduction 
(kWh) 

% Diesel 
Reduction 

Renewable Energy 
Increase (kWh) 

% Curtailment 
Reduction 

240 kW 51,134 0.838% 110,992 2.06% 
480 kW 100,020 1.639% 219,842 4.08% 
720 kW 143,480 2.350% 322,698 5.99% 
960 kW 181,901 2.980% 419,957 7.79% 
1200 kW 223,182 3.656% 521,145 9.67% 

 

Table 3-7. January 2024 'battery-only' results showing diesel reduction and reduced RES curtailment. 

Battery Size Diesel Reduction 
(kWh) 

% Diesel 
Reduction 

Renewable Energy 
Increase (kWh) 

% Curtailment 
Reduction 

240 kW 9,009 2.94% 15,701 1.90% 
480 kW 16,664 5.43% 29,817 3.61% 
720 kW 25,377 8.28% 45,160 5.46% 
960 kW 33,047 10.78% 59,095 7.15% 
1200 kW 41,301 13.47% 74,431 9.00% 
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Figure 3.6 - Distribution of energy supplied to the battery by curtailed RES during charging. Includes net stored energy, 

external heating, and system losses. 

 

Figure 3.7 - Distribution of energy supplied by battery for energy offsetting diesel during discharging, including net 

discharging, self-discharge heating, and system losses. 
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3.5.2. HESS Performance Results 

The results from the simulations are shown in Table 3-8 and Table 3-9 below, for case 1 and 

case 2, respectively. The results show the reduction in diesel usage and increase in renewable 

usage (reduction in curtailment) for the entire year.  

Table 3-8 Summary of results for HESS, case 1.  

Metric  
BESS 
Size 

SC Size  

0 kW  1200 kW  2400 kW  3600 kW  4800 kW  6000 kW  

Diesel 
Reduction  

(kWh)  
(%) 

240 kW  
51,134 51,211 51,235 51,270 51,297 51,314 

(0.838%) (0.839%) (0.839%) (0.840%) (0.840%) (0.841%) 

480 kW  
100,020 100,062 100,114 100,137 100,161 100,183 
(1.639%) (1.639%) (1.640%) (1.640%) (1.641%) (1.641%) 

720 kW  
143,480 143,527 143,569 143,612 143,636 143,685 
(2.350%) (2.351%) (2.352%) (2.353%) (2.353%) (2.354%) 

960 kW  
181,901 181,974 182,030 182,090 182,146 182,192 
(2.980%) (2.981%) (2.982%) (2.983%) (2.984%) (2.985%) 

1200 kW  
223,182 223,285 223,360 223,485 223,515 223,655 
(3.656%) (3.658%) (3.659%) (3.661%) (3.662%) (3.664%) 

RES 
Curtail. 

Reduction  
(kWh) 
 (%) 

240 kW  
110,992 111,156 111,230 111,303 111,364 111,406 
(2.059%) (2.062%) (2.063%) (2.064%) (2.065%) (2.066%) 

480 kW  
219,842 219,970 220,087 220,165 220,233 220,291 
(4.077%) (4.080%) (4.082%) (4.083%) (4.085%) (4.086%) 

720 kW  
322,698 322,837 322,955 323,061 323,139 323,236 
(5.985%) (5.988%) (5.990%) (5.992%) (5.993%) (5.995%) 

960 kW  
419,957 420,139 420,286 420,416 420,548 420,645 
(7.789%) (7.792%) (7.795%) (7.798%) (7.800%) (7.802%) 

1200 kW  
521,145 521,380 521,558 521,785 521,878 522,110 
(9.666%) (9.670%) (9.674%) (9.678%) (9.679%) (9.684%) 
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Table 3-9 Summary of results for HESS, case 2. 

Metric  
BESS 
Size 

SC Size  

0 kW  1200 kW  2400 kW  3600 kW  4800 kW  6000 kW  

Diesel 
Reduction  

(kWh)  
(%) 

240 kW  
51,134 50,463 50,298 50,223 50,161 50,103 

(0.838%) (0.827%) (0.824%) (0.823%) (0.822%) (0.821%) 

480 kW  
100,020 99,228 99,031 98,953 98,884 98,800 
(1.639%) (1.626%) (1.622%) (1.621%) (1.620%) (1.619%) 

720 kW  
143,480 142,601 142,371 142,257 142,179 142,113 
(2.350%) (2.336%) (2.332%) (2.330%) (2.329%) (2.328%) 

960 kW  
181,901 180,998 180,780 180,672 180,596 180,491 
(2.980%) (2.965%) (2.962%) (2.960%) (2.958%) (2.957%) 

1200 kW  
223,182 222,296 222,079 221,988 221,963 221,945 
(3.656%) (3.642%) (3.638%) (3.637%) (3.636%) (3.636%) 

RES 
Curtail.  

Reduction  
(kWh) 
 (%) 

240 kW  
110,992 111,531 111,693 111,792 111,892 111,991 
(2.059%) (2.069%) (2.072%) (2.073%) (2.075%) (2.077%) 

480 kW  
219,842 220,264 220,390 220,497 220,607 220,681 
(4.077%) (4.085%) (4.088%) (4.090%) (4.092%) (4.093%) 

720 kW  
322,698 323,171 323,302 323,403 323,522 323,614 
(5.985%) (5.994%) (5.996%) (5.998%) (6.000%) (6.002%) 

960 kW  
419,957 420,483 420,640 420,749 420,892 420,971 
(7.789%) (7.799%) (7.802%) (7.804%) (7.806%) (7.808%) 

1200 kW  
521,145 521,788 521,981 522,130 522,343 522,533 
(9.666%) (9.678%) (9.681%) (9.684%) (9.688%) (9.692%) 

SAFB 
(%) 

240 kW - 3.56% 5.92% 8.13% 10.09% 11.90% 
480 kW - 3.50% 5.81% 8.00% 9.92% 11.66% 
720 kW - 3.53% 5.86% 8.07% 9.98% 11.70% 
960 kW - 3.53% 5.84% 8.04% 9.94% 11.67% 
1200 kW - 3.54% 5.86% 8.05% 9.92% 11.60% 

 

 

Using the equations summarized in Section 3.4.5, the renumeration for the reduction of diesel 

consumption and CO2 emissions were calculated for the various HESS arrangements for Case 

1 and are shown in Figure 3.8. Note that the median return values are shown for each HESS 

battery size, as adding and increasing the SC sizes for each arrangement causes a variation of 

up to ± ú80. The 1-month remuneration was projected for 12 months to compare the best 

performing month with the overall annual performance.  We can see that the results for the 1-

month-projected-to-1-year outperform the actual 1 year by ~ 3 times as much, which reinforces 

our previous claim that a high amount of surplus is RES is required for the salt-based battery to 

be able to offset diesel consumption and obtain higher renumeration based on cost savings. 
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Figure 3.8 Case 1 median renumeration for battery only arrangement for 1 year and 1 month projected to 1 year. 

 

Figure 3.9 below illustrates the annual remuneration earned by the SC for providing regulation 

services when assessing Case 2. As the size of the SC increases, the revenue from regulation 

also increases. This is expected, since a larger SC has greater capacity to inject or absorb energy, 

enabling it to smooth fluctuations more effectively and participate more frequently in 

regulation, resulting in higher compensation. Conversely, as the battery size increases, the 

remuneration received by the SC decreases. This occurs because a larger battery is more likely 

to fully offset periods of diesel generation, reducing the frequency and extent of fluctuations 

that the SC would need to regulate, thus lowering the SCôs contribution and associated earnings. 

Figure 3.10 shows the total renumeration received by each HESS arrangement, for reducing 

diesel and CO2, and for providing regulation. These results correspond approximately as the 

some of the results in Figure 3.9 with the results for the 1- year renumeration for battery only 

scenarios as seen in Figure 3.8. We note that the results Figure 3.8 are for Case 1, and the 

reduced diesel has relatively minor discrepancies when compared to those of Case 2 (see Table 

3-8 and Table 3-9). For increasing SC sizes, the renumeration increases, which is expected as 

more remuneration is received from the increase in regulation activity, similar to what was seen 

in Figure 3.9. However, this time, for increasing battery sizes, the remuneration also increases, 

which the opposite of what was seen in Figure 3.9. The remuneration received by the salt-based 

battery offsetting diesel use is ~ 1.7 ï 3 times greater than the renumeration received for 

regulation, hence this dominates and is why we see increasing revenue for increasing battery 

sizes. 
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Figure 3.9 Case 2 renumeration for the regulation component only for a 1 year analysis. 

 

 

Figure 3.10 Case 2 total renumeration for the diesel reduction and regulation for a 1 year analysis. 

 

Lastly, we show the same results, but for a 1-month-projected-to-1-year analysis for the month 

of January in Figure 3.11 and Figure 3.12. We see that the renumeration received for the 

regulation component is lower than the 1-year results as seen in Figure 3.9, by approximately 

40%. This is because the month of January was not the best performing month for the SC, that 

is to say, there was relatively little need for regulation over this month compared to others; 
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therefore, less compensation was received for this activity. Despite this, the total renumeration 

was greater for 1-month-projected-to-1-year compared to the 1- year results. This aligns with 

our expectations, as we have already seen how this is the best performing month in terms of 

diesel reduction and that the income received by the battery-provided services dominates the 

total renumeration received. 

 

 

Figure 3.11 Case 2 renumeration for the regulation component only for a 1-month-projected-to-1-year analysis. 
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Figure 3.12 Case 2 total renumeration for the diesel reduction and regulation for a 1-month-projected-to-1-year 

analysis. 

3.6. TECHNO-ECONOMIC ANALYSIS 

3.6.1. Case 1 Results 

Case 1 Results ш 1 Year 

NPV results were calculated for the different HESS arrangements, for project periods of 10, 15 

and 20 years. The results are summarised in Figure 3.13 and given by the negative NPV values 

for all arrangements, the project is not economically viable under the assumptions used. For 

increasing battery sizes, we see more negative NPVs, outlining that the CAPEX dominates and 

future cashflows given by the diesel and CO2 emission savings are not sufficient to offset the 

initial project costs. We do see as light improvement in NPV as we increase the assessment 

period, and the gains are more prominent for larger battery sizes. For example, the absolute 

NPV difference between the most negative NPV of 10 years, to the best NPV of 20 years for 

the 240 kW battery HESS arrangements vary by ~ú54,000 to ú63,000. For the largest battery 

of 1200 kW the NPVs vary by ú297,000 to ú306,000. With the addition of a supercapacitor into 

the arrangement, we see a sudden decrease in NPV, as can be seen by notable difference 

between the HESS with 0 kW SC and HESS with 1200 kW SC. Following this, the NPV 

decreases gradually with increasing SC size. This would be expected as we have seen in the 

diesel reduction results in Table 3-8 and Table 3-9, and the first year renumeration in Figure 

3.8, that the SC provides little contribution to cost savings, hence the large CAPEX would offset 

cashflows acquired from the battery and SC contributions. 
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Figure 3.13 - NPV calculation for different HESS sizes for  10, 15, and 20-year project periods, with a battery CAPEX 

of ú450/kWh. 

The annual cost savings for each HESS is presented in the top left subplot in Figure 3.14, as a 

percentage of the total original annual diesel and CO2 emission costs. The adjacent subplots 

show the minimum required annual cost savings each HESS would need to make NPV = 0, 

which corresponds to sufficient future cashflows that would allow the project to break even 

with the initial investment cost.  To break even at NPV 20 years, cost savings must be increased 

by 2.2 to 3.5 times of the currently determined annual savings, and for NPV 10 years, cost 

savings must increase by 3.4 to 5.3 times. 
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Figure 3.14 - Annual and required cost savings for diesel use and CO2 emissions to achieve NPV = 0 for  10, 15, and 20-

year project periods 

Figure 3.15 - Minimum shows the minimum specific battery costs, required to make the NPV 

= 0 for the óbattery-onlyô arrangement for different project periods. This assessment shows that 

the specific battery CAPEX must be reduced to ú120 - ú195 per kWh for the project to start to 

become economically viable. The current specific battery CAPEX used in the first NPV 

assessment was ú450 / kWh, based on several studies, which is 2.3 - 3.75 times greater than the 

target. Forecasts anticipate that ZEBRA batteries will have a specific CAPEX of ~ú350 per 

kWh by 2035 [30], which highlights that any expected CAPEX reduction in the near term is 

unlikely to impact project viability. 
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Figure 3.15 - Minimum battery costs to achieve NPV = 0 for 10, 15, and 20-year project periods. 

 

Lastly, a CO2 emission cost sensitivity analysis is carried out. So far, this techno-economic 

analysis has assumed a constant cost for CO2 emissions at ú70 per tonne. However, it is likey 

that over the 10 ï 20 evaluation period, this could increase, therefore it is necessary to 

understand how this may impact the profitability of the project. Three additional NPV 

assessments were carried for different CO2 emission cost projections, as shown in Figure 3.16. 

These scenarios are as follows 

¶ Average 2025 - ú70 per tonne, which has been used in the analysis thus far. 

¶ Low projection - Emission costs will increase steadily at ú1 per tonne 

¶ Medium projection - Emission costs will increase steadily at ú5 per tonne. 

¶ High projection - Emission costs will increase rapidly up to ú177 per tonne, as forecast by 

BloombergNef [31].Note that their forecast is only up to 2035, hence it was assumed that 

the costs would plateau following this year. 
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Figure 3.16 Projected CO2 emission costs 

 

A sensitivity study was carried out to calculate NPVôs for the three CO2 emission cost 

projections, over a period of 10 ï 20 years, and the results are shown in Figure 3.17 below. We 

can see that for each HESS and project period, the NPV increases as we move between the low 

CO2 cost projection to the high CO2 cost projection. This improves the NPV only slightly, and 

the same general trend can be observed, where the results are negative, and decreasing with 

battery size and with SC size. Despite adjusting the CO2 emission costs, not enough returns are 

earned to make this a financially attractive project. 
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Figure 3.17 Sensitivity  study 

Case 1 Results ш 1-Month projected to 1-year 

An additional analysis was carried out using the renumeration results for the month of January, 

with corresponding annual revenue obtained by projecting for a 1-year period, as per Figure 

3.8. As mentioned previously, January was the best performing month where the most diesel 

and CO2 emissions were abated, as there was high availability of surplus RES, allowing the 

battery to operate frequently, maintain its temperature efficiently and maximize opportunities 

to displace diesel use. Therefore, it would be interesting to carry out a financial analysis for 

based on the period where the batteries operated under the most favorable conditions during the 

year. 

An NPV analysis was carried out for each HESS over a period of 10 -20 years, using the January 

renumeration projected over a year long period. This was carried out using the three different 

CO2 emission cost projections (low, medium and high) as per Figure 3.16. The NPV results are 

summarized in Figure 3.18. For this assessment, we see that the NPVs are better performing 

than for the 1- year assessment shown Figure 3.17, however with the NPV results still remain 

negative, with the exception of NPV 20 years with CO2 emissions priced at medium and high 

cost projections.  In these positive NPV cases, we see that cost savings from the CO2 emissions 

and diesel reduction causes the future cashflows to dominate over the initial investment cost. 
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Looking at the NPV results for 20 years for the high CO2 emission cost we see that the three 

largest batteries, 720 - 1200 kW, have a positive NPV with SC sizes up to 2400 kW ï 3600 kW. 

 

Figure 3.18 Sensitivity analysis for CO2 emission costs for 1-month-projected-to-1-year analysis  

 

Figure 3.19. Minimum below shows the minimum specific battery CAPEX required by each 

battery size to achieve an NPV = 0 for the battery only scenarios for project periods of 10 ï 20 

years.  We see that a smaller reduction would be required when compared to the corresponding 

results for the 1- year results as per Figure 3.15 - Minimum. For the 20- year period results 

specifically, the CAPEX would only need to be reduced by up to ~ ú 25 per kWh. Additionally, 

we can see that the minimum CAPEX for project periods of 15 and 20 years is above the 2035 

projected ZEBRA battery cost of ú350 per kWh [30].  
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Figure 3.19. Minimum battery costs to achieve NPV = 0 for 10, 15, and 20-year project periods for a 1-month-projected-

to-1-year-analysis. 

 

3.6.2. Case 2 Results 

An NPV assessment was carried out for the HESS arrangements for Case 2, using the 

renumeration as summarized in Figure 3.20 and Figure 3.21. Figure 3.20 shows the NPVs for 

the yearlong analysis, assessed at different project periods and for different CO2 emission cost 

scenarios. Despite the added revenue for the SC regulation payment, all NPVs are negative as 

the CAPEX for the battery and SC dominate the future cashflows, hence there is no arrangement 

that would be economically viable. On the other hand, Figure 3.21 shows the NPV for the 1-

month-projected-to-1-year analysis and we can see that there are several HESS arrangements 

with SC sizes between 0 - 3600 kW which have a positive NPV and hence are economically 

viable.  
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Figure 3.20 Case 2 NPV calculations using 1-year renumeration for different periods and CO2 emission costs 
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Figure 3.21 Case 2 NPV calculation using renumeration for 1-month-to-1-year, for different periods and CO2 emission 

costs 
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3.6.3. Summary of Results 

Based on the results of the techno-economic analysis, none of the HESS configurations 

evaluated under Case 1 or Case 2 were found to be economically feasible within a one-year 

assessment period, as indicated by the NPV calculations. However, when extrapolating the 

performance observed in January, characterized by a high surplus of renewable energy, over a 

20-year project horizon, several HESS configurations demonstrate economic viability. This 

holds particularly true under medium and high CO2 emission cost scenarios, where avoided 

emissions contribute significantly to the overall financial return. These are summarised in Table 

3-10 and ranked in best performing order based on NPV. Payback time and IRR have also been 

included in the summary. 

 

Table 3-10 Summary of techno-economic sizing analysis for financially viable HESS arrangements for periods of 20 

years, assessed at 1-month-projected-to-1-year. 

BESS Size SC Size Case CO2 e Scenario NPV Payback Time (Years) IRR 

1200 kW  0 kW Case 1 & 2 High  қШШШШШШШШШШШШШΞΜΠЯΝΞΜШ 10.74 7.21% 

960 kW  0 kW Case 1 & 2 High  қШШШШШШШШШШШШШΝΡΥЯΦΥΝШ 11.29 6.53% 

720 kW  0 kW Case 1 & 2 High  қШШШШШШШШШШШШШΝΠΣЯΜΥΡШ 11.04 6.83% 

1200 kW  1200 kW Case 1 High  қШШШШШШШШШШШШШΝΜΞЯΡΣΦШ 11.24 6.59% 

1200 kW  1200 kW Case 2 high  қШШШШШШШШШШШШШΝΜΝЯΝΣΟШ 11.21 6.62% 

1200 kW  0 kW Case 1 & 2 Medium  қШШШШШШШШШШШШШШШШΤΥЯΥΜΟШ 11.86 5.89% 

480 kW  0 kW Case 1 & 2 High  қШШШШШШШШШШШШШШШШΤΡЯΟΜΠШ 11.86 5.89% 

720 kW  0 kW Case 1 & 2 Medium  қШШШШШШШШШШШШШШШШΣΦЯΜΥΥШ 11.71 6.05% 

1200 kW  2400 kW Case 1 High  қШШШШШШШШШШШШШШШШΣΠЯΤΤΠШ 12.17 5.57% 

1200 kW  2400 kW Case 2 high  қШШШШШШШШШШШШШШШШΣΟЯΟΡΣШ 12.10 5.63% 

240 kW  0 kW Case 1 & 2 High  қШШШШШШШШШШШШШШШШΣΟЯΞΣΞШ 11.90 5.84% 

960 kW  0 kW Case 1 & 2 Medium  қШШШШШШШШШШШШШШШШΡΥЯΤΜΝШ 12.09 5.64% 

960 kW  1200 kW Case 1 High  қШШШШШШШШШШШШШШШШΡΥЯΡΥΠШ 11.35 6.49% 

960 kW  1200 kW Case 2 high  қШШШШШШШШШШШШШШШШΡΤЯΤΜΦШ 11.93 5.85% 

720 kW  1200 kW Case 1 High  қШШШШШШШШШШШШШШШШΠΡЯΝΤΡШ 11.65 6.14% 

720 kW  1200 kW Case 2 high  қШШШШШШШШШШШШШШШШΠΠЯΜΟΥШ 11.87 5.91% 

240 kW  0 kW Case 1 & 2 Medium  қШШШШШШШШШШШШШШШШΟΡЯΦΟΣШ 11.84 5.94% 

1200 kW  3600 kW Case 1 High  қШШШШШШШШШШШШШШШШΞΣЯΣΣΟШ 11.87 5.89% 

1200 kW  3600 kW Case 2 high  қШШШШШШШШШШШШШШШШΞΡЯΜΤΣШ 11.87 5.88% 

480 kW  0 kW Case 1 & 2 Medium  қШШШШШШШШШШШШШШШШΞΠЯΤΠΞШ 11.72 6.04% 

960 kW  2400 kW Case 1 High  қШШШШШШШШШШШШШШШШΞΜЯΜΠΡШ 12.18 5.55% 

960 kW  2400 kW Case 2 high  қШШШШШШШШШШШШШШШШΝΦЯΞΤΝШ 12.11 5.63% 

720 kW  2400 kW Case 1 High  қШШШШШШШШШШШШШШШШШШШΤЯΡΣΞШ 11.91 5.83% 

720 kW  2400 kW Case 2 high  қШШШШШШШШШШШШШШШШШШШΡЯΤΡΟШ 12.10 5.63% 
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3.6.4. Conclusion and Future works 

The hybrid-storage assessment for Graciosa Island shows that salt-based batteries can 

meaningfully curb diesel use when renewable-energy (RES) surpluses are plentiful in the winter 

high-RES season, but they become almost idle during the summer period. In the January wind 

peak, surplus RES reached 826 MWh, about 2.4 times monthly diesel demand, and a 1200 kW 

/ 4800 kWh battery displaced 41 MWh of diesel while recovering 74 MWh of curtailed wind 

and solar; roughly one-third of the stored energy was lost to self-heating and conversion, yet 

overall performance was robust. By contrast, in August and September curtailment virtually 

vanished, the battery cooled below its 265 °C set-point, and most of the scant surplus energy 

was consumed merely to reheat the battery, yielding negligible diesel savings. Comparing 

system configurations, Case 1 cuts annual diesel generation almost linearly with size, up to 223 

MWh, or 3.7 % of yearly diesel, at 1200 kW, but never reaches positive NPV at todayôs capital 

costs. Case 2 improves power-quality metrics and trims curtailment marginally, yet it siphons 

some battery energy into regulation and raises CAPEX, so economic returns become still less 

attractive. Marginal diesel displacement flattens beyond roughly a 960 kW / 3.7 MWh battery, 

and sensitivity tests show that profitability emerges only when battery CAPEX falls below 

about ú325 kWh ĭ and when winter-season revenues (or a high CO  price) can be sustained 

throughout the year; under such optimistic assumptions, a 720-1200 kW battery without a large 

super-capacitor offers the highest NPV and a modest 7 % IRR. Adding a super-capacitor (Case 

2) noticeably smooths fast fluctuations: The Smoothing and Fluctuation Benefit (SAFB) climbs 

from 0 % to almost 12 % as SC power rises from 0 to 6 MW. Yet every extra megawatt of SC 

shaves a little off diesel savings, for a 720-kW battery the yearly offset slips by ~1 % once a 6 

MW SC is included, because some stored energy is now diverted into rapid regulation. The 

economics are harsher still: the SC costs ú 32 kW ĭ plus a ú 40 000 installation fee, while 

regulation payments, though rising with SC size, remain only a third of total revenue and cannot 

overcome the higher CAPEX. Consequently, all SC-equipped layouts post negative NPVs in a 

normal year, and positive values emerge only when January-level revenues are projected across 

the year and CO  prices approach ú 177 t ĭ; under that optimistic scenario, batteries of 720-

1200 kW coupled with SCs no larger than 2.4-3.6 MW return NPVs in the ú 64-102 k range 

over 20 years. Taken together, the analysis points to a mediumïlarge battery without, or with 

only a modest (Ò2 MW) SC as the best compromise today: a 960-kW salt battery alone yields 

the highest diesel reduction per euro, while a 1200 kW unit maximises NPV once battery costs 

and carbon prices improve. Profitability nevertheless hinges on achieving lower storage 

CAPEX and capturing winter-season revenues year-round. 

Future work should pivot from a single curtailment-driven lens to a scenario-oriented 

framework that sizes and dispatches storage for four realistic operating modes, self-

consumption maximisation, diesel peak-shaving, high-power EV charging, and a future PV-

dominated grid, while explicitly testing how the existing 2.6 MWh lithium-titanate pack is 

treated: left to handle fast frequency control alone, meshed with the new hybrid system on a 

shared DC bus, or retired in favour of a larger sodium or flow-battery plus super-capacitor stack. 

In parallel, the study should benchmark molten-salt cells against lower-temperature chemistries 
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such as LFP, aqueous zinc, and flow batteries. Delivering these insights will require upgrading 

the present two-case genetic algorithm to a hierarchical optimiser that couples long-horizon 

mixed-integer sizing with a short-horizon dispatch agent capable of learning how to share duty 

cycles, heating losses, and reserve margins across all storage layers. Together, these 

enhancements would turn the current analysis into a flexible playbook for any mix of load 

growth, renewable expansion, and legacy-asset constraints on Graciosa or similar islanded 

microgrids. 
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4. CASE STUDY - GERMANY 

4.1. INTRODUCTION 

The Technology Center for Energyôs (TZE) energy setup serves as a practical demonstration of 

battery-supported renewable integration. The site is interconnected with the public electricity 

grid. Nonetheless, the research institution has set ambitious objectives to enhance self-

consumption of its on-site PV generation, optimize energy purchase costs, and leverage battery 

storage to mitigate peak demands. Particular attention is given to regulatory frameworks, 

electricity pricing, and technical constraints that can strongly shape the feasibility and economic 

performance of the HESS.  

The TZEôs facility is located in the municipality of Ruhstorf, situated in the Passau district in 

southern Germany and is tied into the municipal grid. It is a research institute of the Landshut 

University of Applied Sciences (ULA) that focusses on energy storage, smart grids, energy 

efficiency, energy management, hydrogen, bio-gas and other social or policy related topics. 

Various labs and research activities, such as battery and cell production and testing, hydrogen 

production and methanation, as well as offices make up a significant portion of the local energy 

demand profile. The site includes two PV plants, each managed via separate inverters, feeding 

into the facilityôs power network. While these solar installations aim to meet a large portion of 

daytime consumption, production intermittencies and the occasional mismatch between solar 

supply and campus loads require a robust energy management approach.  

The research institute has some storage systems, including a HESS comprising of a Redox Flow 

battery (RFB) energy storage and Supercapacitor, a containerized RFB and a lithium-ion 

battery. Out of these three storage systems, lithium-ion battery is the active storage system and 

covers the storage requirements of the facility. This system stores surplus PV production at 

times of high generation (e.g., midday) and releases it to help with peak shaving or meeting 

evening/night loads. The resulting decreased dependence on external power purchases is 

intended to reduce operational costs and demonstrate next-generation energy solutions. Energy 

consumed is purchased at a wholesale rate that covers multiple public facilities. Any surplus 

generation that might be exported back into the grid is subject to feed-in tariffs determined by 

the year of PV plant commissioning. However, the facility generally has minimal excess due to 

sizeable on-site demand and the batteryôs ability to absorb extra production.  

 

Core Objectives  

The ensuing analysis focuses on determining optimal system sizing, dispatch strategies, and 

market participation scenarios for the Landshut campus. In particular, the study will explore: 
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¶ Spot-Market Arbitrage and Feed-In Coordination:  Identifying times when it is 

profitable to charge the RFB from low-cost off-peak power (e.g., weekends) and discharge 

during more expensive peak hours or even export to the grid. 

¶ HESS Power and Energy Capacity Requirements: Balancing the RFBôs energy capacity 

with the Supercapacitorsô high-power handling to align with campus load profiles. 

¶ Economic Viability and Sensitivity: Reviewing how system performance changes in 

response to shifting wholesale electricity prices, feed-in tariff rates.  

¶ Demand-Charge Reduction: Evaluating how best to deploy stored energy during peak 

usage times to minimize operational costs. 

Accordingly, the forthcoming techno-economic assessment will concentrate on identifying the 

optimal sizing of both the RFB and the SC, with a strong focus on four key objectives: 

minimizing grid -import costs, exploring arbitrage opportunities, ensuring the overall 

techno-economic feasibility under Germanyôs evolving tariff structure, maximizing PV 

self-consumption by charging HESS. This includes evaluating the required power and energy 

capacities, load-following performance, and market-driven charging-discharging strategies. By 

capturing these interrelated parameters, campus load patterns, electricity pricing signals, and 

operational constraints, the analysis will illuminate how best to reduce energy expenditures and 

enhance renewable utilization in Landshutôs campus environment, ultimately reinforcing the 

siteôs role as a sustainable, cost-effective energy system model.  

Demand-Charge Reduction 

Energy storage is widely recognized as a tool for peak shaving, which involves discharging 

stored energy during periods of highest demand to flatten the load profile. By reducing the peak 

power draw, facilities can avoid or lower demand charges on their utility bills, which are 

typically based on the maximum power usage over a billing period. In campus or commercial 

settings, a HESS that combines a RFB with SC can effectively smooth out short-lived spikes as 

well as sustained peaks. Similarly, the HyFlow project[32] at the University of Landshut 

exemplifies this approach: it targets a HESS that balances power demand ñduring critical grid 

conditions, e.g., during high load or generation peaks, whether for seconds or entire days,ò by 

harnessing the high-power capability of SCs and the high capacity of RFBs. This hybridization 

allows the system to absorb abrupt surges (for a few seconds) and also support longer peak 

periods, preventing peaks from exceeding certain thresholds[33]. The benefits of peak shaving 

with energy storage have been quantified, revealing that even a moderate deployment of 

distributed batteries (a few kWh per household) can halve the peak demand on residential 

feeders[34]. 

Behind-the-meter batteries have similarly been shown to cut peak demand, albeit to a more 

limited extent depending on sizing; an NREL analysis found that relatively small, short-

duration lithium-ion systems could trim a facilityôs peak demand by about 2-3%, yielding 

notable demand-charge savings [35].  Real-world examples underscore the effectiveness of 

HESS for peak management. In one case study, a vanadium RFB was evaluated for a university 

library to avoid expensive demand charges, essentially shifting the libraryôs HVAC and other 
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loads off the grid during peak periods[36]. At utility scale, the worldôs largest flow battery 

installation in Dalian, China (100 - 200 MW scale), is explicitly used for peak shaving on the 

grid, buffering variability and reducing peak stress on the network[37]. These examples indicate 

that RFB-based systems can successfully mitigate peaks at both campus and grid levels. By 

shaving peak loads, institutions save on demand charges and defer capacity upgrades. Real-

world applications and studies support that a well-sized HESS can significantly reduce peak 

demand, improve load factors, and cut utility costs by discharging during high-demand intervals 

and recharging when loads subside. 

Spot-Market Arbitrage and Feed-In Coordination 

HESS deployments can also participate in energy arbitrage[38], charging when electricity 

prices are low (or when there is excess generation) and discharging when prices are high. In 

deregulated European markets, this typically means drawing power or absorbing surplus 

renewables during off-peak hours (e.g. overnight or weekend periods with cheap energy) and 

then delivering power to cover loads or export to the grid during peak price hours (e.g. daytime 

peaks or early evening) [39]. The principle of arbitrage is to exploit price differentials: ñstore 

energy when rates are low, release it during high-rate periods.ò This can occur via direct spot 

market trading or time-of-use tariffs. For arbitrage purposes, a HESS with a long-life RFB is 

well-suited for daily cycling. RFBs can sustain numerous charge/discharge cycles with minimal 

degradation, making them ideal for this strategy. The integrated SC can support the RFB during 

de-rating periods by managing rapid charging and discharging, ensuring maximum energy 

utilization within the RFB's operational limits. The SC can handle rapid charging and 

discharging when the RFB is undergoing de-rating. If there is a price spike during this de-rating 

period, the SC can help absorb as much energy as possible, optimizing the use of the RFB for 

arbitrage purposes[12]. 

In the German context, feed-in coordination and market regulations play a crucial role in 

arbitrage strategies. Germanyôs Renewable Energy Act (EEG)[40] mandates that larger 

producers directly market their energy; for example, solar plants above 100 kW must sell on 

the market rather than receiving a fixed feed-in tariff[41]. This incentivizes using storage to 

optimize when to inject power into the grid. A case study on a Fraunhofer campus in Pfinztal, 

Germany, highlights leveraging a BESS to maximize revenue under dynamic pricing[42]: the 

BESS was optimized to charge on low-price weekends (or times of surplus renewable supply) 

and discharge during high-price weekday peaks. By coordinating with the spot market, the 

system can avoid feeding electricity into the grid when prices are depressed, instead storing it 

and only exporting (or reducing grid purchases) when market prices are favorable. This not 

only increases economic returns but also assists the grid by smoothing the demand-supply 

balance. 

Research across Europe suggests that pure energy arbitrage with batteries has historically been 

marginal in profitability, but the potential is growing. A study evaluated arbitrage in several EU 

countries and found that under then-current conditions the net present value of a battery storage 

project for arbitrage alone was negative in most cases (e.g. around -ú0.4 million NPV in the 
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best cases like the UK/Ireland)[39]. This indicates that, with 2019 price spreads and battery 

costs, arbitrage barely failed to pay off. However, price volatility has increased in recent years, 

for instance, German wholesale electricity spiked to record highs in August 2022 (nearly 

ú700/MWh)[43],  improving the outlook for arbitrage revenues. Moreover, stacking arbitrage 

with other services (Grid services, or capacity market payments) can turn storage investments 

into economic[44]. Studies have also modeled feed-in tariff integration, showing that when 

feed-in remuneration is low, a battery should store surplus PV and time-shift its export to 

achieve higher effective prices or avoid curtailment[45]. In summary, literature indicates that 

RFB-based HESS can perform spot-market arbitrage and coordinated feed-in management, but 

economic success depends on market price spreads and smart control. HESS can capitalize on 

multiple value streams by charging the RFB with cheap renewable excess. This stored energy 

can then be used to shave the facilityôs peak, saving on demand charges, or sold on the intraday 

market during price surges. With appropriate energy management, such as predictive control to 

charge and discharge at optimal times[46], and under favorable market conditions, arbitrage 

can significantly reduce energy costs for an energy community or even generate revenue by 

selling power at peak prices[47].  

HESS Sizing 

Determining the optimal power and energy capacity of each component in a hybrid RFB+SC 

system is crucial to meet load-following requirements efficiently. It is widely recognized that 

in a hybrid storage system, the two components should be sized to complement their respective 

strengths: the RFB (or a battery) is best suited for storing and delivering energy over extended 

periods, while the SC is designed to handle short-duration, high-power demands. An effective 

sizing approach is to separate the demand profile by timescale: high-frequency, short-term 

fluctuations (lasting seconds to a minute) are handled by the SC, and lower-frequency, longer-

lasting demand variations are met by the battery. By ñfilteringò the load or renewable output in 

this way, the SC can buffer rapid transients (preventing the battery from experiencing steep 

charge/discharge ramps), and the RFB can be devoted to slower load-following and energy 

shifting. This division of labor not only ensures the load is met at all times but also extends the 

life of the battery by avoiding strain from fast cycling[12]. 

Several studies propose methodologies for optimal HESS sizing. In[48] the study formulated a 

multi-objective optimization (using an improved partial swarm algorithm) to find the optimal 

capacity ratio between a battery and SC in a microgrid HESS, aiming to minimize power 

fluctuations and system cost. Their results showed that with the right sizing and control strategy, 

the HESS smoothed out nearly all high-frequency power oscillations, avoided battery 

overstrain, and even reduced overall cost by ~4.3% compared to a non-optimized case. 

In practical terms, the optimal sizing often means the SC has a much higher power rating 

relative to its energy capacity. For example, one design for an industrial microgrid HESS pairs 

a vanadium RFB (providing the energy store) with a supercapacitor bank that holds only a small 

amount of energy. This underscores that the SC may be sized for power on the order of the 

batteryôs power, but with a tiny fraction of the energy, essentially dedicated to handling surges 
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of a few seconds. Meanwhile, the RFBôs energy tank is sized to several hours of the load, but 

its power converter might be smaller because the SC covers the spikes[46].  

To determine sizing needs in any facility, one of the practical ways is to consider the specific 

load profile and use cases considering sizing methodologies that iterate between technical 

constraints and economic targets[49]. Key considerations include the peak power magnitude 

and duration, the typical daily load variation, and any rapid events like elevator or EV charger 

inrushes[50]. An optimal HESS will have sufficient SC capacity (power and short-term energy) 

to manage the facilityôs fast transients (maintaining power quality during, for example, a large 

motor startup or a sudden PV output drop). Simultaneously, the RFB component must be sized 

with enough energy to sustain longer load-following operation, for example, supplying evening 

peak demand for a few hours or bridging a cloudy lull in PV output, and enough power to meet 

the bulk of the demand once transients are handled[12].  

Economic Viability and Sensitivity 

The techno-economic feasibility of hybrid storage systems is a recurrent theme in many studies 

[50][51]. While HESS promise technical advantages, their economic viability depends on 

multiple factors, capital costs, electricity price dynamics, use-case stacking, and component 

degradation[52]. Studies generally find that hybridizing an RFB with a high-power device (SC 

or even a lithium battery) yields both technical and economic benefits: by extending the RFBôs 

lifetime and efficiency, the hybrid can lower the levelized cost of storage over the systemôs 

life[53]. Key performance indicators for economic analysis include the systemôs ability to 

reduce energy costs (through arbitrage or peak shaving), its upfront CAPEX and ongoing OPEX 

(including maintenance and any electrolyte replacement costs for RFBs), and the degradation 

rates of components (which affect how often expensive replacements are needed).  

One major factor is the spread between low and high electricity prices, as this determines 

arbitrage revenue. If typical peak/off-peak spreads are narrower, returns diminish; conversely, 

more volatile markets (or added value from grid services) improve profitability [54]. The studies 

confirm this: the profitability of battery storage in European arbitrage was found to be marginal 

under 2019 price conditions, but is expected to turn positive as battery costs decline and price 

volatility increases[39]. Another critical factor is battery degradation and lifespan. Because 

RFBs feature long cycle life and decoupled energy capacity (electrolyte volume) from power 

(stack size), they can sustain daily cycling for 20+ years. However, capacity fade can still occur 

in stacks or pumps over time. Incorporation of VRFB efficiency curves and capacity loss into 

an arbitrage optimization model, showing that neglecting degradation would overestimate 

revenue properly accounting for fade helped identify an optimal operating strategy that balances 

immediate profits with long-term capacity retention[55]. This implies that an economically 

optimized HESS might sometimes operate conservatively (e.g. avoiding deep discharge of the 

RFB or reserving some electrolyte capacity) to prolong its life, ultimately yielding better 

lifecycle economics [56].  
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4.2. DESCRIPTION OF SYSTEM AND DATA INSIGHTS  

Currently, the campus of the Technology Center for Energy (TZE) belonging to ULA 

incorporates two separate photovoltaic (PV) plants. The first is a rooftop PV plant with a peak 

production capacity of nearly 27.44 kW and the second is a Carport PV plant with a peak 

production capacity of 10.8 kW. For research and demonstration purposes, TZE has 2 RFBs, 

out of which one is a test-bench and works as a HESS in conjunction with a supercapacitor, and 

the other is a containerized system. The test-bench can generate a maximum power of 30 kW, 

with the help of a RFB, with a configuration of 5 kW / 10 kWh and a SC, with a configuration 

of 25 kW / 300 kJ. The containerized RFB, which is placed below the Carport PV system has 

the following configuration: 10 kW/100kWh and is not in active operation due to the high self- 

consumption. The facility has a Lithium-ion battery, that has a total capacity of approximately 

92 kWh and is currently the only active storage system. The whole facility is grid connected 

and fulfills excess energy requirements from the grid.  

The setup allows ULA to significantly increase on-site solar utilization and reduce reliance on 

the municipal grid. Although the campus already mitigates a portion of its peak demand through 

these PV installations, it still faces times of either surplus power or high load requirements. The 

high capacity of the storage system provides extended-duration storage (e.g., storing midday 

production for later use). By utilizing the storage systems, the campus aims to optimize self-

consumption of solar energy, reduce the energy consumption from the grid, and advance TZEôs 

broader research mission in battery and energy network innovation.  

The energy generation data of the two PV plants is captured with a resolution of one second 

and is stored in separate files of ó.csvô format. The structure of both the data files is the same. 

Both have two columns, namely ótsô and ópowerô. The ótsô column contains the date and time 

details captured in the local Time Zone in ISO 8601 format without microseconds, for example 

2020-07-10 15:00:00. The ópowerô column contains the AC power generated by the PV plant 

at the respective time in watts (W).   

The energy consumption data of the facility is also captured with a resolution of one second 

and stored in ó.csvô format. The columns present in the energy consumption data file are the 

following: ótsô, ópowerô, ófrequencyô, óU1_Realô, óU2_Realô, óU3_Realô, óU1_Imô, óU2_Imô, 

óU3_Imô, óI1_Realô, óI2_Realô, óI3_Realô, óI1_Imô, óI2_Imô, óI3_Imô. The ótsô and ópowerô 

columns are the same as the columns for the energy generation data for the PV plants. The 

U*_Real is the real voltage in volts (V) and U*_Im is the imaginary voltage in volts (V), in the 

three phases at the respective time, where * denotes the phase 1, 2 or 3. Similarly, I*_Real and 

I*_Im is the respective real and imaginary current in amperes (A) in the phases 1, 2 or 3 at the 

respective time.  

4.3. METHODOLOGY 

This section details how the optimal HESS size and operating strategy are established for the 

demo site of Technology Centre for Energy campus of University of Landshut (ULA). The 
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analysis re-uses the multi-period optimization framework, workflow and component models 

explained in D2.2[1], while Appendix 1 gathers the sizing specifics. These elements are adapted 

to ULAôs grid-connected, PV-rich setting and its unique technical, economic and regulatory 

constraints. The key steps are summarized below, follow the same logic as the Gracíolica case, 

but with data sources, constraints and objective functions tuned to the German context. 

4.3.1. Data Collection and Scenario Definition 

In this case study, two PV systems, local loads, and the public grid are interconnected. One year 

of load and PV production data, provided at second-by-second intervals, is utilized as input for 

the optimization process. This high-resolution data was averaged to hourly intervals to establish 

the baseline for long-term energy optimization of the RFB, including use cases such as energy 

trading and arbitrage. To address the RFB's power de-rating limits, minute-based data 

aggregated from the second-by-second dataset is used to optimize the integration of a SC. This 

ensures the SC effectively compensates for the RFB's limitations, particularly during high-

power demand windows, by enhancing power responsiveness. Additionally, wholesale 

electricity prices for grid energy purchases and applicable feed-in tariffs for potential energy 

exports were incorporated into the optimization framework. Finally, second-by-second data 

was employed to demonstrate the full capabilities of the HESS in peak shaving during power 

spikes. This high-resolution simulation provides a clear contrast with HESS behavior under 

minute-based control, illustrating the systemôs superior performance in managing rapid power 

fluctuations and maintaining power quality.  

Various Scenarios are considered for this case study, starting to focus on reducing campus peak 

loads to lower demand charges through peak shaving and demand management. Explore the 

cost-effectiveness of buying energy at off-peak/low-tariff times (weekends, nights) and 

discharging during peak or high-tariff periods through spot-market (or tariff-based) arbitrage. 

Increase on-site self-consumption of solar energy by storing midday excess and shifting it to 

periods of higher campus demand through PV integration. Evaluate selling small surpluses to 

the grid under the local feed-in tariff structure if they remain after meeting campus loads and 

battery charging.  

 

4.3.2. HESS components models  

In this case study, the HESS was comprised of a vanadium RFB, as well as a supercapacitor. 

This section will provide a brief description of these technologies, and further details can be 

found in the deliverable document D2.2[1], which elaborates on the technical constraints and 

the equations used to model these technologies.  Table 4-1 below summarises the RFB model 

parameters and Table 3-2 in Section 3.4.2 summarises the parameters used for the 

supercapacitor. 
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Table 4-1 Summary of RFB model parameters 

Parameter Value 

Cells per Stack 48 cells 

Cell membrane area 1628 cm2 

Membrane area sepcific resistance 1.6/1.4 ohm cm2 (discharge/charge) 

Nominal Power / Max Power per cell stack 8.35 kW / 12.5  kW 

SOC Limits 10 - 80% 

Terminal voltage limit during charging 1.5 V per cell and occurs at ~ 46% SOC 

Terminal Current Limit 167 A 

Vanadium ion concentration in electrolyte 1.6 Mol /L 

Degradation 0.002% per cycle (assuming 20% degradation 

after 10,000 cycles) 

Capacity fade due to crossover  0.215% per cycle[57] 

Capacity fade due to electrolyte imbalance  0.055% per cycle [57] 

Overall Capacity fade 0.27% per cycle 

 

A total of 18 RFB sizes were assessed, corresponding to a combination of 3 different battery 

power ratings and 6 different total storage capacities. The power rating and storage capacities 

are summarised in Table 4-2. The power maximum power rating was adjusted by increasing 

the number of cells in series. As per Table 4-1, we see that one stack in the RFB model used 

corresponds to 48 cells, and therefore RFB power sizes of 12.5 kW and 25 kW correspond to 1 

and 2 cell stacks, respectively. The 18.75 kW RFB corresponds to 1.5 stacks, and it is 

understanding that this is a non-standard size that may not be possible to procure for the VRFB 

make that our model is based on. However, this has been included in the assessment to allow 

for a more detailed assessment on how increasing power rating will affect the overall 

performance and techno-economics.  

Table 4-2. Summary of total storage capacities and power rating used for the different RFB sizes 

Storage Size Range Power Size Range 

Total Storage 

Capacity 

Usable 

Capacity 

Tank 

Volume 

Maximum Rated 

Power 

No. of 

Cells 

60 kWh 42 kWh 2,000 L 12.5 kW 48 

90 kWh 63 kWh 3,000 L 

120 kWh 84 kWh 4,000 L 18.75 kW 72 

150 kWh 105 kWh 5,000 L 

180 kWh 126 kWh 6,000 L 25 kW 96 

240 kWh 168 kWh 8,000 L 

 

For each of the 18 RFBs, an HESS simulation was performed using 5 different SC sizes; this 

corresponded to a total of 90 HESS arrangements that were assessed. The SC sizes are 

summarised in Table 4-3 and they correspond to a multiple of SC submodules connected in 
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series. As mentioned in Section 3.4.2, the SC sizes correspond to their peak available power 

(kWp). 

Table 4-3 Summary of SC sizes used in the HESS assessment 

Table 4-3Peak Power No. in Series & Parallel 

20 kWp 1 s, 1 p 

40 kWp 2 s, 1 p 

60 kWp 3 s, 1 p 

80 kWp 4 s, 1 p 

100 kWp 5 s, 1 p 

 

Charging/discharge and profiles are shown for the different battery sizes in Figure 4.1 to Figure 

4.3. The power profile shows the total power absorbed by the battery during charging from 10% 

SOC, from time = 0 to 50 hours, when charging at its rated power. Subsequently, the rated 

discharged by the battery from 80% SOC. This illustrates the power derating that occurs in the 

RFB during charging, which occurs to maintain the cell voltage below 1.5 V, as discussed in 

deliverable D2.2 [1]. We can see the implications this would have on the battery charging time, 

and how it differs from the discharging time. For example, for the 12.5 kW / 60 kWh RFB, 

charging from 10 to 80% SOC takes up to 8 hours, where as during discharge it takes~ 3 hours. 

The 12.5 kW / 60 kWh RFB, this may be seen as a 3 hour battery, given by its P rate to Storage 

Size ratio; however it is important to note that this applies to the discharging and the charging 

time takes over 2 times.  This is consistent with other RFB sizes where charging time is 2-2.5 

times longer than discharging time.  
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Figure 4.1 Charge/discharge curve and SOC profile for different RFB storage sizes with rated power of 12.5 kW 

 

Figure 4.2 Charge/discharge curve and SOC profile for different RFB storage sizes with rated power of 18.75 kW 



 

65 

 

 

Figure 4.3 Charge/discharge curve and SOC profile for different RFB storage sizes with rated power of 25 kW 

 

4.3.3. Operational constraints  

RFB and SC 

No additional site-specific operational constraints were defined for the RFB and SC. Refer to 

the default technological parameters summarized in Table 3-2  in Section 3.4.2 for SC 

parameters and Table 4-1 for the RFB parameters. 

Grid Import and Export 

As mentioned above, the whole facility of the Technology Center of Energy of the Landshut 

University of Applied Sciences (ULA) is grid connected and must adhere to the general 

regulations of the network operator in terms of energy consumption and feed-in. These 

constraints can be expressed as per equations (26) to (28), with the relevant variables defined 

below. 

¶ ὖbuyὸ: Power imported from the grid at time ὸ [kW]  

¶ ὖsellὸ: Power exported to the grid at time ὸ [kW]  

¶ ὖPV
max: Combined peak power of the PV systems [kW] 

¶ ὖgrid
max: Maximum allowed grid import power [kW] 
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No simultaneous import and export, as per equation (26). 

ὖbuyὸẗὖsellὸ πȟ ὸᶅ 

 

(26) 

The maximum energy that is supposed to be fed in by the facility is limited by the combined 

peak power of both the PV plants. Also, as with every other grid connected facility, there is a 

maximum limit of the power that can be consumed from the grid at any given time. Maximum 

feed-in (export) power limited by PV capacity are defined by equation (27). 

ὖƚĲũũὸ ὖÂé
ůċǂȟ ὸᶅ 

 

(27) 

Lastly, the maximum import (consumption) power limited by grid contract, as per equation 

(28). 

ὖĤƨǃὸ ὖŊƖŔĬ
ůċǂȟ ὸᶅ (28) 

 

4.3.4. Objective Function 

RFB Objective Function 

The objective function is to minimize the cost of electricity used by the facility over a 

designated time horizon. This is carried out by optimizing charging the discharging schedule of 

the RFB as per the objective function in equation (29) below, along with the supporting 

equations (30) and (31). A brief summary of the desired optimized RFB behaviour is as follows: 

¶ RFB will recharge by purchasing electricity from the grid at the lowest price period of 

the day, or it will utilize surplus PV generation. 

¶ RFB will discharge to offset the load during high priced electricity periods during the 

day, or it will discharge to export and sell power to the grid. 

 

ÍÉÎὅὝ άὭὲ ὅ ὸϽ ὖ ὸ  ὅ Ͻ ὖ ὸ  ῳὸ 

 

(29) 

Where: 

 ὖ ὸ  
ȿ ὖ ὸ  ὖ ὸ  ὖ ὸȿȟ ὭὪȿ ὖ ὸ  ὖ ὸȿ ȿ ὖ ὸȿ

                                     π                     ȟ ὭὪ ȿ ὖ ὸ  ὖ ὸȿ ȿ ὖ ὸȿ
 

(30) 
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 ὖ ὸ  
 ὖ ὸ  ὖ ὸ  ὖ ὸȟ ὭὪȿ ὖ ὸ   ὖ ὸȿ ȿ ὖ ὸȿ

                                     π                     ȟ ὭὪȿ ὖ ὸ   ὖ ὸȿ ȿ ὖ ὸȿ
 

(31) 

¶ ὖÉÍÐὸ is the power imported or purchased from the grid at time t [kW]. 

¶ ὖ ὸ is the power exported or sold to the grid at time t [kW]. 

¶ ὖ  ὸ is the charge power (negative) or discharge power (positive) of the RFB at 

time t [kW]. 

¶ ὖ ὸ is the facilityôs power consumption or load at time t, and is negative [kW]. 

¶ ὖ ὸ is the power generated by the PV plant at time t [kW]. 

¶ ὅὝ is the total cost of electricity over the time horizon T [ú]. 

¶ ὅ ὸ is the dynamic purchase price of electricity at time t [ú/kWh]. 

¶ ὅ  is the feed in tariff to sell electricity back to the grid and this is 0.0688 ú/kWh. 

¶ ῳὸ is the time step for the assessment. 

Two cases were assessed in this case study, as summarized below: 

¶ Case 1 with two requirements:  

I. Charge and discharge the RFB in an optimum way to offset electricity usage 

during high-price periods or sell back to the grid.  

II.  The RFB must recharge during to its maximum SOC on weekends. 

 

¶ Case 2 with one requirement: 

I. Charge and discharge the RFB in an optimum way to offset electricity usage 

during high-price periods or sell back to the grid.  

Requirement I. for Case 1 and Case 2 is the same and is already accounted for by the objective 

function equation (29); however, for requirement II. We must elaborate the objective function 

even further. We do this by adding a penalty fee for when the RFB is deviates from this 

requirement. The updated objective function is shown in equation (32). 

 

ÍÉÎὅὝ άὭὲ ὅ ὸϽ ὖ ὸ  ὅ Ͻ ὖ ὸῳὸὖὊ   

 

(32) 

 

Where: 

ὖὊ  

πȢυϽὅὴὩὲὥὰὸώ Ͻ ổὛὕὅάὥὼ Ὓὕὅὸ ςτὬὶỖȟ         ὭὪ ὈὥώὛὥὸόὶὨὥώ

     ὅὴὩὲὥὰὸώ Ͻ ổὛὕὅάὥὼ Ὓὕὅὸ ςτὬὶỖȟ         ὭὪ ὈὥώὛόὲὨὥώ

                                     π                                         ȟ          ὭὪ ὈὥώὡὩὩὯὨὥώ  

 (33) 

 

¶ ὖὊ is the penalty fee charged. 
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¶ Ὓὕὅ , is the maximum RFB SOC. 

¶ Ὓὕὅὸ ςτὬὶ is the average SOC of the RFB during the last hour of the day. 

¶ ὅ  is the penalty weight. 

 

SC Objective Function 

The supercapacitor is intended to support the RFB by enhancing recharging performance and 

increasing PV self-consumption. It will charge using excess PV power during periods when the 

RFB is scheduled to recharge but is unable to fully utilize the available PV energy due to 

charging limitations imposed by cell voltage constraintsas discussed in Section 4.3.2 and Figure 

4.1 to Figure 4.3. In periods where the RFB is recharging well below its charging power limits, 

the SC will discharge and supply additional charging power to the RFB. By adjusting the 

imported and exported power calculated in equations (30) and(31), using equations (34) and 

(35) below, using a temporal resolution of 1 minute. 

ὖ ȟ  ὸ  ὖ ὸ  ὖ     ὭὪ ὖ π (34) 

 

ὖ ȟ  ὸ  ὖ ὸ  ὖ     ὭὪ ὖ π (35) 

 

 

4.3.5. Techno-Economic Modeling 

Similar to the Portugal case study, the techno-economic assessment for each HESS for the 

current case was based on an NPV analysis. To do so, an annual revenue was calculated for 

each HESS arrangement, and this was based on the electricity cost savings that were achieved 

for each system. The cost savings were the difference between the facilityôs original total cost 

of electricity and the new total cost of electricity, achieved by implementing the HESS. This is 

summarised in equation (36), and the new total cost, ὅὝ , was determined using the 

optimization function in equations (29), (30) and (31). The degraded cashflow in is then 

calculated, similar to the Portugal Case Study in Section 3.4.5, using a degradation rate of 

0.002% per cycle; this rate corresponds to a permanent capacity loss 20% after 10,000 battery 

cycles.. 

ὅὊ  ὅὝ  ὅὝ  (36) 

 

ὅὊȟ  ὅὊρ ὣ ρὲ ȟ ‏  (37) 

 

 

A similar NPV calculation was used as per the Portugal Case Study, and this general equation 

is summarised in equation (38). For a full description of the parameters used in this equation, 

refer to sub-section 3.4.5 where NPV is first introduced in this report. 



 

69 

 

ὔὖὠ
ὅὊȟ  ὅὊ

ρ ὡὃὅὅ
ὅὃὖὉὢ 

(38) 

 

 

The inputs for the NPV calculation are described by equations (39) to (43) below. 

ὅὊ  ὕὖὉὢ ὕὖὉὢ (39) 

ὕὖὉὢ  ὕὖὉὢ Ͻὲ  ὕὖὉὢ Ͻὲ  (40) 

ὕὖὉὢ πȢυϽὛ Ͻὅ ȟ ὅ ȟ Ͻὸ  (41) 

ὕὖὉὢ ‍ϽὛ  Ὁ Ͻὅ ȟ ὅ ȟ Ͻὸ  (42) 

ὅὃὖὉὢ = Ὓ Ͻ ὅὃὖὉὢ Ὓ ϽὅὃὖὉὢὅὃὖὉὢȟ  (43) 

 

Where: 

¶ ὅὝ  is the original annual total cost of electricity in the facility 

¶ ὅὝ  is the new annual total cost of electricity in the facility with the HESS 

¶ ὲ ȟ , is the number of battery cycles in 1 year. 

‏ ¶ , is the RFB degradation rate (see Table 4-6) [ % / cycle]. 

¶ ὔ is the project period and corresponds to the expected lifetime of the HESS where it 

still generates revenue (see Table 4-6). 

¶ ὣ is the assessment interval, and corresponds to 1 year, (see Table 4-6). 

¶ ὡὃὅὅ is the weighted average cost of capital (see Table 4-6). 

¶ ὕὖὉὢ  is the RFB OPEX and dependent on the number of electrolyte rebalancing 

and mixing activities that occur in a year (see Table 4-5) [ú/activity] 

¶ ὲ  is the number of mixing activities carried out in one year. 

¶ ὅ ȟ  is the labor cost for the mixing activity. It is assumed this can be carried out 

by an inhouse technician (see Table 4-6) [ú / hr]. 

¶ ὲ  is the number of rebalancing activities carried out in one year. 

¶ ὅ ȟ  is the labor cost for the rebalancing activity and it is assumed this is carried 

out by an outside specialist (see Table 4-6) [ú / hr] 

¶ ὸ  and ὸ  is the time to carryout mixing or rebalancing activity, respectively [hr] 

¶ Ὁ  is the energy used by the pumps during rebalancing procedure [kWh] 

¶ ‍, amount of degradation allowed before rebalancing (20 %) 

¶ ὅ ȟ  median cost of electricity over the year (ú0.08 / kWh) 

¶ ὕὖὉὢ is the annual SC OPEX (see Table 4-6). 

¶ Ὓ  is the battery size in terms of energy storage capacity [kWh] 

¶ Ὓ  is the SC size in terms of maximum power output [kW] 
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¶ ὅὃὖὉὢ is the specific RFB cost as summarized in Table 4-4, and already accounts 

for installation cost. Specific cost was determined based on [56]which considers both 

power rating and total storage capacity of the RFB. 

¶ ὅὃὖὉὢ is the specific SC cost (see Table 4-6). 

¶ ὅὃὖὉὢȟ  is the SC installation cost (see Table 4-6). 

 

The NPV calculation in equation (38) must be modified to take consider the capacity fade of 

the battery due to the electrolyte decay, which has been discussed in detail in deliverable D2.2 

[1]. This will affect the performance of the RFB and hence have a direct impact on the revenue 

it can generate. The effects of capacity fade is already considered in the RFB model and 

therefore represented accordingly in the first year cashflow and NPV for 1 year; however, we 

cannot use the same cashflow for every year, as that would incorrectly assume that capacity 

fade of the battery is the same every year. Although the capacity fade mechanism stays 

consistent and follows the same pattern, the initial and final values for the RFBs final capacity 

are different for each year of the NPV assessment.  This is illustrated more clearly in Figure 

4.4. To manage this, we adapt the equation (38), and scale the daily revenue (or incoming 

cashflow) to remove the daily effects of the capacity fade that occur in first year, and add the 

forecasted daily capacity fade affects for the relevant year. The adjust incoming cashflow is 

shown in equation (44) and this is used in place of ὅὊ in equation (37), to determine the NPV 

using (38).  

ὅὊȟ  ὣ ὲ ὅὊȟ ὨϽ  
‘ ὣ ὲȟὨ

‘ ὣ ρȟὨ
 

(44) 

 

 

Where: 

¶ ὲ is the year number in the NPV assessment period. 

¶ Ὠ is the day number in the year. 

¶ ὅὊȟ  is the daily revenue or incoming cashflow [ú] 

¶ ‘  is the factor of RFB remaining capacity due to the fading mechanisms. Where 

the ‘  is used for years greater than 1, this is forecasted [%]. 
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Figure 4.4 Example of the RFB capacity fade for two years 

 

Table 4-4 Specific RFB CAPEX for each battery size 

Total Storage 

Capacity 

Maximum Power Rating 

12.5 kW 18.75 kW 25 kW 

60 kWh ú 483 / kWh ú 593 / kWh ú 697 / kWh 

90 kWh  ú 389 / kWh ú 462 / kWh ú 532 / kWh 

120 kWh  ú 342 / kWh ú 397 / kWh ú 449 / kWh 

150 kWh ú 314 / kWh ú 358 / kWh ú 400 / kWh 

180 kWh ú 295 / kWh ú 332 / kWh ú 367 / kWh 

240 kWh ú 272 / kWh ú 299 / kWh ú 325 / kWh 

 

Table 4-5 RFB OPEX for mixing and rebalancing for 1 maintenance activity 

Metric  Battery Size Power Rating 

P = 25 kW P = 18.75 kW P  = 12.5 kW 

Mix cost 

60 kWh RFB  ú           38   ú           50   ú           74  

90 kWh RFB  ú           58   ú           76   ú          112  

120 kWh RFB  ú           77   ú          101   ú          149  

150 kWh RFB  ú           96   ú          126   ú          186  

180 kWh RFB  ú          115   ú          151   ú          223  

240 kWh RFB  ú          154   ú          202   ú          298  

Service Cost 

60 kWh RFB  ú          230   ú          240   ú          259  

90 kWh RFB  ú          245   ú          259   ú          288  

120 kWh RFB  ú          260   ú          279   ú          318  

150 kWh RFB  ú          275   ú          299   ú          347  

180 kWh RFB  ú          290   ú          319   ú          376  

240 kWh RFB  ú          320   ú          358   ú          435  
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Table 4-6 Summary parameters used in the NPV calculation 

Parameter Description Value 

ὅὃὖὉὢ SC specific cost ú32 /kW 

ὅὃὖὉὢȟ  SC installation cost 50% of SC CAPEX 

ὕὖὉὢ SC annual OPEX ú200 / year 

ὔ Project lifetime 10 ï 20 years 

ὡὃὅὅ Weighted average cost of capital 6.6 % 

‏  Battery degradation rate 0.002% / cycle 

‍ Allowable maximum capacity loss due to 

fade before rebalancing is required 

20 % 

 

4.4. BATTERY AND HESS PERFORMANCE RESULTS 

4.4.1. TZE Power Profile 

TZE is coupled to a 40 kWp PV system, which can supplement and offset some of the energy 

demand of the facility. Figure 4.5. and Figure 4.6 below shows examples of the 1- year data 

used in our analysis and depict the power profile of the university over a 24 - hour period during 

winter and summer seasons. The profiles correspond to the total load or power demand for the 

university, the power generated by the PV system, and the netload, which corresponds to the 

sum of the total load and PV generation. Where netload is positive, a surplus of PV power is 

generated, this is sold to the grid at the specified feed-in tariff.   

 

Table 4-7 Summary of the total PV energy generated and exported 

Parameters Absolute Energy  % of Total PV 

Total PV Energy Generated 27,127 kWh - 

Total PV Energy Exported 6,588 kWh 24.3% 

Total PV Energy Consumed 20,540 kWh 75.57 % 
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Figure 4.5. Actual power profile of TZE over a 24-hour - Winter period. 

 

Figure 4.6 Actual power profile of TZE over a 24-hour - Summer period. 
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With the RFB, excess PV solar can be stored by using it to recharge the battery. The RFB can 

then discharge at a later time to help reduce the netload and decrease the power consumption 

of the university, performing a load shifting mechanism. The RFB will also take advantage of 

the electricity prices which vary over the course of the day, such that it will recharge when 

prices are low, and discharge to reduce the netload during high price periods and therefore will 

reduce the cost of energy for the facility.  Figure 4.7. shows an example of the variance of the 

purchase price of electricity over a 24-hour period, for a day in winter and a day in summer. 

During the day in winter, we can see how the RFB could recharge over the low price periods 

during the first 6 hours and then discharge at about 15:00 to 21:00 when electricity is most 

expensive, to reduce electricity usage during these price periods. The summer day pricing 

illustrates how the daily pricing can change over the year, and how price can fall below negative 

in some cases.  

 

 

Figure 4.7. Example of variance of electricity pri ce over a 24-hour period for a day in winter and in summer. 

4.4.2. Battery Performance 

Example of Optimized Performance 

Figure 4.8 below shows an example of an optimized RFB operation, when incorporated with 

the facility over a sample 24-hour period. The plots show the original and now RFB augmented 

netload, the RFB charging/discharging profile and corresponding SOC, and the corresponding 

energy prices for each hour. This illustrates how the RFB is optimized to recharge during low 

electricity price periods, which will increase the netload during this time; and discharge to 

reduce the facilityôs netload during high electricity price periods. 
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Time 0 - 6 hours: 

¶ At the beginning of the period, the RFB is at its lowest SOC of 10 %. 

¶ The electricity prices are at the lowest range, compared to the remainder of the day. 

¶ At time = 2 hours, the RFB recharges, using the low-price electricity. The new netload 

increases in magnitude as the facility is drawing power from the grid to recharge the 

RFB and meet their energy needs. The load increase is from 10 kW to ~17 - 20 kW. 

¶ The battery recharges to 50% SOC. 

Time 6 - 9 hours: 

¶ Electricity prices increase and reach some of the highest rates for the day. 

¶ The battery stops recharging and now discharges to offset the decrease the original 

netload from ~ 10 kW to ~2.5 to 5 kW. This reduces the facilityôs energy consumption 

over this high electricity priced period. 

¶ The battery discharges to 15% SOC. 

Time 9 - 15 hours: 

¶ Electricity prices decrease and reach a medium price range for the day during this 

period. 

¶ The RFB is on standby for the first hour, and then once electricity prices decrease even 

further, it starts to recharge and reaches a SOC of 50%. 

¶ As seen with time 0 ï 6 hours, the netload increases as the facility is consuming power 

to recharge the RFB and to use for their utilities. 

Time 15 - 19 hours: 

¶ The electricity prices reach another high price period for the day. 

¶ The battery discharges to reduce the netload during this high price period and brings its 

magnitude down from ~10 kW to 0 to 2 kW. 

Time 19 - 24 hours: 

¶ Battery has discharged to its minimum SOC and remains on standby for the remainder 

of the day, except for a brief activity during time = 20 ï 21.5 hours. 
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Figure 4.8. An example of an optimized 12.5 kW / 60 kWh RFB operation 

 

Comparing the Performance for the Different Cases 

Figure 4.9 and Figure 4.10 show the one-week average performance of the 12.5 kW/ 60 kWh 

battery for case 1 and case 2. In general, we can see that the case 1 weekday  

 

Figure 4.9 One-week average profile for a 12.5 kW / 60 kW RFB for case 1  
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Figure 4.10 One-week average profile for a 12.5 kW / 60 kW RFB for case 2  

 

Battery Electrolyte Degradation 

Figure 4.11 and Figure 4.12 below show the RFB capacity degradation due to electrolyte decay 

for a 1 year period for 12.5 kW / 60 kWh and 25 kW / 60 kWh RFBs. By comparing low and 

high power-rated RFBs, we can observe how power rating influences battery cycling, 

degradation, and consequently the frequency of mixing and rebalancing required to maintain 

system performance. A higher power-to-capacity ratio results in a greater number of cycles, as 

the RFB can more readily cycle through its full energy capacity. This increased cycling leads 

to accelerated degradation. We see over the course of the year, the 25 kW/ 60 kW battery goes 

through ~500 cycles and requires a rebalancing activity after the maximum storage capacity 

reaches its minimum limit at approximately 225. The 12.5 kW / 60 kWh RFB does not go 

through a sufficient number of cycles for rebalancing to occur. 

 Table 4-8 summarizes of the number of battery cycles, mixing activities and rebalancing 

activities over the 1-year period. When the number of mixing or rebalancing activities is less 

than one, the value indicates how close the RFB is to requiring that activity. 
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Figure 4.11. Example of cycle-based capacity decay for a 12.5 kW / 60 KWh RFB for a 1 year analysis 

 

 

Figure 4.12 Example of cycle-based capacity decay for a 25 kW / 60 KWh RFB for a 1 year analysis 
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Table 4-8 Summary of rebalancing and mixing  activites after 1 year, with values averaged for Case 1 and Case 2 

Result 
Batter Storage 

Capacity 
P = 25 kW P = 18. 75 kW P = 12.5 kW 

Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 

Battery Cycles 

60 kWh RFB 489 490 399 412 307 310 
90 kWh RFB 360 372 296 299 206 214 
120 kWh RFB 286 289 230 230 159 157 
150 kWh RFB 234 242 187 183 132 125 
180 kWh RFB 203 202 155 153 113 108 
240 kWh RFB 153 150 120 113 88 78 

No. of Mixing 
Activities 

60 kWh RFB 11 11 10 10 8 8 
90 kWh RFB 9 9 7 7 3 3 
120 kWh RFB 6 6 4 4 2 2 
150 kWh RFB 4 4 2 2 1 1 
180 kWh RFB 3 3 2 2 1 1 
240 kWh RFB 2 2 1 1 1 1 

No. of 
Rebalance 
Activities 

60 kWh RFB 1 1 1 1 0.13 0.12 
90 kWh RFB 1 1 0.16 0.15 0.42 0.39 
120 kWh RFB 0.19 0.18 0.34 0.34 0.55 0.55 
150 kWh RFB 0.34 0.31 0.47 0.48 0.62 0.64 
180 kWh RFB 0.42 0.43 0.56 0.56 0.68 0.69 
240 kWh RFB 0.56 0.57 0.66 0.68 0.75 0.78 

 

Battery Only Annual Returns 

The reduced annual energy cost and corresponding gross annual savings for each battery are 

summarized in Table 4-9 and Table 4-10 below, for case 1 and case 2, respectively. Cost savings 

occur for all cases and battery sizes, which amount to ú128 to ú505, corresponding to 4.3 to 12 

% savings as the original annual energy cost is ú 4,214. We see that the results in Case 2 give 

greater cost savings than Case1, indicating that the Case 2 scheme was better performing. We 

note again that for Case 1 our objective function forces the battery to recharge such that, at the 

end of Saturday it is desired to have a SOC > 50% and  at the end of Sunday the SOC = 80%. 

Figure 4.13 to Figure 4.15 show the weekend charging and SOC profiles for different RFB 

storage sizes, for different rated power. Looking at Figure 4.13, we can see that the smaller 

RFBôs (60 ï 120 kWh), are able to fully recharge over the first 24 hours of the weekend, owing 

to their smaller storage sizes. This also gives them the opportunity to discharge over the course 

of the weekend, to either offset times of high volume or high-cost energy use, or to sell back to 

the grid, allowing for some savings to be made. This is clearly seen in the SOC dip occurring 

between, 24 ï 36 hours. Immediately after this dip, the smaller RFBs continue to charge by to 

meet their recharging obligation by hour 48. The larger batteries on the other hand are unable 

to carry out any energy trading during the weekend, as their large size and relatively low power 

rating requires the full period of the weekend. This long recharging period is also compounded 

by the RFBôs derating that occurs during charging, as shown in Figure 4.1 to Figure 4.3 in 

Section 4.3.2. Figure 4.14 and Figure 4.15 show the weekend charging results for the RFBs 
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with a rated power of 18.75 kW and 25 kW. In these We can see how the larger RFBôs (150 ï 

240 kWh) can recharge quicker, compared to to the 12.5 kW battery, due to their higher rated 

power and hence can participate in energy trading during the weekend period; however, there 

is still a very clear distinction between the larger and smaller sized RFBs, as the smaller RFBs 

can also take advantage of the high power to enhance their energy trading and increase energy 

savings. 

Another interesting observation is the Case 2 annual cost saving, particularly when comparing 

the 12.5 kW RFB results to the 18.75 and 25 kW RFB results. The 18.75 and 25 kW RFB results 

show that generally, the cost savings increase as the RFB storage capacity increases. This would 

be expected, as with more storage capacity, the RFB is capable of trading more energy and 

offsetting the facilityôs load for longer, resulting in more costs saved. The 12.5 kW RFB, 

however, shows an inverse trend. To explain this, we look at the power, SOC and efficiency 

profile for the 12.5 kW RFBs in Figure 4.16, below. For all RFB sizes, we see that the charging  

efficiency is ~85.5% at the beginning of the cycle, and increases non-linearly to a maximum of 

89% once a 60 % SOC is reached, and then proceeds to decrease to 88% once the full SOC is 

reached. Due to the low charging rate, it can take 8 to 14 hours for these RFBs to recharge, and 

because the RFB charging/discharging schedule was optimized for a 24 hour period, the RFBs 

with larger storage capacities are less likely to recharge to a SOC of 50 ï 70 % where the 

charging higher efficiencies occur. Therefore, it can be stated that for the RFBs with a rated 

power of 12.5 kW, higher losses would be expected during charging with increasing battery 

storage capacity, and hence lower annual cost savings. The 18.75 kW and 25 kW RFBs can 

recharge at a higher rate, therefore they can maintain SOC of 50 ï 70% at the higher charging 

efficiencies and are not as sensitive to these charging losses. However, they are still impacted 

by this mechanism which can help explain why the best annual savings occur for the 180 kWh 

RFB, instead of the 240 kWh size. 

There is a clear trend when adjusting the storage capacity or when adjusting the power capacity, 

which would be expected, as either of these parameters will have a direct impact on the battery 

performance. Table 4-9 summarizes the absolute difference between annual cost savings for a 

changing storage capacity at a fixed rated power, and for a changing rated power for a fixed 

storage capacity; and it also shows the relative spread of the difference range.  
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Table 4-9 Battery only annual cost savings for case 1 

Metric Battery Storage Size P rated = 25 kW P rated = 18.75 kW P rated = 12.5 kW 

Absolute 
Savings 

60 kWh қНΟΡΥ қНΞΦΦ қНΞΝΣ 

90 kWh қНΟΦΦ қНΟΝΞ қНΞΜΟ 

120 kWh қ 402 қНΞΥΟ қΝΥΠ 

150 kWh қ 378 қНΞΤΞ қНΝΣΠ 

180 kWh қНΟΡΤ қНΞΤΡ қНΝΤΜ 

240 kWh қНΟΝΥ қНΞΠΟ қНΝΦΜ 

% Savings 

60 kWh 8.5% 7.1% 5.1% 

90 kWh 9.5% 7.4% 4.8% 

120 kWh 9.5% 6.7% 4.4% 

150 kWh 9.0% 6.5% 3.9% 

180 kWh 8.5% 6.5% 4.0% 

240 kWh 7.5% 5.8% 4.5% 

 

Table 4-10 Battery only annual cost savings for case 2 

Metric  Battery Storage Size P rated = 25 kW P rated = 18.75 kW P rated = 12.5 kW 

Absolute 
Savings 

60 kWh қШΟΦΣ қШΟΡΣ қШΞΣΥ 

90 kWh қШΠΣΡ қШΟΥΠ қШШΞΣΦ 

120 kWh қ 489 қШΟΥΜ қШΞΣΠ 

150 kWh қШΠΦΝ қШΟΦΠ қ 243 

180 kWh қШΡΝΟ қШΟΦΠ қШΞΟΞ 

240 kWh қШШΠΥΤ қШΟΥΥ қШΞΝΦ 

% Savings 

60 kWh 9.4% 8.4% 6.4% 

90 kWh 11.0% 9.1% 6.4% 

120 kWh 11.6% 9.0% 6.3% 

150 kWh 11.6% 9.4% 5.8% 

180 kWh 12.2% 9.4% 5.5% 

240 kWh 11.6% 9.2% 5.2% 

 

 

Table 4-11 Difference in annual energy cost savings with changing battery storage capacity and rated battery power. 

Cases Adjusted Battery 
Parameter  

Absolute Difference Between 
Possible Annual savings  

Relative Spread of Annual Savings 

Case 1 Storage Capacity қ52 - қ84 23 % - 28 % 

Rated Power қ127 - қ218 49 % - 78 % 

Case 2 Storage Capacity қ39 - қ116 10 % - 25 % 

Rated Power қ128-қ280 38 % - 74% 
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Figure 4.13 Average RFB power and SOC profil e during the weekend for RFBôs with different storage capacities and 

fixed rated power at 12.5 kW. 

 

Figure 4.14 Average RFB power and SOC profil e during the weekend for RFBôs with different storage capacities and 

fixed rated power at 18.75 kW. 
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Figure 4.15 Average RFB power and SOC profil e during the weekend for RFBôs with different storage capacities and 

fixed rated power at 25 kW. 

 

Figure 4.16 Power, SOC and efficiency profile for the 12.5 kW RFB during recharging. 

 

Figure 4.17 shows the cumulative sum of energy purchased and energy sold to the grid during 

the year for each RFB by rated power. For each power rating (12.5 ï 25 kW), the RFB energy 

trading has been averaged across all storage capacity sizes (60 ï 240 kWh), and the error bars 

represent one standard deviation. Figure 4.17 shows the cumulative energy trading cost, for 

each average RFB size by power rating, which corresponds to the cumulative sum of energy 
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sold multiplied by feed in tariff; and energy purchased multiplied by the corresponding spot 

market price. These graphs also show the original data without a RFB in the arrangement. The 

following observations can be made from this graph: 

12.5 kWh RFB: 

¶ The energy sold to grid is similar to the original profile, indicating that the 12.5 kWh sells 

very little surplus energy to the grid. This is due to the low power rating of the battery, 

which is sufficient to only offset the original netload of the facility. 

¶ The with this RFB arrangement, a greater energy volume than the original arrangement, as 

per  Figure 4.17; however, the optimized RFB buys this additional energy when it is at a 

lower cost and discharges to offset the load during high priced periods. We therefore see a 

lower cost from buying energy, compared to the original, in Figure 4.18. 

¶ We conclude that for the 12.5 kWh RFB, the cost savings occur is mainly due buying energy 

from the grid and discharging to offset the load. 

18.75 kW RFB: 

¶  A significant amount of energy is sold back to the grid, as the power rating of the RFB 

allows for offsetting the load with additional surplus that can be sold at the feed in tariff. 

¶ As per the 12.5 kWh RFB, greater volumes of energy are purchased, as seen by Figure 4.17; 

however the cumulative cost from buying (as per Figure 4.18), is less than the original cost. 

This indicates that the RFB purchases power at lower price periods and discharges during 

higher priced periods to offset the load and reduce the costs incurred. This is similar to the 

12.5 kWh RFB, however, the cumulative cost is greater and closer to the original cost in 

comparison as this size RFB is capable of purchasing greater volumes of energy. 

¶ The cost savings acquired for the 18.75 kWh is a balanced mechanism, where it is offsetting 

the load during high priced energy periods using the RFB stored energy, which was 

purchased during low priced energy periods. 

25 kW RFB: 

¶ A significant amount of energy is sold back to the grid, as the power rating of the RFB 

allows for offsetting the load with additional surplus that can be sold at the feed in tariff. 

¶ A large volume of energy is purchased as seen in Figure 4.17. In Figure 4.18 we see that 

the cumulative cost of purchased energy is now greater than the original cost, which differs 

from the 12.5 kW and 18.75 kW RFBs. Although this battery is also carrying out offsetting, 

such high volumes of energy are purchased, that cost savings cannot be attributed to this 

mechanism. 

¶ The cost savings for this battery are acquired from selling electricity to the grid. 
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Figure 4.17 Average cumulative sum of energy purchased and sold annually for each RFB size by power rating 

 

 

 

Figure 4.18 Average cumulative sum of annual cost and revenue for energy purchased and sold, respectively for each 

RFB size by power rating. 
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4.4.3. HESS Performance 

Case 1 Results  

Figure 4.19 shows the change in annual savings between 12.5 kW RFB only case, and the HESS 

arrangements when the 20 kWp to 100 kWp SCs are added to the system. By adding a SC 

capacitor into the system, the annual savings decrease by ~ 0.6 % when using the 20 kWp SC, 

to ~1.8 % when using the 100 kWp. In the HESS arrangement, the SC is designed to support 

the RFB by storing surplus PV power when the RFB is already charging at its maximum 

capacity due to derating. The SC then discharges to recharge the RFB, helping to avoid grid 

electricity purchases. However, this surplus PV would otherwise be exported to the grid, 

generating revenue through the feed-in tariff. By diverting this energy, the SC reduces export 

revenueðeffectively cannibalizing it. As a result, the SCôs contribution is offset by the loss in 

export income, which explains the observed decrease in annual savings. 

Figure 4.20 shows how the annual PV self-consumption increases for each HESS system when 

coupled to a 12.5 kW RFB, and is a percentage of the total PV energy consumed in Table 4-7 

in Section 4.4.1. This provides a clearer illustration of how the SC increases PV self-

consumption and hence decreases the exported PV, therefore decreasing the revenues obtained 

for the RFB only case. 

Figure 4.19 and Figure 4.20 show the results for the HESS with the 12.5 kW RFB for Case 1, 

however, the general impact of the SC is representative for the 18.75 kW and 25 kW RFBs. 

The annual savings results for all HESS are shown in Table 4-12, and the PV self-consumption 

results in Table 4-13 . 

Based on these results, we can conclude that the SC has no added benefit to the overall cost 

savings. Although the SC improves PV self-consumption, this is at the expense of the revenue 

generated from exported surplus PV. The assistance that the SC provides to the RFB during 

charging is insufficient to provide an overall benefit. 
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Figure 4.19 Change in annual savings for the 12.5 kW RFBs with different SC sizes 

 

 

Figure 4.20 Change in annual PV self-consumption for the 12.5 kW RFBs with different SC sizes 
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Table 4-12 Annual savings increase for each HESS for  Case 1  

Battery Size 
SC Size 

0 kWp 20 kWp  40 kWp  60 kWp  100 kWp  

12.5 kW / 60 kWh  
қНННННННННННННННΞΝΣ қНННННННННННННННΞΝΡ қНННННННННННННННΞΝΠ қНННННННННННННННΞΝΟ қНННННННННННННННННННННΞΝΞ 

(5.13%) (5.10%) (5.08%) (5.06%) (5.04%) 

12.5 kW / 90 kWh 
қНННННННННННННННΞΜΟ қНННННННННННННННΞΜΝ қНННННННННННННННΞΜΜ қНННННННННННННННΞΜΜ қНННННННННННННННННННННΝΦΦ 

4.81% 4.78% 4.76% 4.74% 4.71% 

12.5 kW / 120 kWh  
қНННННННННННННННΝΥΠ қНННННННННННННННΝΥΞ қНННННННННННННННΝΥΝ қНННННННННННННННΝΥΜ қНННННННННННННННННННННΝΤΦ 

(4.36%) (4.32%) (4.30%) (4.28%) (4.25%) 

12.5 kW / 150 kWh 
қНННННННННННННННΝΣΠ қНННННННННННННННΝΣΟ қНННННННННННННННΝΣΞ қНННННННННННННННΝΣΝ қНННННННННННННННННННННΝΣΜ 

(3.90%) (3.87%) (3.84%) (3.82%) (3.79%) 

12.5 kW / 180 kWh 
қНННННННННННННННΝΤΜ қНННННННННННННННΝΣΥ қНННННННННННННННΝΣΤ қНННННННННННННННΝΣΣ қНННННННННННННННННННННΝΣΡ 

(4.02%) (3.98%) (3.96%) (3.94%) (3.91%) 

12.5 kW / 240 kWh 
қНННННННННННННННΝΦΜ қНННННННННННННННΝΥΦ қНННННННННННННННΝΥΥ қНННННННННННННННΝΥΤ қНННННННННННННННННННННΝΥΡ 

(4.52%) (4.48%) (4.45%) (4.43%) (4.40%) 

18.75 kW / 60 kWh  
қНННННННΞΦΦЮΟΞ қНННННННΞΦΥЮΞΝ қНННННННΞΦΤЮΠΟ қНННННННΞΦΣЮΥΜ қННННННННННННННΞΦΡЮΤΠ 

(7.10%) (7.08%) (7.06%) (7.04%) (7.02%) 

18.75 kW / 90 kWh 
қНННННННΟΝΝЮΣΦ қНННННННΟΝΜЮΣΣ қНННННННΟΜΦЮΦΤ қНННННННΟΜΦЮΠΜ қННННННННННННННΟΜΥЮΠΜ 

(7.40%) (7.37%) (7.35%) (7.34%) (7.32%) 

18.75 kW / 120 kWh  
қНННННННΞΥΞЮΦΥ қНННННННΞΥΝЮΤΥ қНННННННΞΥΜЮΦΤ қНННННННΞΥΜЮΞΦ қННННННННННННННΞΤΦЮΝΟ 

(6.71%) (6.69%) (6.67%) (6.65%) (6.62%) 

18.75 kW / 150 kWh 
қНННННННΞΤΞЮΟΥ қНННННННΞΤΝЮΝΣ қНННННННΞΤΜЮΟΟ қНННННННΞΣΦЮΣΠ қННННННННННННННΞΣΥЮΠΤ 

(6.46%) (6.43%) (6.41%) (6.40%) (6.37%) 

18.75 kW / 180 kWh 
қНННННННΞΤΠЮΦΤ қНННННННΞΤΟЮΤΠ қНННННННΞΤΞЮΦΜ қНННННННΞΤΞЮΞΝ қННННННННННННННΞΤΝЮΜΞ 

(6.52%) (6.49%) (6.48%) (6.46%) (6.43%) 

18.75 kW / 240 kWh 
қНННННННΞΠΟЮΝΦ қНННННННΞΠΝЮΤΥ қНННННННΞΠΜЮΥΡ қНННННННΞΠΜЮΜΤ қННННННННННННННΞΟΥЮΤΥ 

(5.77%) (5.74%) (5.71%) (5.70%) (5.67%) 

25 kW / 60 kWh  
қНННННННΟΡΥЮΞΝ қНННННННΟΡΤЮΟΞ қНННННННΟΡΣЮΣΞ қНННННННΟΡΣЮΜΝ қННННННННННННННΟΡΠЮΦΜ 

(8.50%) (8.48%) (8.46%) (8.45%) (8.42%) 

25 kW / 90 kWh 
қНННННННΟΦΦЮΟΥ қНННННННΟΦΥЮΡΜ қНННННННΟΦΤЮΥΟ қНННННННΟΦΤЮΞΡ қННННННННННННННΟΦΣЮΞΜ 

(9.48%) (9.46%) (9.44%) (9.43%) (9.40%) 

25 kW / 120 kWh  
қНННННННΠΜΝЮΤΠ қНННННННΠΜΜЮΥΣ қНННННННΠΜΜЮΝΦ қНННННННΟΦΦЮΣΟ қННННННННННННННΟΦΥЮΣΟ 

(9.53%) (9.51%) (9.50%) (9.48%) (9.46%) 

25 kW / 150 kWh 
қНННННННΟΤΤЮΡΥ қНННННННΟΤΣЮΣΤ қНННННННΟΤΣЮΜΝ қНННННННΟΤΡЮΠΠ қННННННННННННННΟΤΠЮΠΟ 

(8.96%) (8.94%) (8.92%) (8.91%) (8.88%) 

25 kW / 180 kWh 
қНННННННΟΡΤЮΟΟ қНННННННΟΡΣЮΟΦ қНННННННΟΡΡЮΣΦ қНННННННΟΡΡЮΜΦ қННННННННННННННΟΡΠЮΜΡ 

(8.48%) (8.46%) (8.44%) (8.43%) (8.40%) 

25 kW / 240 kWh 
қНННННННΟΝΤЮΥΥ қНННННННΟΝΣЮΥΣ қНННННННΟΝΣЮΝΟ қНННННННΟΝΡЮΡΞ қННННННННННННННΟΝΠЮΠΣ 

(7.54%) (7.52%) (7.50%) (7.49%) (7.46%) 
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Table 4-13 Annual PV self-consumption increase for each HESS for Case 1  

Battery Size 
SC Size 

0 kWp 20 kWp  40 kWp  60 kWp  100 kWp  

12.5 kW / 60 kWh  
              2,132 kWh              2,169 kWh              2,192 kWh              2,210 kWh                2,239 kWh  

(10.38%) (10.56%) (10.67%) (10.76%) (10.90%) 

12.5 kW / 90 kWh 
              2,297 kWh              2,335 kWh              2,357 kWh              2,375 kWh                2,404 kWh  

(11.18%) (11.37%) (11.48%) (11.56%) (11.70%) 

12.5 kW / 120 kWh  
              2,363 kWh              2,401 kWh              2,424 kWh              2,441 kWh                2,469 kWh  

(11.50%) (11.69%) (11.80%) (11.89%) (12.02%) 

12.5 kW / 150 kWh 
              2,519 kWh              2,560 kWh              2,585 kWh              2,605 kWh                2,635 kWh  

(12.26%) (12.46%) (12.59%) (12.68%) (12.83%) 

12.5 kW / 180 kWh 
              2,552 kWh              2,588 kWh              2,610 kWh              2,627 kWh                2,655 kWh  

(12.43%) (12.60%) (12.71%) (12.79%) (12.93%) 

12.5 kW / 240 kWh 
              2,516 kWh              2,552 kWh              2,575 kWh              2,594 kWh                2,623 kWh  

(12.25%) (12.43%) (12.54%) (12.63%) (12.77%) 

18.75 kW / 60 kWh  
              2,342 kWh              2,371 kWh              2,390 kWh              2,404 kWh                2,429 kWh  

(11.4%) (11.5%) (11.6%) (11.7%) (11.8%) 

18.75 kW / 90 kWh 
              2,923 kWh              2,952 kWh              2,971 kWh              2,987 kWh                3,013 kWh  

(14.2%) (14.4%) (14.5%) (14.5%) (14.7%) 

18.75 kW / 120 kWh  
              2,900 kWh              2,932 kWh              2,953 kWh              2,969 kWh                2,997 kWh  

(14.1%) (14.3%) (14.4%) (14.5%) (14.6%) 

18.75 kW / 150 kWh 
              2,911 kWh              2,940 kWh              2,959 kWh              2,974 kWh                3,000 kWh  

(14.2%) (14.3%) (14.4%) (14.5%) (14.6%) 

18.75 kW / 180 kWh 
              3,020 kWh              3,051 kWh              3,071 kWh              3,087 kWh                3,115 kWh  

(14.7%) (14.9%) (15.0%) (15.0%) (15.2%) 

18.75 kW / 240 kWh 
              2,998 kWh              3,031 kWh              3,053 kWh              3,071 kWh                3,100 kWh  

(14.6%) (14.8%) (14.9%) (14.9%) (15.1%) 

25 kW / 60 kWh  
              2,499 kWh              2,523 kWh              2,541 kWh              2,555 kWh                2,581 kWh  

(12.2%) (12.3%) (12.4%) (12.4%) (12.6%) 

25 kW / 90 kWh 
              2,827 kWh              2,852 kWh              2,870 kWh              2,885 kWh                2,910 kWh  

(13.8%) (13.9%) (14.0%) (14.0%) (14.2%) 

25 kW / 120 kWh  
              3,034 kWh              3,057 kWh              3,073 kWh              3,087 kWh                3,111 kWh  

(14.8%) (14.9%) (15.0%) (15.0%) (15.1%) 

25 kW / 150 kWh 
              3,238 kWh              3,263 kWh              3,280 kWh              3,295 kWh                3,319 kWh  

(15.8%) (15.9%) (16.0%) (16.0%) (16.2%) 

25 kW / 180 kWh 
              3,317 kWh              3,343 kWh              3,362 kWh              3,378 kWh                3,406 kWh  

(16.1%) (16.3%) (16.4%) (16.4%) (16.6%) 

25 kW / 240 kWh 
              3,367 kWh              3,393 kWh              3,412 kWh              3,427 kWh                3,453 kWh  

(16.4%) (16.5%) (16.6%) (16.7%) (16.8%) 
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Case 2 Results 

Similar results are presented for Case 2 in Figure 4.21, Figure 4.22, Table 4-14 and Table 4-15, 

like for Case 1. The same observations are, as per Case 1, where the SC improves PV self-

consumption, however there is no added benefit to the overall cost savings. 

 

 

Figure 4.21. Change in annual savings for the 12.5 kW RFBs with different SC sizes 

 

Figure 4.22 Change in annual PV self-consumption for the 12.5 kW RFBs with different SC sizes 
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Table 4-14 Annual savings increase for HESS arrangements for Case 2  

Battery Size 
SC Size 

0 kWp 20 kWp 40 kWp 60 kWp 100 kWp 

12.5 kW / 60 kWh 
қНННННННННННННННΞΣΥ қНННННННННННННННΞΣΤ қНННННННННННННННΞΣΣ қНННННННННННННННΞΣΡ қНННННННННННННННННΞΣΠ 
(6.36%) (6.33%) (6.31%) (6.29%) (6.27%) 

12.5 kW / 90 kWh 
қНННННННННННННННΞΣΦ қНННННННННННННННΞΣΥ қНННННННННННННННΞΣΤ қНННННННННННННННΞΣΣ қНННННННННННННННННΞΣΡ 
6.38% 6.35% 6.33% 6.31% 6.28% 

12.5 kW / 120 kWh 
қНННННННННННННННΞΣΠ қНННННННННННННННΞΣΞ қНННННННННННННННΞΣΝ қНННННННННННННННΞΣΝ қНННННННННННННННННΞΣΜ 
(6.25%) (6.22%) (6.20%) (6.18%) (6.16%) 

12.5 kW / 150 kWh 
қНННННННННННННННΞΠΟ қНННННННННННННННΞΠΝ қНННННННННННННННΞΠΝ қНННННННННННННННΞΠΜ қНННННННННННННННННΞΟΦ 
(5.76%) (5.73%) (5.71%) (5.69%) (5.67%) 

12.5 kW / 180 kWh 
қНННННННННННННННΞΟΞ қНННННННННННННННΞΟΝ қНННННННННННННННΞΟΜ қНННННННННННННННΞΞΦ қНННННННННННННННННΞΞΥ 
(5.52%) (5.48%) (5.46%) (5.44%) (5.41%) 

12.5 kW / 240 kWh 
қНННННННННННННННΞΝΦ қНННННННННННННННΞΝΤ қНННННННННННННННΞΝΣ қНННННННННННННННΞΝΣ қНННННННННННННННННΞΝΡ 
(5.19%) (5.16%) (5.14%) (5.12%) (5.09%) 

18.75 kW / 60 kWh 
қНННННННΟΡΡЮΦΠ қНННННННΟΡΠЮΦΠ қНННННННΟΡΠЮΞΤ қНННННННΟΡΟЮΤΜ қНННННННННΟΡΞЮΤΟ 
(8.45%) (8.42%) (8.41%) (8.39%) (8.37%) 

18.75 kW / 90 kWh 
қНННННННΟΥΠЮΞΞ қНННННННΟΥΟЮΞΝ қНННННННΟΥΞЮΡΞ қНННННННΟΥΝЮΦΝ қНННННННННΟΥΜЮΥΞ 
(9.12%) (9.09%) (9.08%) (9.06%) (9.04%) 

18.75 kW / 120 kWh 
қНННННННΟΤΦЮΣΣ қНННННННΟΤΥЮΣΟ қНННННННΟΤΤЮΦΜ қНННННННΟΤΤЮΞΥ қНННННННННΟΤΣЮΞΜ 
(9.01%) (8.98%) (8.97%) (8.95%) (8.93%) 

18.75 kW / 150 kWh 
қНННННННΟΦΠЮΝΜ қНННННННΟΦΟЮΜΣ қНННННННΟΦΞЮΟΝ қНННННННΟΦΝЮΣΣ қНННННННННΟΦΜЮΡΡ 
(9.35%) (9.33%) (9.31%) (9.29%) (9.27%) 

18.75 kW / 180 kWh 
қНННННННΟΦΠЮΠΡ қНННННННΟΦΟЮΟΝ қНННННННΟΦΞЮΡΟ қНННННННΟΦΝЮΥΤ қНННННННННΟΦΜЮΤΝ 
(9.36%) (9.33%) (9.31%) (9.30%) (9.27%) 

18.75 kW / 240 kWh 
қНННННННΟΥΥЮΡΜ қНННННННΟΥΤЮΠΝ қНННННННΟΥΣЮΣΡ қНННННННΟΥΣЮΜΝ қНННННННННΟΥΠЮΥΤ 
(9.22%) (9.19%) (9.17%) (9.16%) (9.13%) 

25 kW / 60 kWh 
қНННННННΟΦΣЮΠΠ қНННННННΟΦΡЮΡΜ қНННННННΟΦΠЮΤΦ қНННННННΟΦΠЮΝΣ қНННННННННΟΦΟЮΜΞ 
(9.41%) (9.38%) (9.37%) (9.35%) (9.32%) 

25 kW / 90 kWh 
қНННННННΠΣΠЮΤΣ қНННННННΠΣΟЮΦΞ қНННННННΠΣΟЮΞΠ қНННННННΠΣΞЮΣΠ қНННННННННΠΣΝЮΡΠ 
(11.03%) (11.01%) (10.99%) (10.98%) (10.95%) 

25 kW / 120 kWh 
қНННННННΠΥΥЮΤΤ қНННННННΠΥΤЮΦΦ қНННННННΠΥΤЮΟΦ қНННННННΠΥΣЮΥΠ қНННННННННΠΥΡЮΥΣ 
(11.60%) (11.58%) (11.56%) (11.55%) (11.53%) 

25 kW / 150 kWh 
қНННННННΠΦΜЮΣΟ қНННННННΠΥΦЮΤΥ қНННННННΠΥΦЮΝΠ қНННННННΠΥΥЮΡΤ қНННННННННΠΥΤЮΡΡ 
(11.64%) (11.62%) (11.61%) (11.59%) (11.57%) 

25 kW / 180 kWh 
қНННННННΡΝΞЮΥΜ қНННННННΡΝΞЮΜΜ қНННННННΡΝΝЮΟΣ қНННННННΡΝΜЮΥΝ қНННННННННΡΜΦЮΥΞ 
(12.17%) (12.15%) (12.13%) (12.12%) (12.10%) 

25 kW / 240 kWh 
қНННННННΠΥΤЮΠΡ қНННННННΠΥΣЮΡΝ қНННННННΠΥΡЮΥΜ қНННННННΠΥΡЮΝΥ қНННННННННΠΥΠЮΝΝ 
(11.57%) (11.54%) (11.53%) (11.51%) (11.49%) 
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Table 4-15 Annual PV self-consumption increase for each HESS for Case 2.  

Battery Size 
SC Size 

0 kWp 20 kWp  40 kWp  60 kWp  100 kWp  

12.5 kW / 60 kWh  
          2,252 kWh            2,288 kWh           2,310 kWh            2,327 kWh            2,355 kWh  

(10.97%) (11.14%) (11.25%) (11.33%) (11.47%) 

12.5 kW / 90 kWh 
          2,294 kWh            2,328 kWh           2,349 kWh            2,366 kWh            2,393 kWh  

(11.17%) (11.33%) (11.43%) (11.52%) (11.65%) 

12.5 kW / 120 kWh  
          2,307 kWh            2,342 kWh           2,363 kWh            2,379 kWh            2,404 kWh  

(11.23%) (11.40%) (11.50%) (11.58%) (11.70%) 

12.5 kW / 150 kWh 
          2,414 kWh            2,447 kWh           2,469 kWh            2,485 kWh            2,513 kWh  

(11.75%) (11.92%) (12.02%) (12.10%) (12.23%) 

12.5 kW / 180 kWh 
          2,368 kWh            2,402 kWh           2,423 kWh            2,441 kWh            2,468 kWh  

(11.53%) (11.69%) (11.80%) (11.88%) (12.02%) 

12.5 kW / 240 kWh 
          2,327 kWh            2,362 kWh           2,384 kWh            2,401 kWh            2,429 kWh  

(11.33%) (11.50%) (11.61%) (11.69%) (11.82%) 

18.75 kW / 60 kWh  
          2,444 kWh            2,472 kWh           2,491 kWh            2,506 kWh            2,532 kWh  

(11.9%) (12.0%) (12.1%) (12.2%) (12.3%) 

18.75 kW / 90 kWh 
          2,624 kWh            2,651 kWh           2,668 kWh            2,683 kWh            2,709 kWh  

(12.8%) (12.9%) (13.0%) (13.1%) (13.2%) 

18.75 kW / 120 kWh  
          2,786 kWh            2,814 kWh           2,832 kWh            2,848 kWh            2,874 kWh  

(13.6%) (13.7%) (13.8%) (13.9%) (14.0%) 

18.75 kW / 150 kWh 
          2,896 kWh            2,922 kWh           2,939 kWh            2,954 kWh            2,979 kWh  

(14.1%) (14.2%) (14.3%) (14.4%) (14.5%) 

18.75 kW / 180 kWh 
          2,961 kWh            2,989 kWh           3,007 kWh            3,022 kWh            3,049 kWh  

(14.4%) (14.5%) (14.6%) (14.7%) (14.8%) 

18.75 kW / 240 kWh 
          2,874 kWh            2,902 kWh           2,921 kWh            2,937 kWh            2,964 kWh  

(14.0%) (14.1%) (14.2%) (14.3%) (14.4%) 

25 kW / 60 kWh  
          2,435 kWh            2,459 kWh           2,476 kWh            2,490 kWh            2,515 kWh  

(11.9%) (12.0%) (12.1%) (12.1%) (12.2%) 

25 kW / 90 kWh 
          2,858 kWh            2,882 kWh           2,899 kWh            2,913 kWh            2,938 kWh  

(13.9%) (14.0%) (14.1%) (14.2%) (14.3%) 

25 kW / 120 kWh  
          3,220 kWh            3,242 kWh           3,258 kWh            3,272 kWh            3,296 kWh  

(15.7%) (15.8%) (15.9%) (15.9%) (16.0%) 

25 kW / 150 kWh 
          3,094 kWh            3,116 kWh           3,132 kWh            3,146 kWh            3,170 kWh  

(15.1%) (15.2%) (15.2%) (15.3%) (15.4%) 

25 kW / 180 kWh 
          2,914 kWh            2,935 kWh           2,951 kWh            2,964 kWh            2,987 kWh  

(14.2%) (14.3%) (14.4%) (14.4%) (14.5%) 

25 kW / 240 kWh 
          3,244 kWh            3,267 kWh           3,284 kWh            3,297 kWh            3,322 kWh  

(15.8%) (15.9%) (16.0%) (16.1%) (16.2%) 

 

4.4.4. TECHNO-ECONOMIC ANALYSIS 

Figure 4.23 to Figure 4.25 show the NPV results for the various HESS arrangements, for both 

Case 1 and Case 2, assessed over periods of 10 ï 20 years. In all cases we can see that the NPV 

are negative, ranging from - ú47,000 to -ú90,000, and NPV decreases with increasing battery 

size, increasing SC size and increasing project period. The last point is interesting, as typically, 

NPV is expected to increase with a longer project period, as an extended timeframe allows for 

more opportunities to generate revenue. This increased cash inflow helps offset the initial 

investment cost and move the project toward the breakeven point, improving overall 

profitability. However, the annual revenue for the different RFB sizes varies between ú164 to 

ú512, and this is significantly lower than the annual HESS OPEX, which is can range at about  

ú100 - ú1,300 (depending on the year and size) for the RFB and ú200 for the SC. Due to this, 

the HESS generate a negative annual cashflow.  
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Figure 4.26 to Figure 4.28 show the NPV calculations for the same HESS arrangements as per, 

with the OPEX neglected from the annual cashflow to understand how this may impact the 

results. Although the resultant NPVs are still highly negative, there are some noticeable 

differences compared to the NPVs shown in Figure 4.23 to Figure 4.25, such as: 

¶ All NPVs are slightly more positive than before, ranging from -ú25,000 to -ú80,000. 

¶ By ignoring the OPEX, the annual cashflow is always positive, hence we see an 

increasing NPV with increasing project period, as typically expected. 

¶ Comparing the NPV across different project durations for the same HESS configuration 

shows a notably narrower range of results. This would be expected as the annual 

cashflow, which is only the revenue in this case, is > 1%  of the HESS CAPEX; hence 

a significantly longer period would be required for the cashflow to offset the initial 

investment in a meaningful way.  

The NPV analysis shows highly negative values for all HESS arrangements. This due the high 

CAPEX and high OPEX compared to the revenue achieved by each system. For this case study, 

an RFB is not a financially viable investment as it does not generate enough returns to offset 

the outgoing costs or the initial investment.  

 

Figure 4.23 NPV results for different HESS combinations using a 12.5 kW RFB 

 






















































































































































































