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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 (Daghead 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

Pl Profitability Index

PV Photovoltaic

REF Reference signal (in control equations)
RES Renewable Energy Sources

RFB Redox Flow Battery

RTE RoundTrip Efficiency

SAFB Smoothing and Fluctuation Benefit

SC Supercapacitor

SOC State of Charge

SPP Simple Payback Period

SSR SeltSufficiency Rate

ucC Use Case

VRFB Vandium Redox Flow Battery

WACC Weighted Average Cost of Capital
ZEBRA i:trtc()a IE/;nission Battery Research Activitesa t y p e
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1.INTRODUCTION

1.1. CONTEXT OF THE DELIVERABLE

Deliverable D2.3 provides a detailed tecksemnomic analysis and sizing methodology for

Hybrid Energy Storage Systems (HESSs) under varying use cases, business cases, dnd regiona

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 7 D2.1 HESS business cases assessmgwntification of relevant storage
applications, market mechanism@sdrevenue streamgrofitableuse cases and business cases
for HESSs

Task 2.2 D2.2 Digital twins for HESSs desigdevelopment of simulation and optimization
tools to evaluate the performance gmdfitability 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 technadogleasalt

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, recognigidiyénse market
structures, electricity pricing schemes, adsidering thesystem limitsthat influence HESS
feasibility.

1.2.SCOPE AND OBJECTIVES

The primaryscopeof this deliverable is to present the optimal sizing of the proposed Hybrid
Energy Storage System (HESS) solutions: Redox Flow Battery (RFB) + Supercapacitor (SC)
andSalt-based battery + Supercapacitor (SC), for the selected useTaisascludes:

1T Demonstrating how the results from Task
to sizingscenariosn particular forPortugal and Germany castidies

1 Identifying the most advantageous balance between system cap@aipytal
Expenditure CAPEX) and Operational Expenditur®PEX), and revenue potential in
each geographical setting.

1 Providing actionable recommendations on HESS design and deployment that will feed
into subsequent tasks, including practical demonstration activities.

Within the scope oSMHYLES, this deliverable address both the technical and economic
aspectsof HESS integration.Through this work, the deliverableargets the following
objectives

2
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1 Definition and Applcation 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.

1 Analysis ofGeographical Variationstemonstration dfiow differences in market rules,
and grid conditions drive HESS feasibility and potential revenue streams.

1 Recommendtion of Optimal Sizing Approachesproposition of strategies for
configuring HESS to provide mulpurpose services (e.g., peak shaving, frequency
regulation, renewable integration) while maintaining financial viability.

1 Identification ofOpportunities for Further Developmehighlights ofareas for refining
modeling techniques, scaling reabrld demonstrations, and adapon ofregulations
to better accommodate HESS deployments.

By fulfilling these objectives, the projeatms to establish robust guidelines for designing and
implementing HESS solutions that are both technically sound and economically viable. These
guidelines will incorporate a techhezonomic sizing methodology for HESS, which varies by
usecase, as summagd below.

Within the four addressed cases, we deploy distinct yet complementary optimization tools
tailored to each use casebs objectives and
case, the Graciosa Island microgrid is analyzed, while for the Gerasan the Technology
Center for Energy (TZE) at the University of Landshut is simulated. In both cases, FBK applies
a datadriven, twatier, multiobjective genetic algorithm (GA) framework, based on the HESS
optimization approach introduced in D2Pland 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 casebs specific rodaswmistanglone ntiitg . | n
scale PV plant with HESS using a Mixétdeger Linear Programming (MILP) formulation,
aiming to maximize project profitability by stacking revenues from theadtead, intraday,
balancing, and Fafeserve markets, while accaimng for battery ageing, SC power limits, and
Italian market constraints.

Finally, the African case is analyzed by COMETRINA using HOMER (Hybrid Optimization

of Multiple Energy Resources), a software tool specialized in the testoroomic modeling

and optimization of hybrid energy systems. HOMER employs an exhaustive, sdeasat
simulation approach, automatically evaling hundreds or even thousands of potential system
configurations by combining various production, storage, and energy conversion technologies.
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2. INPUTANDBACKGROUND

2.1. USE CASEAND BUSINESS CASES

Task 2.1 laid the groundwork fanalyzingand 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 seario, Task 2.1 established a foundation for subsequent tedomomic
evaluations for this deliverabl®lsing D2.1 as atarting pointfour casestudieswere selected

for analysisn Task2.3.Key highlights of theecasestudiesare summarized below:

Portugal i Graciosalsland, Graciolica demonstration site(Demo #J)

Graciosa Island, part of the Azores archipelago, operates as a microgrid with limited
interconnection to mainland Portugal. The Gracidlica facility currently supplies over 60% of
the island's energy from renewable sources, significantly reducing diesahgotion. 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 fludtua from intermittent renewables, and
further reduce reliance on diesel, leading to lower fuel costs and emissions.

Objective:Minimize curtailment of existing wind and solar povpdaints andeduce reliance
on diesel generators to enhance sustainability and lower operational costs.

Germany 1 Passay Technology Center for Energy(TZE 1 Landshut University)

Ger manyods energy market, characterized by a
pricing structures, is facing new challenges in managing fluctuations in supply and demand.
With the increasing reliance on renewable sources, the market experiendessigrariations

in electricity prices between effeak and peak periods, highlighting the need for efficient
energy storage and management solutions. Additionally, as electrification progresses and
demandside loads such as EV charging stations costbougrow, 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 highdemand periods (e.g., weekdays). Advanced storage solutiondswils@pport

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 titioa 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 T Utility -scaleHESSwith PV local production

|l talyds energy | andscape is characterized by
energy storage to enhance ssihsumption, optimize grid operations, and participate in diverse

market mechanisms. With multiple layers in its energy marketh as intraday, dagthead,

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 Wility

scale PV systems are deployed, theran increasing focus on managing surplus generation,
reducing curtailment, and providing ancillary services to stabilize the grid.

By implementing HESSSs, 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 darindspof 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 achievirmyeasunstainable, reliable,

and resilient energy system.

Objective:Integrate a standalone utiliscale PV system with HESS to participate in market
mechanisms such as dakieadintra-day,balancingand fast reserve

Tunisiai Medium-Voltage Industrial Facility with PV production capacity

In Tunisia, a mediunvoltage, gridconnected 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 maximizeteoanergy consumption.
However, current grid regulatiomspose restrictions on exportiggcess PV generatipwith

limited compensatiorfor the energy fed back intthe grid. These constraints significantly
reduce the economic incentive for exporting setergy, thereby increasing the appeal of local
energy storage and s@&bnsumption strategies. To address this challenge, the study proposes
a HESS configuration that integrates a RFB for {dngation energy storage and a SC for-fast
response, higipowerdemands. The techreconomic 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 Tunisi a

2.2.SMHYLES Optimizerfor HESSSizing Portugal& Germany

Task 2.2 focused on designing and validating a flexible, -dia@n techneeconomic
optimization framework for detailed assessments of HESSs in diverse operational contexts.
This framework accommodates multiple storage technologies, such as Redox Renegfat
saltbased batteries, and supercapacitors, and evaluates how these components can be optimally
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combined to meet various energy management objectives (e.ecpsslfimption, arbitrage,

l oad shifting, -peribccoptimizatidneapdbibtieslallow subtle tomparisons

of batteryonly vs. hybrid solutions across different timescales aratket 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 deliverableigure2.1 provides a general overview of the approach of
using multiperiod optimization for battery and HESS arrangemasiteported in D2.1].

Load Profile Output
——————————— PV Residual & Battery Profile

Multi period Optimization T Ty Resiaua) cen. IM .[,“MMA
EY (15 min —1 hour) = Hl
2 g {ﬁ
g 5

T by
Battery
Time

+
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L

(1second — 1 min)

NN
oyt e y "“ ”M '\

Time

Power (kW)

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 welkuited for energyntensive 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 solutiomkaenergy shifting and
renewable integration in microgrids or utilisgale deployments. The electrolyte tanks in RFBs
can be sized separately from the power stack, offering flexible design for varying power and
energy requirements. Additionally, RFRdten exhibit lower capacity fade compared to
conventional batteries, making them eefective over long lifetimesDuring the charging
process, RFBs may date their power output to avoid exceeding certain voltage thresholds,
particularly as the electrolyie state of charges(©Q approaches upper limit$his derating

can reduce the effective charging rate, causing underutilization of available surplus renewable
energy if high production spikes oc{2if3].

Role of SC:Supercapacitorsanmitigate these limitations by quickly absorbing skautation
power spikes that exceed the R&Bsafe charging rate, thus minimizing curtailment and
ensuring the RFB remains within its optimal operational envelope.
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Salt-Based Batterie¢ ¢ R9 { B

Similar to RFBs, sabas ed ( NaNi CI ) b a t-ratiag undes cerax hi b i t
conditions, such as thermal management requirements and current/voltage limits. Their
operating temperature must be maintained within a specific range, which can iatfodoer
constraints and power limitations. Despite the need for careful thermal manageméaiseslt
batteries offer high energy density and cycle stability, providing high cycle life and steady
performance for daily deep discharge applaai Commonly used in industrial microgrids or
remote locations where robust energy supply is essential, these batteries require operation at
elevated temperatures (e.g., around B0 C) [4]. If the temperature falls below or rises above
these setpoints, sdfieating or deating measures are triggered. Sedating consumes stored
energy or external power to maintain the necessary temperature, thereby reducing net usable
capacity. Overheatgleads to power deting to prevent permanent damage or excessive wear.
Additionally, saltbased cells follow constant curréobnstant voltage charging profiles, so the
battery cannot charge or discharge beyond certain rates without risking cell damage.
Approaching the minimum or maximu®OCc an | i mit the batteryoés
suboptimal charging/discharging schedules if the battery alone must handle rapid load or
generation changgs.

Role of SC:By complementing salbased 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 cosffectively over long durations, but they ekat shortterm buffering

to compensate for the slower response of batteries. SCs excel at managitershpawer
eventssuch as surges in load or sudden dips in gener#tianks to very high charge/discharge
rate$6]. Because SCs do not rely on chemical phase changes like batteries, they are highly
resistant to cycle wear, making them ideal for repetitivedaatge scenarios. Although SCs
deliver high bursts of power, their usable energy capacity is relatively, smeling them
unsuitable for longluration shifting (e.g., storing power overnigf#).

Buffering Role: By absorbing momentary spikes or dips that last seconds to minutes, SCs
protect main battery technologies, such as RFB oibsakd batteries, from rapid cycles that
cause increased degradation. The potentiahtieg power limitations of these batteriean be

also compensated by SCs.
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2.3.SYNERGISTIC HESS OPERATION

By combining a battery, such as RFB or-mlted, 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:

1 Power Smoothing: SCs handle hifsfequency components of the load or generation
profile, allowing the battery to focus on bulk energy manageient
1 Operational Efficiency: This synergy improves overall system efficiency by reducing
energy curtailment, smoothing out battery power usage, and minimizing wear on the main
battery9].

Reliability and Lifespan:

1 Increases Reliability: SCs manage sudden, dha&d power demands, freeing the
battery from higkfrequency cycling and enhancing overall system reliafiliity
1 Extends System Lifespan: By reducing stress on the main battery, SC integration helps
preserve longerm capacity and efficienfil].

Economic and Market Benefits:

1 Market Applications: The combined system can provide ancillary services (e.g., frequency
regulation), capture energy arbitrage opportunities, and enhaneeosstfmption of
renewableld 2].

1 Maximizes Economic Potential: HESS can pursue -$hméting, peak shaving, and
frequency regulation strategies, ultimately enhancing return on invegi®jent

2.4. MULTIPERIOD OPTIMIZATION AND SOFTWARE PLATFORM
Multi-Objective Approach

A central innovation in Task 2.2 is the use of ddtaen, multiperiod, multiobjective
optimization by deploying a genetic algorithm (GA) for revenue maximization, considering
system operational limitsThis tool, previously utilized in several BES&timization
problem$13][14][15], has been updated for mulimeframe usage and HESS within Task 2.2,

as reportedh D2.2[1]. Figure2.2 shows theoptimization procedure flowl he framework can
evaluate scenarios at various time resolutidmsirly, minutebased, or even secohased

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 lkwiedd conditions.
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DualTimeframeOptimal Management

The HESS optimization process is designeaddress optimal usage of the HESSS withio
distinct timeframesthis dualtimescale approach offers a practical management strategy for
conducting longerm techneeconomic analyses, considering

High Temporal timgame(Seconds to Minutes)Supercapacitor capture rapid fluctuations in
generation and load, mitigating shtvied 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 timeframelb-Minute to Hourly Intervals):RFB or saltbased 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 timdependent price differentials by storing energy when prices are
low and releasing it when prices are high

High temporal data

Low temporal data .
System, HESS baseline of high Generatlo_n
consfraints temporal data a consumption
Energy price

etc

v
{ Initial population of BESS - hourly based for 24 h }

b

S50C1, SoC2, ., SoC24
(Charge, Discharge profile for 24h)

Save Optimal Profile of
Fitness Function HESS

calculation

Self-consumption
Energy Arbitrage
Load levelling

YES

Voltage regulation
Frequency regulation
Peak shaving

eic

Use Supercapacitor

A

BES S Profile: Manages Lowel
Timeframe adequately?

YES

Convergence?

HNO
NO

v

—[ Crossover, mutation selection, ... ] Update BESS profile

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 developedithin Task 2.2 incorporates critical technical and system limits, including
batterypowerderating, thermal boundaries, asDCrestrictions. 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 selfonsumption raximization and energy arbitrage:

SeltConsumption Enhancement

The HESS can maximize the fraction of-gite 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 effici¢h6}/

Energy Arbitrage

The framework exploits price differentials in wholesale or retail electricity markets. During
low-price (or highrenewable) periods, the HESS charges; then it discharges when prices are
higher or when the system needs supgbdreby increasing revenue or offsetting expensive
grid purchasd&7].
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3. CASE STUDYORTUGAL

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 generatorsndetalihigh 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
solarbattery system that currently supplies over 6(tsoenergy 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 dggstrators, 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 realime supply and demandyuffering large power swings, and further
minimizing dieseusage

3.2.PURPOSE OF THE CASE STUDY

The Gradolica Island case study illustrates how a HESS, specifically combining-lbasait
battery ( NaNi ClI ) with a supercapacitor, C
renewable generation in a remote microgrid. The-lsded battery provides bulk engrg

storage and longeaturation shifting, while the supercapacitor offers rajgisponse buffering

to manage fast transient events and offset poweatiley constraints in the battery. By
examiningsystem sizing, operational profiles, and teckconomic results in this unique island

context, the case study aims to:

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

1 Evaluate how SC can mitigate rapid load changes (g@iray services) and battery power
derating.

1 Demonstrate the technical feasibility and economic viability of incorporating HESS in
remote microgrids.

1 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 REBB]. 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 energyéaigring both fuel costs

and emissionslThe Graciosa Island microgrid, exemplifies these challenges and opportunities.
Similarly, research focusing on Graciosa | sl
reduce diesel generation and excess renewable electricity curtailment throungégftagion of

HESS19].

Such combined battergupercapacitor systems deliver multiple operational and economic
benefits. On the operational side, supercapacitors relieve batteries frofrelgigéncy cycling,
thereby prolonging battery lifetime, improving overall system robusinasd 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 operdtimgrs. Various techneconomic
analyses underscore that a widisigned HESSespecially one tailored to local load profiles,
climatic conditions, and renewable resource variabiiy markedly lower total lifecycle costs

while ensuring secure and stable electricity supply.

Accordingly, the forthcoming techreconomic assessment will concentrate on identifying the

optimal sizing of both the sditased battery and supercapacitor, with a strong focus on four key
objectivesreducing diesel consumptionincreasing RES utilization with HESS enhancing

frequency regulation, andensuring optimal sizing and techneeconomic feasibility This

includes evaluating the required power and energy capacities, frequency response capabilities,
and temperatureelated performance constraintsy Bapturing these interrelated parameters,

the analysis will illuminate how best to reduce diesel usage and maximize RES utilization in
Graciosads unique setting, ul ti mately reinf
high-renewable, lowcarbonmicrogrid 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 ppplgrduring

periods of low renewable generation. For instance, a study on optimizing hybrid rerewable
diesel power plants introduced an innovative energy management system that incorporates
battery energy storage systems, leading to enhanced economiitsbene reduced diesel
consumptiof0]. 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 instabjRt/][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 ragd pow
fluctuations. Consequently, studies have proposed HESS configurations that combine batteries
with supercapacitors to effectively smooth the output of wind and PV pdWwer.approach
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also provides a buffer, allowing diesel generators to operate less frequently or at more optimal
load level§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-sugtiéd for handling sirt-term power
fluctuations, thereby complementing batteries that manage loegerenergy storage. A study
presented an effective hybrid supercapadiaitery energy storage system for active power
management in a windiesel system, emphasizing itseoh frequency regulation and power
quality improvemerj22]. Furthermore, an economic analysis of adu batterysupercapacitor

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 efficiefit0).

Optimal Sizing and Techsficonomic Considerations

Optimal sizing of HESS, patrticularly 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 exignslystem 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 superctypani combination with battery storage can
drastically reduce battery degradation caused by-tegtuency cycling, thus extending battery

life and minimizing replacement co28].

Moreover, advanced optimization algorithms and modeling techniques are essential for
accurately determining HESS dimensions. It has been demonstrated thasiaedeHESS can
significantly reduce operational costs by effectively capturing excess remesvedsy, which
would otherwise be curtailed, thereby reducing reliance on costly diesel gerj@ddtion
Additionally, temperature management and environmental conditions significantly impact
techneeconomic considerations. Shlsed batteries, for irmtce, exhibit performance
derating at extreme temperatures, limiting their effective utiliz@kEJn In this regard,
supercapacitocan beused tocompensate for these limitations, especially under temperature
induced power derating conditions.

3.3.SITE AND DATA DESCRIPTION

Currently,the sitei nt egrates a 4.5 MW wind farm, a 1
l'ithium titanate oxide (LTO) battery system
over 60% clean energy penetration and savir
Noneh el es s, to address a remaining annual cur
boost the renewable fraction, a new4alh sed HESS, comprising a 2
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battery and a 250 kW supercapacitorhebulki | | b e
energy capacity forlongetur at i on storage, the supercapaci
discharge makes it essential for primary control, particularly frequency regulation. It also
compensates for moments when the salt battery experipoeas derating due to operating
temperature constraints.

Figure3.1. below shows a sample of tipewer profiles from the generation assets owned by
Graciolica. In this examplegcurtailmentof solar and wind power generati observedn
severalinstanceqbetween hours-b, 11-14 and 2224), given by the discrepancy between
maximum possible generation and actual power generdied. illustrates thepossible
advantage ofdding a salbased batteryas the additionddattery storage system couktharge
using otherwise curtailed renewable power and dischargemes of highdiesel power
generatiorto reduce diesel consumption.

Solar + Wind Generation

4000 —— Maximum possible generation
—— Power generated

Power (kW)

Diesel Power Generation

1500 A

1000 4

Power (kW)

500 A

LTO Battery Operation

500 4

Power (kW)

—500 A

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time (hours)

Figure 3.1. Sampleof power profiles for the generation assets in Graciolicaver 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
Graciolica demo site. The procedureuses the mukperiod optimization tool, workflow and
component models already documented in [2,2vhile Appendix 1 gathers the additional
sizing detailsAdapted to the sitspecific objectives and constraints of this remote microgrid,

the approach follows the main stepsnmarizedelow andvisualizedin Figure3.2.

( Data Collection & Scenario Definition 1

;
= :

{ Sali-Baszed Battery Model }% HESS Component Models]—b Supercapacitor Model
p.

. vy

!

s z j
{Diesel Generator Constraints}(— Operational Constraints }—b Supercapacitor Constraints
p

—)
l |
A 7/

Constraints

Ty

g ™
Long-Term Scheduling Two-Tier Optimization High-Frequency Validation
Hourly over a year Approach Second/Minute over a year
. iy

A

Salt-Based Battery ]

¥ 4 ¥

Y
(" Objective Function )
) Minimize Diesel
BESS Ideal Dispatch Plan RES curtailment SC Management
\__Frequency Regulation

Techno-Economic Modeling

h 4 ¥

‘ CAPEX & OPEX, NPV, etc. \ Battery Cycle Aging Cost
HESS Sizing Map

h 4
SC sizel SC size? SC size3 SCsize n-1 SCsizen

A

Diesel Displacement &
Reduced Curtailment
Frequency Regulation index

BESS Sizel
BESS Size2
BESS Size n-1

Figure 3.2 Workflow of optimal HESS size and operating strategy for Graéolica 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 profilas utilized as input for the optimization
process. Historical data, provided on a midaganinute basis, served as the baseline for
hourly-based battery optimization (averaged to hourly intervals). Mibytinute data was

also employed to precisely iy the saltbased battery's operational limits. Additionally, the
supercapacitor was integrated and optimized using mbmged 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 seceglsecond data over a day, ensuring efficient
frequency regulation through power smoothing and thereby improving poweyqualit

To evaluate the performance, flexibility, and tecl@oonomic 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 storatgepasséle 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 maximinewable selconsumption and minimize
fuel-based generation. Another scenario extends the first by using SC to addressrishort
power fluctuations and support frequency reg
to respond to highesolution vaability, using minute and sdiminute data to assess the
contribution of rapid energy balancing. Additionally, a highewable month scenario is
explored, involving a period with sustained excess generation from solar and wind resources.
This scenario iparticularly useful for analyzing renewable curtailment risks, battery charging
opportunities, and strategies to increasesddficiency under abundant renewable availability.

3.4.2. HESS components models

For this demo case, the HE8fludeda Sodium NickelChloride battery, often referred to a
ZEBRA battery andhencefortireferred taas the salbased battergs well as a supercapacitor

This section will provide a briedlescription of these technologies; howeys#ease refer to
deliverable document D1 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 sallbasedbattery utilizes a molten salelectrolyte and must bmaintainedwithin a
specific temperature range to operafe.summary of the technological parameters and
constraints for a single battery module are providetainle3-1 below.
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Table 3-1 Technological parameters and constraints fothe saltbased battery

Parameter Value

Model 250UP40 FZSonick

Battery type Sodium Nickle Chloride or ZEBRA
Total Capacity 9.6 kWh/ 40Ah

Maximum Charge Current 9-10A

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%60Cand then 267 until 100%0C
Operational Temperature 265-350 C

Heating Modes When temperature goes below minimum temperature setp(
the battery will reheat using an external power source (if
available) or selflischarge (if it is charged SOC min)

Heating Power External power heating340 W
Self-discharge heating230 W

Cooling No active cooling. When max temperature setpoint is reach
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 fa singlesupercapacitasubmoduleare summarizetch Table3-2.

Table 3-2 Supercapacitor submodule parameters

Parameter Value
Capacitance 150- 200 F
Maximum open circuit voltage 27V

Minimum open circuit voltage 12V

Total energy storage capacity 507 60 kJ

Peak power 20 kWp

Internal Resistance 8-15 m Y
Capacitance degradation rate 2x105 %/ Cycle
Resistance degradation rate 1 x104% / Cycle

In the techneeconomic analysis, Saltbased battery sizes aldsupercapacitor sizes were
assessed, corresponding a total of 25 HESS sizes thatwere simulated Each HESS
corresponded to a combination of 1 battery size amluper capaci tomrl.y 6 A
assessment wasitied out for each battery size, hence a total of 30 simutati@ne carried

out. The different sizes are summarizediable 3-3. Size 1corresponds to thkattery and
supercapacitor module arrangemetitat were proposed in the $MLES Initial Design
proposal[26]. For the saHbased battery, this corresponda wystem othe250UP40FZSonick
modulesarranged in3 series(s) and 32 parallelp) scheme. For the supercapacitor, this
corresponds ta 30 series, 2 parall@rrangementef the submodulesFor each size step, we

0
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add another system of 3 s, 32p in series to the battemrangementand30s, 2p in series to
the supercapacitor arrangemeNbte thateachSC sizeis presented in terms dfieir peak
availablepower (kWp)

Table 3-3 Salt-based battery and supercapacitor sizes assessed in the tecl®esonomic assessment.

Size Battery Supercapacitor
Energy and Power | No. in Series & Peak Power | No. in Series &

Parallel Parallel

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

Size 2 480kW/ 1840 kWh | 65,32 P 2400 kWp 60s, 2p

Size 3 720kW/ 2760kWh 9s, 32p 3600 kWp 90s, 2p
Size 4 960kW / 3680 kWh | 125, 32p 4800 kWp 120s, 2p
Size 5 1200kW / 4600 kWh | 155, 32p 6000 kWp 150s, 2p

3.4.3. Operational constraints
Diesel Generator

The following section defines the constraints for diesel generatioich is based on its
minimum runtime and minimum power outptihis is an important consideration, as it affects
the possible interaction WitHESS. The constraints adescribedy equationg1) to (5), and
the relevant variables adefined below.

T 04i « 0« Power output of the diesel generator at time t.

==

Oc g g @ : Power output of the hybrid energy storage system (HESS) at time t.
1 o N 7ip: Binary variable indicating whether the diesel generator iSJION  p
orOFF1 o0 .

3:0: Simulation time step (in minutes).

“Yro P Y:minimum required runtime for the diesel generator (in minutes).

1 M: A constantvariableindicatingmax diesel generator capacity.

==

= =

Minimum Runtime Constraint

Once the diesel generator is turned on, it must remain on for at least 3 hours (180 minutes).
Equationq1) defines this, wherg, be the time the diesel generator is turned on.

X‘n n

160 @ f30 Y h whelr e —— (1)
30
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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 kWhis is defined by equation8) and(3)

v O qmttr o vtp | 0 @

0 o 0f o €)

Interaction with HESS

The HESS cannot reduce diesel generator output to within the ramge 8§ ; 0o C TU T
kW. Therefore, the residual diesel power after offsetting by HESS must sajisfyiong4)
and(5) below.

0 o I Agib o 0 o “)

~ . N
5

0 o m | OV 0 Cm ()

Based on these conditionthe partial offsettingof diesel load by HES$to the invalid
operating band is avoideBor exampleijf the generatooperatesat 250kW, the HESS must
offset up to 50 kWthe entire 250 kWr not offset the load at all.

Salt-Based Battery

The technological parameters have been discussed-gestibn3.4.2andare alsaletailedin
deliverableD2.2[1]. Table3-4 below summarizes tha&te specificoperational constraints for

a single FZSonick 250UP4todule. These operational constraints are equal to or more
restricting than the default technological constraints summariZeahite 3- 1.

As explained in document D213 and summarized ifable3-4, one of the heating modes for

the battery is via selfischarge. In practice, the battery can-sidtharge beyond its minimum
SOCIimit to 0% when carrying out this heating process; however, in our model we have
imposed the loweBOClIimit of 12 % for both energy discharging and s#icharging modes,

where the battery can selfscharge only until the low&OClIimit of 12% is reachedn a real

world scenario, it would be possible to extract additional heating energy by allowing the battery
to seltdischarge below 12%, to 0%. However, doing so would mean that, after heating, the
battery would not be operational until it washraged back above 1280C In contrast, by
enforcing the 1296 0Cfloor 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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tradeoff improves model simplicity and avoids modeling complicatiors®a@ated 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
SOCLimits 12-90%
Maximum Discharging Power 2.8 kW
Max Charging Power 2.5 kW
Maximum Discharge Current 119A
Maximum Charging current 8.9 A

Supercapacitor

No additional sitespecificoperational constraints were defined for the supercapacitor. Refer to
the defaultechnological peameters summarized Trable3-.

3.4.4. Objective Function

Two cases are assesdedthe HESS arrangements in the Graciolica case study, as summarized
below:

1 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 sadtsed battery

1 Case 2As per Case 1, with an additional third focus of using the supercapacitor to smooth
out power fluctuations in output load profjlhereby supporting frequency regulation.

The objective functions for Case 1 and Casee2aper equatior{6) and(7), respectively

I B Ot a0eA0A0 s BADAIF 0 (6)

I’ E ’i‘-t-'r """“"~"T'f7 . '?"t' (7)
WtUy AOE Ok IBaa WL j 0 WL, gy

Where:
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041 o O % theoriginal diesel generator output at time t [KW]

R 0 is the discharge power of the shitsed battery at time t [kKW]
r O isthe charge power of the shlised battery at time t [kW]

ORE s  aQ 45 theavailablerenewable energy at time t [KW]

ORE s uQ isqtheoriginalrenewableenergy used at time t [kKW]

whib i are theweightingcoefficients for each cosr performance term

“Yis thetotal number of time steps in the optimization horizon

" 5o IS the standard deviation of power fluctuations with SC active

dStandard deviation of power fluctuations without SC

Ca Ca

= =4 4 -4 4 -8 -8 -9 -2

" S f

To evaluate the performancefegquencyregulationprovided bythesupercapacitothe Power
Smoothing Indexalso known as th&moothing and Fluctuation Benef8AFB), is used, as
definedin 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.

31 &"p 241 (10)

" 34 EE

The standard deviations used in equat{@f) is based on thatandard deviation of the
difference betweea reference profile and tigeneration profildefore smoothing (toalculate
. 2 u 207 DEtweenareferenceprofile and the generation profile after smoothing (to calculate

). This is summarized byquationg11) and(12) below.

"3

"3 EE (11)

L ) (12)

Where:

1 0 % is a frequency regulation reference signal, representing the desired smoothed
power profileat time t
T Uy @ is the raw power output from generation sources (e.g., diesehtRivfe t

 0scO is the supercapacitor power injection/absorptibtime t

The reference signd} ¢ is typically constructed as a lepass filtered version of the raw
generation power to emphasize Hngquency components, and is givgnequation(13).

b o |t o p | to O (13
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In this formulation, the supercapacitor is tasked with regulating theffeghency mismatch

betweenf)g . And 0, .+ thereby supporting grid frequency stability. The reduction in the
standard deviation from . .to , ., di rect |l y r ef freguencgregulitien sy st

effectiveness N mip is afiltering parameterthat determines the responsiveness of the
reference signal, @ . Lower values of result in a smoother signal with slower dynamics,
while higher values tracl, . § more closely.

3.4.5. HESS Performance and echno-Economic Modeling

In our HESSperformanceassessment, performance was based ortatiaé annualdiesel
consumptionthat hasbeenreducel. This given by valué®© R in KWh. To proceed

with techneeconomic modelingannual revenue for each HESS arrangement was determined
which was based on the cost savidge to avoided diesel use and £&gmissionsThe annual

CO; emissions in tonneis given by equatioiil4) and theannual reveae or cash inflow is
given by equatiofl5), with all relatedparameters summarized Tiable 3-5.

Net present value (NPV) was the primary KPI used fortélseneeconomic assessmeiar
each HESS arrangemenndthis quantifies the financial viability of project. This considers
thepresent valuef theinitial project investment anall future cash inflows and outlfoveser
a specified period. This calculate as per equatio(iL6) below.

Where

1 6 "Ois the annual revenue generated by the HESS, and this corresponds to the cost
savings due from avoided diesel use and avoidege@ssions.

0 "O is the annual operating expenditures for the HESSer equatiofl?).

0 is the project period and corresponds to the expected lifetime of the HESS where it
still generates revenue (s€able3-5.).

wis the assessment interval, and corresponds to 1 year.

w0 O & the weighted average cost of capital (Fakle3-5.).

6 6 0 'O is the capital expenditure and corresponds to the inital investment cost for
implementing the HESS arrangemeasd pei18) .

= =

E
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00O O0LOM O0LOM (17)
0000 ="Y 2000 O® "Y BOOOMO 00 0N (18)
Where:

 000® isthe annual battery OPEX (sEable3-5.).
f 0 0 Odis the annual SC OPEX (s@able3-5.).

T °Y is the battery size in terms of energy storage capacity [kKWh].

1 °Y isthe SC size in terms of maximum power output [kW].

T 66000 isthe specific battery cogseeTable3-5.). Note that battery installation
cost is already accounted for in this specific cost

6 6 0 'Ods the specific SC cost (s@able3-5.)

6060 0 is the SC installation cost (s&@able3-5.).

= =4

We assume that the cashflow remains constant for each assessed year as the battery and
supercapacitor will have the samerformance 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 otihe 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 techneeconomic analysis we also consider battery degradation and impact this will have
on the battery performance and financial outcome. In deliverablg1D2# degradation rate

for the sakbased battery was stated as 0.0046% per cycle as per the sfad}y and using

this we can determine a yearly degradation as(3@r and then use this to determine the
degraded cash flow input as (§20) and the updated NPV as ged).

0] € 51 (19)
0O 0 0p w po0O
(20)
s 0" 00O -
00w S — O0ULO® (21)
P WO0O0O
Where:

1 & § isthe annual battery cycles
11 is the battery degradation rate
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1T ©O is the annual battery degradation.

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

Parameter Description Value Reference
f Specific diesel consumption by th 0.263 L / kWh Graciolica
generator
r Specific CQ emissions for diesel | 2.6 kg / L -
0 Unit cost of diesel al.088 / Graciolica
0 Unit cost per C@emited a70 / t on| 2024 average
600 00 Batteryspecific cost 450 / Kk WAssumed
600 00 SC specific cost 032 /kw Manufacturer Specified
6060 O SC installation cost 140,000 Manufacturer Specified
00O Battery annual OPEX 02,000 / year Assumed
000 SC annual OPEX 02,000 / year Manufacturer Specified
0 Project lifetime 107 20 years -
Wwo 00 Weighted average cost of capital | 5.5 % [28]
) Battery degradation rate 0.0046% / cycle [27]

For the Case 2 analysis, where the SC is ustal tiattery assistanced ancillary servicewe
incorporated a hypothetical payment schemeompensate for the contribution provided for
power regulationln reality, Graciolicacannot expedb re@ive revenue by utilizing the S&

this mannemrs Graciolicaloes not participate in an energy maikad is only compensated for
diesel and C@emissions avoided. Additionally, timwer regulation provided by the SC for
the Case 2 schenig applied to the powegeneratedy Graciolicarather than to assist the
external grid. In ay case applying a revenue scheme for this serwvi@es considered as a
worthwhile exercis¢o evaluate the additional impact of that the supercapacitor could provide
when used in this manner.

The renumeration for this power regulation service was set tgpdr kW minute of energy
absorbed or injected by the SC. This is summariz€ddn This additional renumeration can
be added to the NPV calculation with the NPV formula for Case 2 summari¢zg).in

0 G o 3 D S 22)
v 0 O 0 G 6o ...
UL W ooLOwW (23)
p wWOO0O
Two ot her financi al KPl 6s were also consider

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(@4). IRR is the WACC required to make
NPV =0, and is represented(Zb).
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3.5.BATTERY AND HESS PERFORMANCE RESULTS
3.5.1. Battery OnlyPerformance Results

Figure 3.1. shows an example of the original renewables and diesel power plant generation
profiles, over a 4&our period, starting from the 12 am on 3 January 2024. It also shows the
augmented profiles when a 1200 kW/ 4800 kWh-lsatted battery is simulated with tG&
optimization tool.The saltbased battery is able ttharge usingenewable energy that was
originally scheduled for curtailment, and dischaaga subsequent peritalsubstitutesome of
theenergyoriginally produced by the diespbwer plantBelow is a summary of thgeeneration

s y s t emadia and the battery performance

Time 0 -5 hours:

1 Power demand in Graciosslandis met by a combination of diesel power generation
and renewable energy.

1 No curtailment of renewable energs the PV and windfarm are producing as much
power as possible given by the current weather conditions.

1 At this point, the salbased batterys at its minimumSOC and therefore cannot
discharge to offsesome of the diesajenerationlt cannot recharge as there is not
curtailedrenewable generation that it could use.

T The batteryds temper at ur é&C,whkhdacteaseshi®d87 mi ni m
°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 tbessif

Time 5- 7 hours:

1 The loaddemand on Graciodslandcan be met byenewablaenerationln the original
scenariothe renewable generation assets can produce up @ok40but only 41500
kW is required;therefore2500 kW are curtailed.

1 With the sakbased battery, 170 kW of renewable endlgt was originally curtailed,
is now injected into the system and consumed by thébaaéid batteryso that it can
repeaitself toits minimumoperatingiemperaturef 265 °C.

Time 7-13 hours:

9 Over this period there is stiH1000- 2000 kW of renewablpowerthat is curtailedn
the original scenario.
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1 The saltbased battery use®me of the curtailed renewable power to recharge to its
maximumSOCof 90%.

Time 13- 18 hours:

There is still some renewable power curtailmmver this period.

Although the battery is at fulBOC it consumes somef the originally curtailed
renewable power theat itself and maintain temperature at its minimum operating
setpoint.

T
T

Time 18- 23 hours:

1 There is no more curtailed renewable power,taed®V and wind generation assets are
producing the maximum possible power based on the current weather conditions.

1 In the original scenario, theiesel generator comes onlitee help meet some of the
demand in the network.

1 The sakbased batterydischargessubstitute the load originally met by the diesel
generator. For the first hour, ¢dan completely offset the diesel generation, and
subsequently it onlpartially offsets the diesel generatidrne battery discharges until
it reaches its minimurBOCIimit.

1 The temperature of the battery has increas@¥€°C by the end of this period, due to
the heating from thehmic losses during discharge operation.

Time 23- 38 hours:

1 There is no curtailed renewable energgpd diesel generator is operating to meet the
demand of the network.

i Battery cannot recharge as there is no curtaigwwable energy. Additionally, its
temperature decreasts 194 °C as it does not have sufficient charge and there is no
external power supply for heating.

Time 38- 42 hours:

1 There is a brief moment of curtailed renewables energy. Thbasdd battery uses this
for heating however it does not occur for long enough for the battery to reach its
minimum temperate, let alone for recharging.

1 Following the briefcurtailed energy, the battery cools down back to 194 °C

Time 42- 48 hours:

1 Therenewable generation assets produce about 2000 KW in the osgerario and
curtail a further2000 kW This giveghe batterythe opportunity to reheat and recharge.

1 It takes ~ 3 hours for the battery to reheat itseits minimum operating temperature
before it carstart to recharge.
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Figure 3.3 - Interaction of a 1200 kW/4600 kWhsatb ased battery with Graciolicabds gene
(sample from 3 January 2024, dminute resolution).

Based on the example Figure3.3 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 r@eat 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 witlisefffarge to
maintain its temperature at the minimum setpoint. During prolonged and itiégtingeriods

of low renewable power curtailment, this will meahat the battery will remain on its minimum
SOCand only use renewables to reheaéaning that the battery will not provide argnefit
duringthese timesTlo further illustrate thig=igure3.4 showsyearlongresults fotherenewable

and diesel generation profile atice 1200 kW / 4800 kWh battery performandeditionally,

Figure 3.5 showsthe monthlyRES energy used by each battery size, nttumthly diesel
reduction, and theenergy profilesfor surplus RES availabilitypriginal diesel usageby
Graciolica During the summer monthi{#lay i October) there is very lowenewablepower
curtailment,andwhich isattributedto the low wind speeds ariberefore low wind generation
potential,compared to the rest of the ye@his is typical for the Azores, where wirmbwer
generationis low over tis period with August being théowest wind generation mon{g9].

This clearly impacts the performance of the-baled batteryas it barely operates in these
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months, particularly during August and Septemkguring these months, thperiods of
renewableenergy curtailmenbccur briefly andioo far apart, such that the battery can only
partially reheat and then codbwn before the next period of curtailed energignce thesalt
based battery cannot offset diesel generation for a significant portion of the year.
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Figure 3.4 - Yearlong results for a 1200 kW / 4800 kWh salbased battery, showing generation profiles, battery power,
SOC, andtemperature.

Figure3.5showshow t he batteryés ability to offset
available surplus RES to recharge the battery. Thisiigorced by the clear trend between
amount of RES available and the amount of diesebttteries have reducewe see that

January is the best performing month, whal®attery sizeseduce the most diesel, compared

to thar respective performance in the other months.sTisi followed by February and
November andoincides 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 surpltBES is at minimum availability.
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Figure 3.5 Monthly surplus RES and diesel use, and battery energy use

Table3-6. shows the results for the batteygly 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 kWhe§uits also show

the increase in renewable energy generation due to curtailment reduction and using the excess
power to recharge the sdlased battery. We also shawble 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 obsgiions are made:

1 Increasinghe battery size will increase the reduction of diesel and redunti@mewable
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.

1 For the 1 yeafong results we sethat the reduction in diesel consumption-i®.8% to
3.7% For thel-monthresults, he relative reduction in diesel consumption is significantly
higher at~3% to 13.5 %The discrepancy between the 1 month &+yearresults can be
attributed to thesurplus RES that is available to recharge the battery. For the yearlong
results, surplus RE®nergyis equalto ~88% of the total original diesetonsumption;
however for the 1-monthresults, surplus RES energy is equal402 % of January?o
diesel consumptionlhis comparison highlightsow important surplus RES energy is to
reducemeaningful amounts of diesel consumption.

1 For the lyear resultsabsoluterenewable energyseincreasas over 2 times greater than
absolute diesel energy reduction for each battery 8eeause the renewable energy
increase corresposntb the charging energgupplied to the batterand the diesel reduction
corresponds to thenergy discharged by the batteitywould be expectethatthe diesel
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energyreductionwould be aboufl0-15% lessthanrenewable energy increadeeto the
internal losses of theatteryand power converteHowever, as we haveintedin Figure

3.3 andFigure3.4, a large portion of curtailed renewable energy and energy stored in the
battery must be used for heatitige battery, hence why we see a significant difference
between the increase of renewable energy and decrease of diesel &hexgy further
illustrated inFigure 3.6 and Figure 3.7 which show the distribution of the charging and
discharging energyver the yearlong and 1 month long (for January 2024) periods
respectively, for the different internal battery processes. For example, &8 &\W/4800
kWh battery, only68.9% ofthe charging energy supetl by the curtailed renewable energy
generations stored in the battery. Thiemainingenergy is used to reheat the batterysor
lost due tothe internal resistance of the battery and power convétsimilar pattern
occurs during discharging, where omg.7% of the total energy stored by thetteay is
used to offset the diesel energhhe remainder is lost due to sdlscharge for battery
heating or internal losses from the battery and power converter.

1 Looking atthe Tmonth long resultgbsolute renewable energpereasas about 1757 1.8
times greater than absolute diesel energy reduction for each batteryhsgzdifference
between RES and diesmlergychangess smalletthantheobservation made above for the
yearlong simulationthis is becausa greater portion of renewable energy absorbed by the
battery is being stored in the battey energyasinstead of being usddr batteryheating.
Looking atFigure3.6, we see tha?5.9- 27% of the energy absorbed by the battery is used
for heating over the-inonthperiods, whereda®r the yearlong period this 83.8 t036.1%.
During January, the battery is constantly in i@®cejt can maintain itsninimum setpoint
temperature via théattery ohmic losses during operatidrhey are onlyfew standby
periods,hence less opportunities for the battery to cool datvan not in useresulting in
lessenergy required to actively heat the battery.

Table 3-6. Yearlong 'battery-only' results showing diesel reduction and reduce®ES curtailment.

Battery Size| Diesel Reduction % Diesel Renewable Energy | % Curtailment
(kWh) Reduction Increase (kWh) 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 kwW 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 reductiorand reducedRES curtailment.

Battery Size| Diesel Reduction % Diesel Renewable Energy | % Curtailment
(kwh) Reduction Increase (kWh) 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 tathe battery by curtailed RES during charging. Includes net stored energy,
external heating, and system losses.
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Figure 3.7 - Distribution of energy supplied by battery for energy offsetting dieselduring discharging, including net
discharging, seltdischarge heating, and system losses.
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3.5.2. HESSPerformance Results

The results from the simulations are show able 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 resuts for HESS, case 1

Vetric BESS SC Size
Size 0 kw 1200 kW 2400 kW 3600 kw 4800 kW 6000 kW
51,134 51,211 51,235
240kW | 6 838%) (0.839%) (0.839%)
_ 50 KW | 100,020 100,062 100,114
Diesel (1.639%) (1.639%) (1.640%)
Reduction | " "I 143480 143,527 143,569
(kWh) (2.350%) (2.351%) (2.352%)
(%) 060 kw | 181901 181,974 182,030
(2.980%) (2.981%) (2.982%)
223,182 223,285 223,360
1200kW | 5 65606) (3.658%) (3.659%)
110,992 111,156 111,230
240KkW 15 05006) | (2.062%) | (2.063%)
219,842 219,970 220,087
c Rﬁ 4B0KW | 1 077%) | (4.080%) | (4.082%)
Regu;ian oKW | 322698 322,837 322,955
(o) (5.985%) (5.988%) (5.990%)
) 060 kW | 419.957 420,139 420,286
(7.789%) (7.792%) (7.795%)
521,145 521,380 521,558
1200kW I g 660y | (9.670%) | (9.674%)
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Table 3-9 Summary of results for HESS,case 2.

Metric BESS SC Size

Size 0 kw 1200 kW 2400 kW 3600 kW 4800 KW 6000 kW

220 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%)

280wy | 100,020 99,228 99,031 98,953 08,884 98,800
Diesel (1.639%) (1.626%) (1.622%) (1.621%) (1.620%) (1.619%)
Reduction | "~ | 143480 142,601 142,371 142,257 142,179 142113
(KWh) (2.350%) (2.336%) (2.332%) (2.330%) (2.329%) (2.328%)
(%) o0 Ky | 181901 180,998 180,780 180,672 180,596 180,491
(2.980%) (2.965%) (2.962%) (2.960%) (2.958%) (2.957%)

1200 Ky | 223182 222,296 222,079 221,988 221,963 221,945
(3.656%) (3.642%) (3.638%) (3.637%) (3.636%) (3.636%)

a0k | 110992 111,531 111,693 111,792 111,892 111,991
(2.059%) (2.069%) (2.072%) (2.073%) (2.075%) (2.077%)

RES ssokw | 219.842 220,264 220,390 220,497 220,607 220,681
Curta (4.077%) (4.085%) (4.088%) (4.090%) (4.092%) (4.093%)
RegL é"t'i('m oKW | 322698 222 171 323,302 323,403 323,522 323,614
a 0 a (1) a 0 5 0 5 0 & 0

wh) 5.985% 5.994% 5.996% 5.998% 6.000% 6.002%
%) ook | 419957 420,483 420,640 420,749 420,892 420,971
(7.789%) (7.799%) (7.802%) (7.804%) (7.806%) (7.808%)

1200 Ky | 521145 521,788 521,081 522,130 522,343 522,533
(9.666%) (9.678%) (9.681%) (9.684%) (9.688%) (9.692%)

240 KW - 3.56% 5.92% 8.13% 10.09% 11.90%

SAFE 480 kKW ; 3.50% 5.81% 8.00% 9.92% 11.66%
%) 720 kKW ; 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 SecBoh5 the renumeration for the reduction of diesel
consumption an€O; emissions were calculated for the various HESS arrangements for Case

1 and are shown iRigure3.8. 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£ 0U80. The imonth 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
monthprojectedto-1-year outperform the actual 1 year by ~ 3 times as much, whidbnees

our previous claim that a high amount of surplus is RES is required for thrasatt 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 renumeratiorfor battery only arrangementfor 1 year and 1month projected to 1 year.

Figure3.9 belowillustrates the annual remuneration earned by the SC for providing regulation
serviceswhen assessing CaseAX 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, reigcthe frequency and extent of fluctuations

that the SC would need to r egul sodatedeatnihgs.s | o w

Figure 3.10 shows the total renumeration received by each HESS arrangement, for reducing
diesel and Cg@ and for providing regulation. These results correspond approximately as the
some of the results iRigure3.9 with the results for the-lyear renumeration for battery only
scenarios as seen kgure 3.8. We note that the resuliSgure 3.8 are for Case 1, and the
reduced diesel has relatively minor discrepancies when compared to those of Ca3allésee

3-8 andTable3-9). 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 Figure3.9. However, this time, for increasing battery sizes, the remuneration also increases,
which the opposite of what was seeffrigure3.9. The remuneration received by the 4sted
battery offsetting diesel use is ~ 1.73 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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Annual Remuneration for SC Only
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Figure 3.9 Case 2renumeration for the regulation componentonly for a 1 year analysis.
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Figure 3.10 Case 2total renumeration for the diesel reduction and regulationfor a 1 year analysis.

Lastly, we show the same results, but formdnthprojectedto-1-year analysis for the month

of January inFigure 3.11 and Figure 3.12. We see that the renumeration received for the
regulation component is lower than thgdar results as seen kiigure3.9, 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-nonthprojectedto-1-year compared to the Year results. This aligns with

our expectations, as we have already seen how this is thedofestpng month in terms of
diesel reduction and that the income received by the bgitexyded services dominates the

total renumeration received.

Annual Remuneration for SC Only
1 Month Projected to 1 Year Analysis
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Figure 3.11 Case 2 renumeration for the regulation component only for a-inonth-projected-to-1-year analysis.
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Annual Remuneration SC + battery
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-inonth-projected-to-1-year
analysis.

3.6. TECHNGECONOMIC ANALYSIS

3.6.1. Case 1 Results

Case 1 Resultsul Year

NPV results were calculated for the different HESS arrangements, for project periods of 10, 15
and 20 years. The results are summarisétigare3.13 and given by the negative NPV values

for all arrangementghe 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 &mission 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 betwaethe most negative NPV of 10 years, to the b3V of 20 years for

the 240 kW battery HESS arrangements vary 45000 to63,000. For the largest battery

of 1200 kW the NPVsvarybhy2 97, 000 to u306, 000. With the
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 withcreasing SC size. This would be expected as we have seen in the
diesel reduction results ifiable 3-8 and Table 3-9, and the firs year renumeration ikigure

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.

a
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NPV for each HESS at different Periods
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Figure 3.13- NPV calculation for different HESS sizedor 10, 15, and 26year project periods, with a battery CAPEX
o f 45a0kwh.

The annual cost savings for each HESS is presented in the top left sulbjiptreB.14, as a
percentage of the total original annual diesel and €@fssion costs. The adjacent subplots
showthe 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 savingsenmseased

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 .esand CO2 emissions to achieve NPV =f6r 10, 15, and 20
year project periods

Figure3.15 - Minimum shows the minimum specific battery costs, required to make the NPV

= 0 for -ohmleydbattangement for different proj
the specific battery GCABRHEX mest kWa fetuctédee p
become economically viable. The current specific battery CAPEX used in the first NPV
assessment was U450 / kWh, J{B3&Stiendsgreatertbaathe r al
target. Forecasts anticipate that ZEBRA batteries will have a speéiff EX of ~0350
kWh by 2035[30], which highlights that any expected CAPEX reduction in the near term is
unlikely to impact poject viability.
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Minimum Required CAPEX by Battery Size and Different Periods
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Figure 3.15 - Minimum battery costs to achieve NPV = 0 for 10, 15, and 2@ear project periods.

Lastly, a CQ emission cost sensitivity analysis is carried out. So far, this teetmmomic
analysis has assumed a constant cost foréd@ssions afi70 per tonne. However, it is likey
that over the 10 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 differenb@@ission cost projections, as showrkrigure3.16.
These scenarios are as follows

1 Average 2025 70 per tonne, which has been used in the analysis thus far.
1 Low projection- Emission costs will increase steadilyiatper tonne
1 Medium projection Emission costs will increase steadilyiatper tonne.

1 High projection- Emission costs will increase rapidly uptb77 per tonne, as forecast by
BloomberdNef [31].Note that their forecast is only up to 2035, hence it was assunted tha
the costs would plateau following this year.
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Figure 3.16 Projected CO2 emission costs

A sensitivity study was carri ecdenussidn cdsto c al
projections, over a period of IR0 years, and the results are showRigure3.17 below. We

can see that for each HESS and project period, the NPV increases as we move between the low
CO: cost projection to the high G@ost 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 thedd@ssion costs, not enough returns are
earned to make this a financially attractive project.



A Co-funded by E ﬂ a7
LN the European Union

NPV 10 years

€0k 1
Battery Size
— 240 kW battery
—— 480 kW battery
— 720 KW battery
— 960 kW battery

= 1200 kW battery
ik 3 i, —

€500k

€ 1,000k 1

€-1,500k 1

CO2e Cost
s x N — Low
€500k P e E— i e = Medium

£ 1,000k -

€ 1,500k -

€500k

€ 1,000k 1

€1,500k 1

T T T T T T
0 kWp 5C 1200 kWp 5C 2400 kWp 5C 3600 kWp 5C 4800 kKWp 5C 6000 kWp 5C

Figure 3.17 Sensitivity study

Case 1 Resultsul-Monthprojected to lyear

An additional analysis was carried out usingrigr@umeration results for the month of January,

with corresponding annual revenue obtained by projecting feyeaf period, as pdfigure

3.8. As mentioned previously, January was the best performing month where the most diesel
and CQ 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 oudrecith analysis for

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

An NPV analysis was carrienitfor each HESS over a period of AD years, using the January
renumeration projected over a year long period. This was carried out using the three different
COzemission cost projections (low, medium and high) as-mpire3.16. The NPV results are
summarized irFigure 3.18. For this assessment, we see that the NPVs are better performing
than for the 1year assessment showigure3.17, however with the NPV results still remain
negative, with the exception of NPV 20 years with,@@issions priced at medium and high

cost projections. In these positive NPV cases, we see that cost savings from émei€3ions

and diesel reduction causes the future cashflows to dominate over the initial investment cost.
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Looking atthe NPVresultsfor 20 yeardor the high CQ emission costve see that the three
largest batteries, 720200 kW, have a positive NPV with SC sizes up to 2400 K3&00 kW.

NPV 10 years
€200k - Battery Size
N — 240 kW battery
P ey Tl 4B0 KW battery
€400k
= 720 kW battery
— = &0 kW battery
€600k c—=—— 1200 kW battery
€800k 1
€1,000k
€0k A
CODZe Cost
€100k — Low
== Medium
€200k 1
- High
€300k 1 —_—.
€400k 1
€500k
€600k
€200k
€100k . Bt e,
€0k - .
HimiEg
€100k —— =
€200k
€300k
T T T T T T
0 kWp 5C 1200 kWp SC 2400 kWp 5C 3600 kWp 5C 4800 kWp SC 600D kWp SC

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

Figure 3.19. Minimum below shows the minimum specific battery CAPEX required by each
battery size to achieve an NPV = 0O for the battery only scenarios for project periods28 10
years. We see that a smaller reduction would be required when compared to the corresponding
results fo the T year results as péfigure 3.15 - Minimum. For the 20 year period results
specifically, the CAPEX would only need to be reduced by upit@5-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 aB50 per kwH30].
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Minimum Required CAPEX by Battery Size and Different Periods
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Figure 3.19. Minimum battery costs to achieve NPV =0 for 10, 15, and 2gear project periods for a 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 summarizedrigure3.20 andFigure3.21. Figure3.20 shows the NPVs for

the yearlong analysis, assessed at different project periods and for diffecemtin@8ion 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 hanglre3.21 shows the NPV for the-1
monthprojectedto-1-year analysis and we can see that there are several HESS arrangements
with SC sizes between-0B600 kW which have a positive NPV and hence are economically
viable.
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Figure 3.20 Case 2 NPV calculations usind-year renumeration for different periods and CO2 emission costs
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Figure 3.21 Case 2NPV calculation using renumeration for1-month-to-1-year, for different periods and CO2 emission
costs
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3.6.3. Summaryof Results

&

52

Based on theesults of thetechneeconomic analysisnone of theHESS configurations
evaluated undeCase lor Case 2were found tadbe economicallyfeasiblewithin a oneyear
assessment period, as indicatedthy 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 hi@®. emission cosscenarioswhere avoided
emissions contribute significantly to the overall financial retliese are summarisediiable

3-10and 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-economicsizing analysisfor
years, assessed atrhonth-projected-to-1-year.

financially viable HESS arrangements for periods of 20

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

1200 kW 0 kwW Case 1 & 2| High K L Ly 10.74 | 7.21%
960 kW 0 kW Case 1 & 2| High K LI LU L L L L 11.29 | 6.53%
720 kW 0 kW Case 1 & 2| High K LU L L L Ly 11.04 | 6.83%
1200 kw 1200 kW | Case 1 High KLU L L L 11.24 | 6.59%
1200 kW 1200 kW | Case 2 high KLU L L 11.21 | 6.62%
1200 kw 0 kW Case 1 & 2| Medium KLU LU L L 11.86 | 5.89%
480 kW 0 kwW Case 1 & 2| High KLU L L L o 11.86 | 5.89%
720 kW 0 kW Case 1 & 2| Medium KLU L L 11.71 | 6.05%
1200 kw 2400 kW | Case 1 High KLU L L L o 12.17 | 5.57%
1200 kw 2400 kW | Case 2 high KLU L L L 12.10 | 5.63%
240 kW 0 kwW Case 1 & 2| High KLU L L L o 11.90 | 5.84%
960 kW 0 kW Case 1 & 2| Medium KLU L L L 12.09 | 5.64%
960 kW 1200 kW | Case 1 High KLU L L o 11.35 | 6.49%
960 kW 1200 kW | Case 2 high KLU L L L 11.93 | 5.85%
720 kW 1200 kW | Case 1 High KLU L L L o 11.65 | 6.14%
720 kW 1200 kW | Case 2 high KLU LU L L 11.87 | 5.91%
240 kW 0 kwW Case 1 & 2| Medium KLU L L L o 11.84 | 5.94%
1200 kW 3600 kW | Case 1 High KLU L L o 11.87 | 5.89%
1200 kw | 3600 kW | Case 2 high KLU L Ly 11.87 | 5.88%
480 kW 0 kW Case 1 & 2| Medium KLU LU L L o 11.72 | 6.04%
960 kW 2400 kW | Case 1 High KL L Ly 12.18 | 5.55%
960 kW 2400 kW | Case 2 high KLU L L L L 12.11 | 5.63%
720 kW 2400 kW | Case 1 High KL L Ly 11.91 | 5.83%
720 kW 2400 kW | Case 2 high KLU L L L 12.10 | 5.63%
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3.6.4. Conclusion and Future works

The hybridstorage assessment for Graciosa Island shows thabasatl batteries can
meaningfully curb diesel use when renewadmergy (RES) surpluses are glé in the winter

high-RES season, but they become almost idle during the superied In the January wind

peak, surplus RES reached 826 M\&hout 2.4 times monthly diesel demaadd a 1200 kW

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

and solar; roughly onthird of the stored energy was lost to dedfating and conversion, yet

overall performance was robust. By contrast, in August and Septembaelneemtavirtually

vanished, the battery cooled below285 °C sefpoint, and most of the scant surplus energy

was consumed merely to reheat thedtery yielding negligible diesel savings. Comparing

system configurations, Case 1 cuts annual diesel generation almost linearly witp siz223

MWh, or 3.7 % of yearly diesel, at 1200kWut never reaches positive
costs. Cas@ improvespowerquality metrics and trims curtailment marginally, yet it siphons

some battery energy into regulation and raises CAPEX, so economic returns beitdess st
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 01325 kWh -§eanan whewne nwi griceg tao be sastained g h  C (
throughout the year; under such optimistic assumptions,-4Z@0 kW battery without a large
supercapacitor offers the highest NPV and a modest 7 % MRHRing a supecapacitor (Case

2) noticeably smooths fast fluctuatiofi$ie 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, for20-kW battery the yearly offset slips by ~1 % once a 6

MW SC is includedbecause some stored energy is now diverted into rapid regulation. The
economics are harsher stllhe SC cost s 040 G0D indtaldtion feg Wwhilss a U
regulation payments, though rising with SC size, remain only a third of total revenue and cannot
overcome the higher CAPEX.onsequentlyall SGequipped layouts post negative NPVs in a

normal year, and positive values emerge only when Jafhensgl/revenues are projected across

the year and CO prices approach o 174 t T;
1200 kW coupled with SCs no larger than-2.4 6 MW r et ur n -10PRAangei n t h e
over 20 yearsTaken together, the analysis points to a medlarge battery without, or with

only a modest (02 MW) SC 98GkW sdi battebyealsrie yiglds mp r o n
the highest diesel reduction per euro, while a 1200 kWhoaxtimises NPV once battery costs

and carbon prices improve. Profitability nevertheless hinges on achieving lower storage
CAPEX and capturing winteseason revenues ye@aund.

Future work should pivot from a single curtailmeiniven lens to a scenarariented
framework that sizes and dispatches storage for four realistic operating , nsatfes
consumption maximisation, diesel pestkaving, highpower EV charging, and a future PV
dominatedgrid, while explicitly testing how the existing 2.6 MWh lithidtitanate 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-Hattery plus supecapacitor stack.

In parallel, the study should benchmark molsaift cells against lowegemperature chemistries
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such as LFP, agueous zinc, dlodv batteriesDelivering these insights will require upgrading

the present twa@ase genetic algorithm to a hierarchical optimiser that coupleshiomzpn
mixed-integersizing with a shorhorizon 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 mixdof loa
growth, renewable expansion, and legasget constraints on Graciosa or similar islanded
microgrids.
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4. CASE STUDYGERMANY

4.1.INTRODUCTION

The Technology Center for Energyb6s (TZE) ene
batterysupported renewable integration. The site is interconnected with the public electricity

grid. Nonetheless, the research institution has set ambitioustio&geto enhance self
consumption of its ogite 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 constraintatthan strongly shape the feasibility and economic
performance of the HESS.

The TZEb6s facility is | ocated in the municinpg
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 enettgyage, smart grids, energy
efficiency, energy management, hydrogen-ds and othesodal or policy related topics.

Various labs and research activities, such as battery and cell production and testing, hydrogen
production and methanation, as welbéfsces 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 facilityds power network. While the
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 aitithium
battery. Out of these three storage systems, lithambattery is the acte 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 decreasededdpnce on external power purchases is
intended to reduce operational costs and demonstratgeegtation energy solutions. Energy
consumed is purchased at a wholesale rate that covers multiple public facilities. Any surplus
generation that might be exped back into the grid is subject to feledtariffs determined by

the year of PV plant commissioning. However, the facility generally has minimal excess due to
sizeableors i t e demand and the batteryds ability t

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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1 SpotMarket Arbitrage and Feed-In Coordination: Identifying times when it is
profitable to charge the RFB from legost offpeak power (e.g., weekends) and discharge
during more expensive peak hours or even export to the grid.

1 HESS Power and Energy Capacity Requirement8alancing the RF& energy capacity
with the Supercapacitaibigh-power handling to align with campus load profiles.

1 Economic Viability and Sensitivity: Reviewing how system performance changes in
response to shifting wholesale electricity prices, fee@riff rates

1 DemandCharge Reduction: Evaluating how best to deploy stored energy during peak
usage times to minimize operational costs.

Accordingly, the forthcoming techreconomic 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
technoeconomic feasibility under CGrraximangyYWVs evVv ol
selfconsumption by charging HESSThis includes evaluating the required power and energy
capacities, loadollowing performance, and markdtiven chargingdischarging 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 Landshst campus environment, ul t |
siteds r ol e adaffecive snergytsystermmodel. e, cos't

DemandCharge 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 thgiy wills, 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 odivsttbapikes as

well as sustained peaks. Similarly, the HyFlowjec{32] at the University of Landshut
exemplifies this approach: it targets a HESS that balances power déduaimd critical grid
conditions, e.g., during high load or generation peaks, whether for seconds or entoéyays,
harnessing the highower 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 thre§B8ld3he 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
feeder§34).

Behindthe-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 lithiumion systems could trim a facildy peak demand by about3%, yielding

notable demandharge saving$35]. Realworld 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 shiftengbraryss HVAC and other
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loads off the grid during peak peri¢86]. At utility scale, the worl@ largest flow battery
installation in Dalian, China (100200 MW scale), is explicitly used for peak shaving on the
grid, buffering variability and reducing peak stress on the nef&ofKl hese examples indicate

that RFBbased 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 supporttla wellsized HESS can significantly reduce peak
demand, improve load factors, and cut utility costs by discharging duringlaigand intervals

and recharging when loads subside.

SpotMarket Arbitrage and Fedd Coordination

HESS deployments can also participate in energy arbj88fyecharging 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 offeak hours (e.g. overnight 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 evening39]. The principle of arbitage is to exploit price differentialéstore

energy when rates are low, release it during-nél periods This can occur via direct spot
market trading or timef-use tariffs.For arbitrage purposes, a HESS with a KifggRFB 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
derating peiods 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 undergoingrdeng. If there is a price spike during thisrdging

period, the SC can help absorb as much energy as possible, optimezusgetbf the RFB for
arbitrage purpos€r?].

In the German context, feed coordination and market regulations play a crucial role in
arbitrage strategies. Germa@myRenewable Energy Act (EE@)] 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 feedariff[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 leveraginggESSto maximize rgenue under dynamic pricifdR]: the

BESS was optimized to charge on lpwce weekends (or times of surplus renewable supply)
and discharge during higprice weekday peak®8y 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 economictuens but also assists the grid by smoothing the dersapply
balance.

Research across Europe suggests that pure energy arbitrage with batteries has historically been
marginal in profitability, but the potential is growing studyevaluated arbitrage in seral EU
countriesand found that under thezurrent conditions the net present value of a battery storage
project for arbitrage alone was negative in most cases (e.g. aa@uddmillion NPV in the
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best cases like the UK/Irelarp@®]. 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 higlfsugust 2022 (nearly
0U700/MWh)43], improvingthe outlook for arbitrage revenues. Moreover, stacking arbitrage
with other services@rid servicesor capacity market payments) can turn storagestments

into economif44]. Studies have also modeled faadariff integration, showing that when
feedin remuneration is low, a battery should store surplus PV andsimfteits export to
achieve higher effective prices or avoid curtailnfsit In summary, literature indicates that
RFB-based HESS can perform spoérket arbitrage and coordinated feegnanagement, but
economicsuccess depends on market price spreads and smart dd&®S. can capitalize on
multiple value streams by charging the RFB with cheap renewable excess. This stored energy
can then be used to shave the fadiityeak, saving on demand charges, or sold on the intraday
market during price surges. With appropriate energy management, such as predictive control to
charge andlischarge at optimal timgk6], and under favorable market conditions, arbitrage

can significantly reduce energy costs for an energy community or even generate revenue by
selling power at peak pridgsy].

HESS Sizing

Determining the optimal power and energy capacity of each component in a hybrid RFB+SC
system is crucial to meet loddllowing requirements efficientlyit is widely recognizedhat

in a hybridstoragesystem, the two componersisould be sized to complemeheir respective
strengths: the RFB (@battery)is best suited for storing and deliveriagergy oveextended
periods while theSC is designed to handle shddration,high-powerdemandsAn effective

sizing approach is to separate the demandil@rby timescale: highrequency, shorfterm
fluctuations (lasting seconds to a minute) are handled by the SC, andiegesncy, longer
lasting demand variations are met by the batteryfifilBgringo 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 slowdolloaing and energy
shifting. This division of labor not onlgnsures the load is met at all times but also extémsl

life of the battery by avoiding strain from fast cyclibg].

Several studies propose methodologies for optimal HESS sia[4§] the studyformulated a
multi-objective optimization (using an improvedrtial swarmalgorithm) 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 hilgaquency power oscillations, avoided battery
overstrain, and even reduced overall cost by ~4.3% compared tecptimized 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 supercapacitothztritolds only a small
amount of energy. This underscores that the SC may be sized for power on the order of the
batterys power, but with a tiny fraction of the energy, essentially dedicated to handling surges
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of a few seconds. Meanwhile, the RBRnergy tank is sized to several hours of the load, but
its power converter might be smaller because the SC covers thg4jkes

To determine sizing needs amy facility, one of the practical ways is tonsider the specific

load profile and use casesnsidering sizing methodologies that iterate between technical
constraints and economic tardd®]. Key considerations include the peak power magnitude
and duration, the typical daily load variation, and any rapid events like elevator or EV charger
inrushe§s0]. An optimal HESS will have sufficient SC capacity (power and sieom energy)

to manage théacilityés fast transients (maintaining power quality durilog,example a large

motor startup or a sudden PV output drop). Simultaneously, the RFB component must be sized
with enough energy to sustain longer ldatfowing operationfor example, supplying evening

peak demand for a few hours or bridging a cloudy lull in PV ougmna enough power to meet

the bulk of the demand once transients are hafid¢d

Economic Viability and Sensitivity

The techneeconomic 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;aase stacking, and component
degradatiofb2]. Studies generally find that hybridizing R&B with a highpower device (SC

or even a lithium battery) yields both technical and economic benefits: by extending téee RFB
lifetime and efficiency, the hybrid can lower the levelized cost of storage over the &/stem
life[53]. Key performance indicators for economic analysis include the sstaility 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 expensiveaepiants are needed).

One major factor is the spread between low and high electricity prices, as this determines
arbitrage revenue. If typical peak/qf€ak spreads are narrower, returns diminish; conversely,
more volatile markets (or added value from grid services) improvigtnidty [54]. Thestudies

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 increasef89]. 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 caouwtill o

in stacks or pumps over timicorporaion of VRFB efficiency curves and capacity loss into

an arbitrage optimization model, showing that neglecting degradation would overestimate
revenue properlgccounting for fade helped identify an optimal opagpstrategy that balances
immediate profits with longerm capacity retenti¢gf5]. 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 economic$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 twaeparatghotovoltaic (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 tedtench and works as a HESS in conjunction with a supercapacitor, and
the other is a containerized system. Thelbesich can geneat 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 amginot in active operation due to the high self
consumption. The facility has a Lithidion 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 excas energy requirements from the grid.

The setup allows ULA to significantly increase-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 surpluggpor high load requirements. The

high capacity of the storage system provides exteddeation storage (e.g., storing midday
production for later use). By utilizing the storage systems, the campus aims to optimize self
consumption of solar energy,regduct he ener gy consumption from
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 6.csvd fo
Both have two col umns, n a me coytains the date and time 6 p o we
details captured in the local Time Zone in ISO 8601 format withmcriosecondsfor example
20200710 15: 00: 00. The o6épowerd column contains
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 6.csvdé format. The columns pr
foll owi ng: 0t s o, 6power 6, 6freqgoddcymd, 6 BU2F
6U3 | mb, 6l 1 Real 6, 61l 2 Real 06, 61l 3_Real 6, 0

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 igtimaginary 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 (Ob&).
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analysis reuses the multperiod optimization framework, workflow and component models
explained in D2.[A], while Appendix 1 gathers the sizing specifics. These elements are adapted
t o UL A-6amneded,iP¥ich setting and its unique technical, economic and regulatory
constraintsThe key steps are summarized below, follow the same éagilce Graciolica case,

but with data sources, constraints and objective functions tuned to the German context.

4.3.1. Data Collection and Scenario Definition

In thiscase studytwo PV systems, local loads, and the public grid are interconnected. One year
of load and PV production data, provided at sedoyrdecond intervalss utilized as input for

the optimization process. This higésolution data was averaged to hourly intervals to establish
the baseline for longerm energy optimization of the RFB, including use cases such as energy
trading and arbitrageTo address the RFB's power-dging limits, minutebased data
aggregated from the seccehg-second diset 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 responsiveraditionally, wholesale
electricity prices for grid energy purchases and applicableifetatiffs for potential energy
exports were incorporated into the optimization frameweéikally, seconeby-second data

was employed to demonstrate the full capabilities of the HESS in peak shaving during power
spikes This highresolution simulation provides a clear contrast with HESS behavior under
minutebased control, illustrating the syst@superior performance in managing rapid power
fluctuations and maintaining power quality.

Various Scenarios are considered for this case sstatying to bcus on reducing campus peak

loads to lower demand charges through peak shaving and demand management. Explore the
costeffectiveness of buying energy at -piéak/lowtariff times (weekends, nights) and
discharging during peak or highriff periods throu spotmarket (or tariffbased) arbitrage.
Increase ossite selfconsumption of solar energy by storing midday excess and shifting it to
periods of higher campus demand through PV integratvaluate selling small surpluses to

the grid under the local fead 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 DLR. which elaborates on the technical constraints and

the equations used to model these technologiable4-1 below summarises the RFB model
parameters andlrable 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 sta 8.35 kW /12.5 kW

SOCLimits 10- 80%

Terminal voltage limit during charging | 1.5V per cell and occurs at ~ 4@8@C

Terminal Current Limit 167 A

Vanadium ion concentration in electroly 1.6 Mol /L

Degradation 0.002% per cycle (assuming 20% degrada
after 10,000 cycles)

Capacity fade due to crossover 0.215% per cycld7]

Capacity fade due telectrolyte imbalanc¢ 0.055% per cyclé57]

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 iflable4-2. The power maximum power rating was adjusted by increasing

the number of cells in series. As pable4-1, 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 ametandard 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 iad techneeconomics.

Table 4-2. Summary of total sbrage capacities and power rating used for the different RFB sizes

Storage Size Range Power Size Range
Total Storage Usable Tank Maximum Rated No. of
Capacity Capacity Volume Power Cells
60 kWh 42 kWh 2,000 L 12.5kW 48
90 kWh 63 kWh 3,000 L
120 kWh 84 kWh 4,000 L 18.75kW 72
150 kWh 105 kWh 5,000 L
180 kWh 126 kWh 6,000 L 25kw 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 inrable4-3 and they correspond to a multiple of SC submodules connected in
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series.As mentioned in SectioB.4.2 the SC sizes correspond to their peak available power
(kWp).

Table 4-3 Summary of SC sizs used in the HESS assessment

Table4-3Peak Power No. in Series & Parallel
20kWp 1s,1p
40kWp 2s,1p
60 kWp 3s,1p
80kWp 4s,1p
100kWp 5s,1p

Charging/discharge and profiles are shown for the different battery siziggine4.1 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 8@@C 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
deliverableD2.2[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%OCtakes 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 IORIEB sizes where charging time 225

times longer than discharging time.
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Figure 4.1 Charge/discharge curve andSOC profile for different RFB storage sizes with rated power of 12.5 kW
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Figure 4.2 Charge/discharge curve andSOC profile for different RFB storage sizes with rated power of 18.75 kW
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RFB Charge/Discharge Profile - P rated = 25 kW
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Figure 4.3 Charge/discharge curve andSOC profile for different RFB storage sizes with rated power of 25 kW

4.3.3. Operational constraints
RFB and SC

No additional sitespecific operational constraints were defined for the RFB and SC. Refer to
the default technological parameters summarizedable 3-2 in Section3.4.2 for SC
parameters an@lable4-1 for the RFBparameters

Grid Importand Export

As mentioned above, the whole facility of the Technology Center of Energy of the Landshut
University of Applied Sciences (ULA) is grid connected andst adhereto the general
regulations of the network operator in terms of energy consumption andnfe€dese
constraints can be expressed as per equafa@so (28), with the relevant variables defined
below.

Op u P : Power imported from the grid at tindgkW]
Os o O1: Power exported to the grid at titagkW]
05"\ XCombined peak power of the PV systems [KW]

Gg‘r""f‘l}jlaximum allowed grid import power [KW]

= =4 4 A
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No simultaneous import and expaas perequation(26).
6bu;ﬁ).t.l‘ﬁsebl T[ﬁ 1o (26)

The maximum energy that is supposed to be fed/ithe 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 giverMamenum

feedin (export) power limited by PV capacitye defined by equatiq27).

O upa ORER 10 0
Lastly, the naximum import (consumption) power limited by grid contyag per equation
(28).

Op0 05 filo (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 equat{@f) below, along with the supporting
equationg30) and(31). A brief summary of the desired optimized RFB behaviour is as follows:

1 RFB will recharge by purchasing electricity from the grid at the lowest price period of
the day, or it will utilize surplus PV generation.

1 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.

- sO 6 0 O 0 oh VW o O 0s sO 0sS (30)
ﬁ , \
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. 0 0 0 o] O o0h Q% 0 0 0s s0 0Os (31)
T h 8 o 0 0s sO oOs

 Ogi & isthe power imported or purchased from the grid at tifk&\j.

T 0 0 isthepower exported or sold to the grid at tinfeW].

T 0 0 is thechargepower(negative) or discharge power (positioéxheRFB at
time t [KW].

0 0O isthef ac i powercpnssnption or load dime t and is negativikW].

0 0 isthe power generated by the PV plant at tirfik&\] .

1 © "¥ the total cost of electricity over the time horizoni[. [

1 6 0O isthe dynamic purchase price of electricity at tim& f [k Wh ]

1 o6 isthe feed in tariff to sell electricity back to the grid and this is 0.@688k .Wh

1 w as the time stp for the assessment
Two cases were assessed in this case study, as summarized below:

1 Case 1 with two requirements:
I.  Charge and discharge the RFB in@timum way to offset electricity usage
during highprice periods or sell back to the grid.
II.  The RFB must recharge during to its maxim8@Con weekends.

1 Case 2 with one requirement:
I.  Charge and discharge the RFB in an optimum way to offset electricity usage
during highprice 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 equatior{29); however, for requirement IWWe must &borate the objective function

even furtherWe do this by adding a penalty fee for when the RFB is deviates from this
requirement. The updated objective function is shown in equ@n

EBY aQ &6 020 o6 6 20 0wd0™O (32

Where:
T B 0: 0 P6Y0 Do YO & ¢TI  "QOODO YOO 61 Qida
0 "0 On 0t o @8%0 dpe YO B ¢ T‘l"(?ﬁ QVOOY6 E QDD 33
T h  QOOOOQQQAMN®

1 0 "G the penalty fee charged.
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T "YO 0 ,isthe maximum RFBOC
T YO ® ¢ 1i'Qisthe averag80Cof the RFB during the last hour of the day.
1T 0 is the penalty weight.

SC Objective Function

The supercapacitas intendedo supportthe RFB by enhancingechargingoerformanceand
increasing PV sel€onsumptionlt will chargeusingexcess PV poweaturing periodsvhenthe
RFB is scheduled to recharpat is unable tdully utilize the availablePV energydue to
chargindimitations imposed bgell voltageconstraintas discussed in Sectidt3.2andFigure
4.1to Figure4.3. In periods where the RFB is rechargimgll below its charging power limits,
the SC will discharge and supply additional charging power to the BifEadusting the
imported and exported powealculated in equation80) and31), using equation§34) and
(35) below, using a temporal resolution of 1 minute.

0 6 0 o0 0 Q& = (34

6 0 Qb =n (35)

C
C

R 0

4.3.5. Techno-Economic Modeling

Similar to the Portugal case study, the teechnonomic 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 savingsdlachieved

for each system. The cost savings were the d
of electricity and the new total cost of electricity, achieved by implementing the HESS. This is
summarised in equatio(86), and the new total cosb, 'Y , was determined using the
optimization function in equationg9), (30) and (31). The degradedatashflow in is then

calculated similar to the Portugal Case Study in SectBoA.5 using a degradation rate of

0.002% per cyclethis rate corresponds to a permanent capacity loss 20% after 10,000 battery
cycles.

60 07Y 0"Y (36)

6 'O 6 0p & pé& § (37

A similar NPV calculation was used as per the Port@gele Studyand this general equation
is summarised in equatidB8). For a full description of the parameters used in this equation,
refer to subsection3.4.5where NPV is first introduced in this report
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.o 0 "Gy 60 ... . 39)
DU W O0LOW
P wWOO0O

The inputdor the NPV calculation argescribed byquationg39) to (43) below.

60 00O 0DULVLOW (39)
00k (L & 00O e (40)
000® ™JIY D o) NG (41)
000 I oY 0 1 I 6 NG ) 42)
6000MO="Y 2006000 Y BODOODOEOL O (43)
Where

7T 67Y is the original annual total cost of electriditythe facility

1 6 "Y isthe new annual total cost of electricity in the facility with the HESS

1 € § ,isthe number of battegycles in 1 year

17 , Is the RFB degradation rate (Sesble4-6) [ % / cycle]

1 0 is the project period and corresponds to the expected lifetime of the HESS where it

still generates revenue (s€able4-6).

is the assessment interval, and corresponds to 1 yeal,dsked-6).

w0 0 & the weighted average cost of capital (Fakle4-6).

0 0 O& isthe RFB OPEX and dependent on the number of electrolyte rebalancing
and mixing activities that occur in a ydaeeTable4-5 [0/ act i vi t y ]

¢ is the number of mixing activities carried out in one year.

0 r IS the labor cost for the mixing activity. It is assumed this can be carried out
by an inhouse technician (s€able4-6) [U/ hr].

¢ is the number of rebalancing activities carried out in one year.

0 r is the labor cost for the rebalancing activity and it is assumed this is carried
out by an outside specialist (SEable4-6) [U/ hr]

1T 0 ando s the time to carryout mixing or rebalancing activity, respectively [hr]

T ©O is the energy used by the pumps during rebalancing procedure [kKWh]

1 1, amount of degradation allowed before rebalancing (20 %)

1 6 | median cost of electricity overtheyearQ . 08 / k Wh)

1

1

1

E

= =

= =

0 0 'O dis the annual SC OPEX (s@able4-6).
“Y is the battery size in terms of energy storage capacity [KWh]
“Y is the SC size in terms of maximum power output [KW]
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6 6 0 Oisthe specificRFB cost as summarized ifable4-4, and already accounts
for installation cost. Specific cost was determined bas€&&jwhich considers both
power rating and total storage capacity of the RFB.

6 6 0 'Ods the specific SC cost (s@able4-6).

6060 0 is the SC installation cost (s@able4-6).

= =4

The NPV calculation in equatiqi38) must be moditd to take consider the capacity fade of
the battery due to the electrolyte deoaitjch has beediscussed imletail indeliverableD2.2
[1]. This will affect theperformancef theRFB and hence have a direct impact on the revenue
it can generate. The effects of capacity falalready consideresh the RFB model and
thereforerepresentedccordingly in the first year cashflow and NPV for 1 yéavever, we
cannotuse the same cashflow for every year, as that wioglorrectlyassume that capacity
fade of the battery is the same every yédthough the capacity fade mechanism stays
consistent and follows the same pattern, the initialfavati values for the RFBs final capacity
are different for each year of the NPV assessmehis is illustrated more clearly iRigure
4.4. To manage thisye adapt the equatiof88), andscalethe daily revenue (olincoming
cashflow)to remove thealaily effects ofthe capacity fadéhat occur irfirst year, andadd the
forecasteddaily capacity fade affects for thelevant yearThe adjusincoming cashflow is
shown in equation(44) andthisis usedn place ofé "Oin equation(37), to determine the NPV
using(38).

‘ @ &hQ (a4
: ® phQ

5 "0 & & 50 QD

Where:

1 ¢ is the year number in the NPV assessment period

1 Qis the day number in the year

T 6°Q is the daily revenue or incoming cashflfdv]

T is the factor of RFB remaining capacity due to the fading mechanWimse
the* is used foryears greater than 1, this is forecaggéil
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RFB Capacity Decay Forecast
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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 Maximum Power Ratin
Capacity 12.5 kW 18.75 kW 25 kW
60 kWh 0483/ kWh 01593/ kWh 0697/ kWh
90 kWh 0389/ kWh 01462/ KWh 0532/ kWh
120 kWh 0342/ kWh 0397/ kWh 0449/ kWh
150 kWh 0314/ kWh 0358/ KWh 0400/ kWh
180 kWh 0295/ kWh 0332/ kWh 01367/ kWh
240 kWh 0272/ kWh 0299/ KWh 0325/ 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 =125KkW
60 kWh RFB 0 1] U
90 kWh RFB a a U
Mix cost 120 kWh RFB u u u
150 kWh RFB a a u
180 kWh RFB a a U
240 kWh RFB 0 0 U
60 kWh RFB a a U
90 kWh RFB 0 0 U
Service Cost 120 kwh RFB u u u
150 kWh RFB a a a
180 kWh RFB a a a
240 kWh RFB a a a
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Table 4-6 Summary parameters used in the NPV calculation

Parameter Description Value
G000 O SC specific cost U32 /kw
6060 O SC installation cost 50% of SC CAPEX
00O SC annual OPEX (200 / year
0 Project lifetime 107 20 years
W0 00 Weighted average cost of capital 6.6 %
q Battery degradation rate 0.002% / cycle
f Allowable majxmum capacity loss due 1 20 %

fade before rebalancing is required

4.4, BATTERANDHESSPERFORMANCEESULTS

4.4.1. TZEPower Profile

TZE is coupled to a 40 kWp PV system, which can supplement and offset some of the energy
demand of the facilityFigure4.5. andFigure 4.6 below shows examples of the ylear data

used in our analysis and depict the power profile of the university overteoR4 period during

winter and summer seasons. The profiles correspond to the total load or power demand for the
university, the powegenerated 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-iieéaliff.

Table 4-7 Summary of the total PV energy generated and exported

Parameters Absolute Energy | % of Total PV
Total PVEnergy Generated 27,127kWh -

Total PV EnergyExported 6,588kWh 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.
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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 RFBalg 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 facilityigure4.7. shows an example of the variance of the
purchase price of electricity over a-Bdur period for a dayin winter and a day isummer

During the day in winter, & 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 pefibdssummer day pricing
illustrates how théaily pricingcan changever the yegrand howprice can fall below negative

in some cases.

—— Buy Price for day in winter
—— Buy Price for day in summer

1401 Feed In Tariff

120 A1
100 4

80 1

€/MWh

60 1

40 1

201

=20

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
time (hrs)

Figure 4.7. Example ofvariance of electricity pri ce over a 24hour period for a day in winter and in summer.

4.4.2. Battery Performance
Example of Optimized Performance

Figure4.8 below shows an example of an optimized RFB operation, when incorporated with

the facility over a sample 2dour period. The plots show the original and now RFB augmented
netload, the RFB charging/discharging profile and correspor&@ 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 facil i ecyiditgpricepdriddeead during high el
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Time 0- 6 hours:

1 At the beginning of the period, the RFB is at its low&SICof 10 %.

1 The electricity prices are at the lowest range, compared to the remainder of the day.

1 Attime = 2 hours, the RFB recharges, using the poiwe 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 126 kWV.

1 The battery recharges to 5B@C

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. Thi
over this high electricity priced period.

1 The battery discharges to 138@C

= =

Time 9 - 15hours:

1 Electricity prices decrease and reach a medium price range for the day during this
period.

1 The RFB is on standby for the first hour, and then once electricity prices decrease even
further, it starts to recharge and reach&©O& of 50%.

1 As seen with time 0 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:

1 The electricity prices reach another high price period for the day.
1 The batterydischarges 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:

1 Battery has discharged to its minim@®Cand remains on standby for the remainder
of the daygexcept fora brief activity during time = 20 21.5 hours.
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12.5 kW / 60 kWh RFB
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Figure 4.8. An example ofan optimized12.5 kW / 60 kWh RFB operation

Comparing the Performance for the Different Cases

Figure4.9 andFigure4.10 show the oneaveek average performance of the 12.5 kw/ 60 kwWh
battery for case 1 and case 2. In general, we can see that the case 1 weekday

Case 1l- 12.5 kW /60 kWh RFB
Average Week - Netload

—— Original Netload
1 —— New Netload

N w
v o
Il

o
<)

=S

Load (kW)
1
w
S}

=79
—10.0 1

Average Week - RFB Power and SOC

0.6

104

at

Battery Power (kW)

0.2

Figure 4.9 One-weekaverage profile for a 12.5 kW / 60 kW RFB for case 1
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Case 2 - 12.5 kW /60 kWh RFB
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Figure 4.10 One-week average profile 6r a 12.5 kW / 60 kW RFB for case 2

BatteryElectrolyte Degradation

Figure4.11andFigure4.12 below show thé&kFB capacity degradation due to electrolyte decay

for a 1 year period for 12.5 kW / 60 kWh and 25 kW / 60 kWh RByscomparing low and

high powefrated RFBs, we can observe how power rating influences battery cycling,
degradation, and consequently the frequency of mixing and rebalancing required to maintain
system performancé higher poweito-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 degradatidie see over the course of the year,26&W/ 60 kW batterygoes
through ~500 cycles and requiragebalancing activitafter the maximum storage capacity
reaches its minimum limit at approximately 225. The 12.5 kW / 60 kWh &3 not go
through a sufficient number of cycles for rebalancing to occur.

Table 4-8 summaizes of the number ofbattery cycles, mixing actittes and rebalancing
activities over thel-yearperiod 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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12.5 kW / 60 kWh RFB
Capacity Decay
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Figure 4.11. Example ofcycle-basedcapacity decay for a 12.%W / 60 KWh RFB for a 1 year analysis

25 kW / 60 kWh RFB
Capacity Decay

r 500
100 % —— Degraded Capacity
——— Capacity after Rebalance
——— Battery Cycles
- 400
95 % 7
z
o
e F300 4
S <
T 90 %A ©
c fal
=) 7}
g £
2 L 200 &
ES
85 % 1
- 100
80 % 1
f T T T T T T T 0
0 50 100 150 200 250 300 350
Days

Figure 4.12 Example of cyclebased capacity decay for 5 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

Batter Storage P =25 kW P =18. 75 kW P=125kW
Result Capacity Casel |Case2 |Casel |Case2 |Casel | Case?2
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
Battery Cycles
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
60 kWh RFB 11 11 10 10 8 8
90 kWh RFB 9 9 7 7 3 3
No. of Mixing | 120 kWh RFB 6 6 4 4 2 2
Activities 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
60 kWh RFB 1 1 1 1 0.13 0.12
90 kWh RFB 1 1 0.16 0.15 0.42 0.39
No. of 120 kWh RFB 019] 018] 034 034] 055 055
Rebalance

Activities 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 iTable4-9 andTable4-10below, for case 1 and case 2, respectively. Cost savings
occur for all cases and battery sizes, which amouat 28 to(505, corresponding to 4.3 to 12

% savingsas the original annual energy costii4,214. We see that the resultddase 2 give
greater cost savings than Casel, indicating that the Case 2esalsnbetter 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 havB@C> 50% andat theend of Sunday th8OC= 80%.
Figure4.13 to Figure 4.15 show the weekend charging aB@C profiles for different RFB

storage sizes, for different rated power. Lookingrigure4.13, we can see that the smaller
R F B 6 si 140 &Vbh), 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 offsgnes of high volume or highost energy use, or to sell back to

the grid, allowing for some savings to be made. This is clearly seen 8OQ@elip occurring
between, 24 36 hours Immediately after this dip, the smaller RFBs contituehargeby to

meet theirechargingobligationby 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 rechgumgmniod is also compounded
der at i ng astshoan irFigureel.l to Biguré 43rin n g

by the

RFBOs

Section4.3.2 Figure4.14 andFigure 4.15 show theweekend chargingesults forthe RFBs

c h
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with arated power of 18.75 kW and 25 k\WWi.theseWe can see how(18ihe | ar
240 kWh)can recharge quickecompared to to the 12.5 kW battedyie to their higher rated

power and hence can participate in energy trading during the weekend period; htvezeer,

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 observationtlse 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
showthat generally, the cost savings increase as the RFB storage capacity increases. This would
be expected, as with mostorage capacity, the RFB is capable of trading more energy and
offsetting thef aci | i tyds | oad for | ongerl25kiweRFB, | t i ng
however, shows an inverse treda explain this we look at thgpower,SOCand efficiency

profile for the 12.5 kW RFBs iRigure4.16, below.For all RFB sizes, we see that tferging
efficiencyis ~85.5% at the beginning of the cycle, and increasedimearly to a maximum of

89% once a 60 %BOCis reached, and thenqumeeds to decrease to 88% oncefitiieSOCis
reachedDue to thdow charging rateit can take 8 to 14 hours for these RFBs to rechargk,
because the RFBharging/discharging schedule was optimized for a 24 hour p¢n®RFBs

with larger storage capacitiese less likely to recharge ®SOCof 5017 70 % where the
charginghigher efficiencies occuiTherefore it can be stated that for tHeFBs with a rated

power of 12.5 kW, higher losseguld be expected during charging with increadiagtery

storage capacifyand hence lowernaual cost savingshe 18.75 kW and 25 kWRFBscan
recharge at a higher rate, therefthrey can maintairOCof 5017 70% at the higher charging
efficienciesand are not as sensitit@ these charging losses. However, they are still impacted

by this mechanism which can help explain why the best annual sadogssfor 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
performanceTable4-9 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
60 kWh K HOPY
90 kWh
Absolute 120 kWh K NYTI
Savings 150 KWh KHZTZ= K HNZ M
180 kWh KHOPT KH=TP K HNT M
240 kWh KHONY KH=MNO KHN®M
60 kWh 8.5%
90 kWh
% Savings 120 kWh 4.4%
150 kWh 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
60 kWh K LLO®S K WOP =
90 kWh
Absolute 120 kWh
Savings 150 kWh K 243
180 kWh KW=0=
240 kWh K W=N®
60 kWh 9.4% 8.4%
90 kWh
% Savings 120 kwh
150 kWh 5.8%
180 kWh 5.5%
240 kWh 5.2%

Table 4-11 Difference in annual energy cost savingwith changing battery storage capacity and rated battery power.

Cases Adjusted Battery Absolute Difference Between | Relative Spread of Annual Savings
Parameter Possible Annual savings

Case 1 StorageCapacity K52 - k84 23%-28%
Rated Power K127-K218 49%-78%

Case 2 StorageCapacity K39-K116 10%-25%
Rated Power K128-k280 38%-74%




Co-funded by 82
the European Union un.n

SMHYLES

Case 1 - Average Performance During Weekend for 12.5 kW Battery
Battery Power
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Figure 4.13 Average RFB power andSOC profile duringtheweele nd f or RFB&és with different s
fixed rated power at 12.5 kW.

Case 1 - Average Performance During Weekend for 18.75 kW Battery
Battery Power
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Figure 4.14 Average RFB power andSOCprofile during the weekend for RFBO&6s with di
fixed rated power at 18.75 kW.
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Case 1 - Average Performance During Weekend for 25 kW Battery
Battery Power
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Figure 4.15 Average RFB power andSOCprofile dur i ng t he weekend for RFB6s with di
fixed rated power at 25 kW.

RFB Charge Profile - P rated = 12.5 kW
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Figure 4.16 Power, SOC and efficiency profile for the 12.5 kW RFB during recharging.

Figure4.17 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 ratingi(2ZA%W), the RFB energy
trading has been averaged across all storage capacity size246&wh), and therror bars
represent one standard deviatiGigure 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 arrang@eent
following observations can be made from this graph:

12.5 kWh RFB:

T

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 fagili

The with this RFB arrangement, a greater energy volume than the original arrangement, as
per Figure4.17, 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 origindfigure4.18.

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:

1
1

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 Bepmdy/17;
however the cumulative cost from buying (asfkigure4.18), is less than the original cost.

This indicates that thRFB 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 cosgiieater 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:

1
1

T

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 sedfigare4.17. In Figure4.18 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 sas@émgot 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 ea&B size by power rating
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Figure 4.18 Average cumulative sum ofannual cost and revenue forenergy purchased and soldrespectivelyfor each
RFB size by power rating
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4.4.3. HESSPerformance

Case 1 Results

Figure4.19shows thehange in annual savingstweerl2.5 kKWRFB only case, and the HESS
arrangements when the 20 kVitp 100 kWp SCs are added to the systBy adding a SC

capacitor into the system, the annual savings decbgas#.6 % when using tH0 kWp SC,

to ~1.8 % when using the 100 kWip.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. hwever, this surplus PV would otherwise be exported to the grid,
generatingevenue through the feed tariff. By diverting this energy, the SC reduces export
revenuéef fectively cannibalizing it. As a resul
export income, which explains the observed decrease in annual savings.

Figure4.20 shows how the annual PV selbnsumption increaségr each HESS systemhen

coupled to a 12.5 kW RFB, afgla percentage of the total PV energy consuméihhbie4-7

in Section4.4.1 This provides a clearer illustration of hotwe SC increases PV self
consumption and hence decreases the exported PV, therefore decreasing the revenues obtained
for the RFB only case.

Figure4.19 andFigure4.20 show the results for the HESS witie 12.5 kW RFBfor Case 1
however,the general impact of the S€representative for the 18.75 kW and 25 k\WHBR.
Theannual savingeesults forall HESS are shown ifable4-12, and the PV sel€tonsumption
results inTable4-13.

Based on these results, wan concludehat the SC has no added benefit to the overall cost
savings Although the SC improves PV s@&bnsumption, thiss at the expense of the revenue
generated from exported surplus Pihe assistance that the SC proviteshe RFB during
chargingis insufficient to provide an overall benefit.
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Case 1-12.5 kW RFB
Change in Annual Savings with Different SC
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Figure 4.19 Change in annual savings for the 12.5 kW RFBs with different SC sizes

Case 1-12.5 kW RFB
Change in PV Self-Consumption Annual with Different SC
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Figure 4.20 Change in annual PV selconsumption for the 12.5 kW RFBs with different SC sizes
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Table 4-12 Annual savings increase foreach HESS for Case 1
Battery Size SC Size
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12.5 kW /120 kWh

12.5 kW / 150 kWh

12.5 kW /180 kWh

12.5 kW / 240 kWh

18.75 kW / 60 kWh

18.75 kW / 90 kWh

18.75 kW / 120 kWh

18.75 kW / 150 kWh

18.75 kW / 180 kWh

18.75 kW / 240 kWh

25 kW /60 kWh

2,363 kWh
(11.50%)

2,499 kWh
(12.2%)

2,523 kWh
(12.3%)

2,541 kWh
(12.4%)

2,555 kWh
(12.4%)
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Table 4-13 Annual PV self-consumption increase foreach HESS for Gisel
SC Size
Battery Size
0 kWp 20 kWp 40 kWp 60 kWp 100 kWp
2,132 kWh 2,169 kWh 2,192 kWh 2,210 kWh 2,239 kWh
12.5 kW kwh - - : : -
° /60 (10.38%) (10.56%) (10.67%) (10.76%) (10.90%)
2,297 kWh 2,335 kwWh 2,357 kWh 2,375 kWh
12.5 kW / 90 kWh : : : :
(11.18%) (11.37%) (11.48%) (11.56%)

2,581 kWh
(12.6%)

25 kW /90 kWh

25 kw /120 kwWh

25 kw /150 kwWh

25 kW /180 kWh

25 kW / 240 kWh

2,827 kWh
(13.8%)

2,852 kWh
(13.9%)

2,870 kWh
(14.0%)

2,885 kWh
(14.0%)

2,910 kWh
(14.2%)
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Case 2 Results

Similar results are presented for Case Bigure4.21, Figure4.22, Table4-14andTable4-15,
like for Case 1. The same observatians, as per Case 1, where the SC improves PV self
consumption, however there is no added benefit to the overall cost savings.

Case 2 - 12.5 kW RFB
Change in Annual Savings with Different SC
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Figure 4.21. Change in annual savings for thd2.5kW RFBs with different SC sizes

Case 2 - 12.5 kW RFB
Change in PV Self-Consumption Annual with Different SC
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Figure 4.22 Change in annual PVself-consumptionfor the 12.5 kW RFBs with different SC sizes
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Table 4-14 Annual savings increase foHESS arrangements forCase 2
Battery Size SC Size
0 kWp 20 kWp 40 kWp 60 kWp 100 kWp

12.5 kW / 60 kwWh ?626H%I)4 HHH ?6.24;)!; HHH ?6_21;,'; HHH (KG.I-2|9|:A)I; HHH ?6.|_2|7|:A>|; HHH
125 kW 120 kwh ?G-ZSH%'; . (KGES%:' . ?6.|_2|OH%|; 2 (K6.H18|_°|A)l; S ?6.|_1|6|;|A>|; i
12.5 kW / 150 kWh ?5.|;6H%l)4 HHH (Ks.gs'j/o;' HHH ?5?1':4'; HHH (KSII;QI:A)I;I HHH ?5:7%4 HHH
sswwr o ™y
sswzomn | e
18.75 kW / 60 kWh ?82513/; HHH (K&I:zlj/ol;l HHH ?&Iill:/ol; HHH l(gBII-slgl;I/ol;l HHH ?&g;:/ol; HHH
1675 KW 90 kv ?Q-TZI:A? . (Kg.lggljml; . ?9.?)8|:/o|; . (Kg.geljmi; . ?924%4 HH
18.75 kW / 120 kWh ?g.lng%l)* HHH (ngglj/o;i HHH ?8:7':/; HHH (K8.|;5|:/o|; HHH ?BSSH%:; HHH
18.75 kW / 150 kWh ?9.25H%|; HHH ?9.23H%:| HHH ?9.23/0'; HHH (Kg.l-zlgl;l/:;l HHH ?9;7H%|)4 HHH
1675 KW/ 180 ke ?926':41; . ?9.2;/:; . ?9.21|:/0|; . (Kg.goljmi; e ?sa.';?ljl)/o')4 HH
18.75 kW / 240 kWh ?g.gzlj/; HHH (Kg.ligH%l;l HHH ?92;:/0')4 HH H (Kg.l-1|6l;l/ol;l HHH ?Q.IISI-OI/OI; HHH
s Ll el | e | bome
25 kW / 150 kWh aﬂ;;)H HH ?1E6I;;)H HH ?llﬂe)ll ;)H HH ?1 Esg :/:)H HH ?1 |145|; ;)H HH
25 kW / 180 kWh a;;;)H HF ?121:‘;)H HH ?1212 0;i))H HH ?1 ;Ill-; (;l))H HH ?1 ;1% ;)H HH
25 KW /240 i Grsmo | Giswn) | (rsme | aisiw | (rdew)
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Table 4-15 Annual PV self-consumptionincrease for each HESS for Case 2.

Battery Size SC Size
0 kwWp 20 kwp 40 kWp 60 kWp 100 kWp

12.5 KW 60 kWh (12(3?9572()A)'<)Wh (121’_21%3/:)% (121.§21:()/|:)\/Vh (121.22370 /Ok)Wh (121,1575; /Ok)Wh
12,5 kW /120 kv S5 45 W N
12.5 kW 7180 kwh (121'.3563%/:)\/\/h (12i2092‘34l()Wh (121'‘-‘r8203°/|:)wh (121'.48‘:31°/ok)Wh (122'.4062?%31()Wh
125 kW / 240 kWh | ff;g;)")m (121’?56020/0';Wh (121--35140/:)\/\/h (121,2%1%I<)Wh (121,.4822% /Ok)Wh
ST
18.75 kW / 90 kWh (i;g; ;<Wh (i,zégol/o I)<Wh (if.gf/o l)<Wh (%36.3?;) ;<Wh (iggf;o |)<Wh
1875 kW /120 kW qoleg M 00| aase | (b | (a0
18.75 kW /150 kWh| G300 | daom | @amw) | (4 | @458
1875 kw1180 kWl R0 | s | 4w | @am | @am0
T i o
SRR i i i i
e [ S S S
oo | Sl SRS SRS
SR B i B
ez | S
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Figure4.23to Figure4.25 show the NPV results for the various HESS arrangemiamtbpth

Case Jand Case Zssessedverperiods of 10 20 yearsin all cases we can see that the NPV

are negativeranging from- 047,000 to-090,000, andNPV decreases with eaneagng battery
size, increasing SC size and increasing project peftoellast point is interesting, ggically,

NPV is expected to increase with a longer project period, as an extended timeframéoallows
more opportunities to generate revenue. This increased cash inflow helps offset the initial

investment cost and move the project towding breakevenpoint, improving overall
profitability. However,the annual revenu®r the different RFB sizegaries betweenl64to
0512 and this is significantly lower than th@nual HESSOPEX which iscanrange at about
0100 - u1,300(depending on the yeand siz¢ for the RFB andi200 for the SCDue to this,
the HESS generatenegativeannualcashflow
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Figure4.26 to Figure4.28 show the NPV calculations for the same HESS arrangements as per,
with the OPEX neglected from the annual cashftowunderstand how this may impact the
results Although theresultantNPVs arestill highly negative, there are some noticeable
differences compared to the NPVs showfigure4.23to Figure4.25, such as:

1 All NPVs are slightly more positive than befar@nging from-025,000to-u0 8 0, 00 0 .

1 By ignoring the OPEX, the@nnual cashflow is always positiveence we see an
increasing NPV with increasing project periodfygscally expected.

1 Comparing the NPV across different project durations for the same HESS configuration
shows a notably narrower range of resuli®his would be expected as tlamnual
cashflow, which inly the revenuén this caseis > 1% of the HESS CAPEXhence
a significantly longer period would be required for the cashflowftset the initial
investment in a meaningful way.

The NPV analysis showsghly negative values for all HESS arrangements. Thiglteigigh
CAPEX and high OPEX compared to tieeenue achieved by each systéwr. this case study,
anRFB s not a financially viable investment as it does not generate enough returns to offset
theoutgoing costs or the initial investment.

Figure 4.23 NPV results for different HESS combinations using a 12.5 kW RFB

















































































































































































































































































