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Abstract

Evaluation of KPIs and Battery Usage of Li-ion BESS
for FCR Application

Samuel Jansson

The main purpose of this thesis was to develop and evaluate Key 
Performance Indicators (KPIs) and battery usage associated with 
Lithium-ion Battery Energy Storage Systems (LiBESS) used as 
Frequency Containment Reserve (FCR). The investigation was based 
on three of Vattenfall´s LiBESS projects that use the same 
lithium-ion battery technology but vary in system rating and 
configuration. It was found that two of the most important KPIs 
are response time and energy efficiency. The response time 
describes how fast the system can respond to changes in grid 
frequency. Additionally, the energy efficiency describes how 
effectively the system can provide energy storage during service 
and it can be parametrized into the efficiency of the battery, 
converter and transformer. 

The results show that all the considered LiBESS can fulfill the 
response time requirements of 30 seconds for FCR provision. In the 
future stricter requirements for the response time in grid 
stabilization services will most likely be required. Nevertheless, 
the results showed that a well configured LiBESS can provide 
response times on the millisecond scale. 

The energy efficiency evaluation showed that the system energy 
efficiency decreased from 89% to 85% when the power increased from 
50% to 100% of rated power. At 75% of rated power it was found 
that the converter had the lowest efficiency (92%) based on the 
analysis of the efficiency of all the system components. It was 
also found that the power consumed by auxiliary loads was nearly 
constant for the examined power rates and that it significantly 
reduced the energy efficiency. 

Lastly, the battery usage analysis showed that the battery often 
idles or operates at low power rates if the frequency dead-band of 
±10 mHz is applied around the nominal value of 50 Hz. Moreover, 
the battery usage can be characterized by an average State of 
Charge of 50% and a maximum Depth of Discharge of 30% during both 
charge and discharge of the batteries. 
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Populärvetenskaplig Sammanfattning  

För att uppnå de globala klimatmålen krävs att fossila bränslen fasas ut ur dagens 

energisystem för att istället ge plats åt förnybar elproduktion. I framtiden förväntas 

andelen förnybar elproduktion öka främst i form av solkraft och vindkraft. Dessa 

energislag är intermittenta, vilket innebär att produktionen är mer variabel och mindre 

förutsägbar jämfört med konventionella kraftslag. I framtiden förväntas det därför bli 

svårare att upprätthålla balansen mellan produktion och konsumtion i elnätet.  

När det råder balans i elnätet är frekvensen 50 Hz i Europa. Om produktionen överstiger 

konsumtionen ökar frekvensen och vice versa. En vanlig metod för att hålla balansen i 

elnätet är att vissa kraftverk ökar eller minskar sin produktion i förhållande till variationer 

hos frekvensen, vilket benämns frekvensreglering. Frekvensreglering kan delas in i tre 

steg beroende på dess syfte och aktiveringstid. Primärreserven (FCR) aktiveras normalt 

inom några sekunder och har till syfte att stoppa frekvensensavvikelsen genom att 

upprätta en ny balans mellan produktion och konsumtion. Därefter aktiveras 

sekundärreserven för att föra frekvensen tillbaka till 50 Hz. Om inte sekundärreserven är 

tillräcklig för att föra tillbaka frekvensen kan också tertiärreserven aktiveras.  

Litium-jon batterier är lämpliga som primärreserv eftersom de kan erbjuda snabba 

responstider, höga effekter samt oslagbar skalbarhet jämfört med många andra 

energilagringstekniker. Det är dock en relativt ny tillämpning för litium-jon batterier och 

därför är inte nyckelpresentandan väl undersökt. Detta är ett problem eftersom nyckeltal 

är nödvändiga för att accelerera användningen av energilager i elnät. Nyckeltal är mått på 

prestanda och kan med fördel användas för att jämföra olika energilagringstekniker i 

termer av bland annat effekt, energi och verkningsgrad. De kan också användas för att 

bedöma hur väl en viss typ av energilager passar för en given applikation.  

Huvudsyftet med detta arbete har varit att undersöka relevanta nyckeltal för litium-jon 

batterilager som används som primärreserver. Arbetet har också haft till syfte att utveckla 

metoder för utvärdering av de föreslagna nyckeltalen och att analysera batteri-

användningen som primärreserv. Undersökningen avser primärreserver i Tyskland samt 

Storbritannien och har baserats på tre av Vattenfalls batterilager som alla använder samma 

litium-jon batterityp, men som har olika effekt och energikapacitet. Batterilagren som har 

undersökts är NEW4.0 i Tyskland (0.72MW/ 0.8MWh), Alexia i Nederländerna (3MW/ 

2.9 MWh) samt Pen y Cymoedd i Storbritannien (22MW/ 22 MWh).  

Två av de mest fundamentala nyckeltalen för batterilager som används som primärreserv 

är responstid och verkningsgrad. Responstid beskriver hur snabbt ett batterilager kan 

upptäcka en frekvensavvikelse och därefter tillgodose efterfrågad effekt. 

Verkningsgraden är också ett relevant nyckeltal eftersom det beskriver hur effektivt 

systemet kan lagra och förse energi. För en utförlig analys av verkningsgraden bör 

batterilagrets totala verkningsgrad delas upp i bidrag från varje enskild elektrisk 

komponent, det vill säga batteri, omriktare och transformator.  



 
 

Resultaten visar att de undersökta batterilagren kan uppfylla kravet på 30 sekunders 

responstid för att agera som primärreserver i Tyskland. Resultaten visar också att ett väl 

konfigurerat batterilager kan erbjuda responstider på en millisekundsskala, vilket 

förväntas bli ett vanligare krav för primärreserver i framtiden.  

Vid utvärdering av verkningsgraden kunde tester av lagrad energikapacitet endast utföras 

vid NEW4.0. Testresultaten visar att batterilagrets verkningsgrad avtar när det laddas upp 

och ur vid höga effekter. De effekter som undersöktes var 50%, 75% och 100% av 

batteriets märkeffekt. Vid 50% av märkeffekten erhölls en total systemverkningsgrad på 

89%, samtidigt som en total systemverkningsgrad på 85% erhölls vid 100% av 

märkeffekten. Genom att studera bidraget från varje enskild elektrisk komponent erhölls 

att omriktaren hade lägst verkningsgrad (92%) följt av batteriet (94%) under cykling vid 

75% av märkeffekten. Det visades också att energikonsumtionen för kylning och kontroll 

av systemet inte förses av systemet själv utan från det externa nätet. När detta energibehov 

inkluderades i beräkningen av systemets totala verkningsgrad erhölls att den minskade 

med omkring två procentenheter, vilket visade att kylbehovet har en markant inverkan på 

systemets verkningsgrad.  

När batterianvändningen slutligen analyserades erhölls att primärreglering karakteriseras 

av långa perioder då batteriet är i vila och att det annars är vanligt med korta cykler och 

låga effekter. Simuleringar av hur batteriet används för primär frekvensreglering visade 

också att batteriprestandan reducerades med 2% under ett år och att minskningen var 

exponentiell.  

Framtida studier bör fokusera på hur verkningsgraden påverkas vid låga upp- och 

urladdningseffekter genom att utvärdera verkningsgraden vid 25% av märkeffekten. 

Vidare bör framtida studier fokusera på hur batterianvändningen som primärreserv 

påverkar batteriets förväntade livstid. 



 
 

Executive Summary 

Two of the most important key performance indicators for Lithium-ion Battery Energy 

Storage Systems (LiBESSs) used in Frequency Containment Reserve (FCR) application 

are response time and energy efficiency. This is because it is important to provide fast 

activation times and effective energy storage during FCR service.  

The response time can be evaluated from prequalification tests for FCR provision while 

energy efficiency must be evaluated from a stored energy capacity test. The 

prequalification test results that were analyzed showed that all the considered LiBESS 

can meet the 30 second response time requirements for FCR in Germany. It was also 

found that a well configured LiBESS can provide response times on the millisecond scale 

which will be more common in future ancillary service for grid stabilization. Moreover, 

the energy efficiency evaluation of NEW4.0 showed that the total system energy 

efficiency decreased for power rates in the range from 50% to 100% of rated power. 

During cycling at 50% of rated power the efficiency was 89% and for cycling at full rated 

power it was 85% when not including the power consumed by auxiliary loads. It was also 

found that the power consumed by auxiliary loads had a significant impact on the system 

efficiency as a lot of energy was needed for cooling of the system during the tests.  

Lastly, the battery usage analysis showed that during one year of FCR service the battery 

operated with an average State of Charge near 50% with a maximum Depth of Discharge 

of approximately 30% in both charge and discharge direction. The battery usage also 

caused the State of Health to reduce from 100% to 98% during one year of FCR service.   
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DoD Depth of Discharge  

EES Electrical Energy Storage  

EFR Enhanced Frequency Response  

ESS Energy Storage System 

FCR Frequency Containment Reserve  

FRR Frequency Restoration Reserve 

KPI Key Performance Indicator  
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1. Introduction 

The modern energy landscape is facing a major transition from fossil fuels to renewable 

energy production needed to achieve a sustainable low carbon future. However, with the 

increasing share of renewables there exists a problem with intermittency. Renewable 

energy sources such as wind and solar are more variable and less predictable than 

conventional generation. As they are non-dispatchable they cannot be dispatched at the 

request of grid operators. Thus, it will be more complicated to maintain the balance 

between generation and consumption to ensure a stable and reliable electric grid in the 

future. Historically, conventional generating units (e.g. hydroelectric power and thermal 

power plants) have been used to regulate the balance between generation and 

consumption of electricity. However, conventional generation may not be able to react 

fast enough in the future due to faster and more frequent changes in generation associated 

with intermittency [1]. Therefore, several other solutions have been proposed: large-scale 

aggregation of wind power plants, improvement of wind forecast methods [2], flexible 

demand-side management [3], as well as the use of energy storage systems as power and 

energy buffers [4]. Recently the use of lithium-ion batteries for grid stabilization has 

increased due to successful deployment in the transport sector and reduced market prices. 

Moreover, lithium-ion batteries are characterized by fast response times, high-power 

capabilities, and unmatched scalability when compared to most other energy storage 

technologies which makes them suitable for grid stability services.  

1.1 Motivation  

In comparison to electrical vehicle applications, the key performance for typical 

stationary battery usage are not well investigated for grid connected Energy Storage 

Systems (ESSs). Thus, there exists no generally accepted standard to measure and express 

the key performance of Battery Energy Storage Systems (BESSs) and its use in various 

grid applications. To some extent, there is also an absence of existing grid codes that 

describe the technical requirements that need to be fulfilled by a BESS to provide 

frequency stabilization services. Nevertheless, investigation of key performance or Key 

Performance Indicators (KPIs) with respect to BESSs is essential to accelerate the 

adoption of their use in grid applications [5]. To address these issues there has been 

significant work on the development of protocols, e.g. PNNL-22010 (Protocol for 

Uniformly Measuring and Expressing the Performance of Energy Storage Systems). Yet, 

there has been little in the way of performance programs developed for stationary batteries 

when used as part of an ESS for grid application [6].  
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1.2 Purpose 

The main purpose of this thesis is to develop and evaluate KPIs and battery usage for 

industrial stationary Lithium-ion Battery Energy Storage Systems (LiBESS) used in 

Frequency Containment Reserve (FCR) application. Moreover, the thesis aims to 

accomplish the following objectives to fulfill the main purpose:  

▪ Develop KPIs and their associated metrics that can be used to define and quantify 

the key performance of LiBESSs that provide FCR  

▪ Develop methods for raw data collection and data treatment that can be used to 

determine the metrics of the KPIs  

▪ Perform KPI evaluation and battery usage analysis based on the developed 

methods 

The investigation is based on three of Vattenfall´s LiBESSs projects1 as case studies: 

NEW4.0 in Germany, Alexia in the Netherlands, and PyC in Wales. All the LiBESSs use 

the same Lithium-ion battery type but have different system ratings. To limit the scope, 

the thesis concentrates only on the evaluation of the two most important KPIs found for 

FCR application. Furthermore, the FCR applications are limited to FCR in Germany and 

Enhanced Frequency Response (EFR) in the United Kingdom.  

1.3 Structure of the Thesis  

Chapter 2 contains a literature review of the background information needed to 

understand the framework of this thesis. The chapter also covers related works on the 

topic. It ends with the key findings of the literature review which is used to develop the 

theory (Chapter 3) and methodology (Chapter 4). Chapter 5 presents the results and the 

discussion of the KPI evaluation and battery usage analysis. Finally, a conclusion of the 

results and recommendations for future work are summarized in Chapter 6.  

  

                                                           
1 https://group.vattenfall.com/press-and-media/news--press-releases/newsroom/2019/batteries-an-

important-part-of-a-fossil-free-energy-system [2019-03-23] 

https://group.vattenfall.com/press-and-media/news--press-releases/newsroom/2019/batteries-an-important-part-of-a-fossil-free-energy-system
https://group.vattenfall.com/press-and-media/news--press-releases/newsroom/2019/batteries-an-important-part-of-a-fossil-free-energy-system
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2. Literature Review 

2.1 Electric Energy Storage  

2.1.1 General Technologies  

Energy storage is the capture of energy produced at one time for use at a later time. Unlike 

most other forms of energy, electric energy is sometimes referred to as an energy carrier 

since it is produced from other sources of energy. This is because electric energy does not 

exist naturally, although there exist natural phenomena which are able to create electric 

energy. Therefore, electric energy needs to be converted to other forms of energy before 

it can be stored. Electrical Energy Storage (EES) are a set of technologies and methods 

used to store electric energy in various form. Now, there exists five main types of EES as 

presented in Table 1. In 2017 the total installed capacity of EES worldwide was 

approximately 176 GW [7], compared to the worldwide hydropower installed capacity 

which was 1 267 GW in 2017 [8]. 

Table 1. The five main technology types of energy storage systems [7]. 

Technology 

Type  

Subtechnology Type Installed Capacity Share 

Electro-

chemical 

Electro-chemical capacitor, lithium-ion battery, -

flow battery, vanadium redox flow battery, lead-

acid battery, metal air battery, sodium-ion battery 

1.9 GW  1.1% 

Electro-

mechanical 

Compressed air storage, flywheel 1.1 GW  0.6% 

Chemical Hydrogen storage, liquid air energy storage 0.7 GW 0.4% 

Pumped hydro Closed-loop pumped hydroelectricity storage, 

open-loop pumped hydroelectricity storage 

169 GW 96% 

Thermal Chilled water thermal storage, concrete thermal 

storage, heat thermal storage, ice thermal storage, 

molten salt thermal storage 

3.3 GW 1.9% 

 

The different technology types in Table 1 differ in terms of lifetime, cost, power, energy 

density, and many other characteristics. The choice of technology depends on the 

intended application(s). Parameters such as power capacity, duration and efficiency are 

especially important for grid connected EES. Figure 1 illustrates the characteristics for a 

set of different technologies in terms of efficiency, capacity and discharge time.  
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Figure 1. Characteristics for various energy storage system technologies in terms of power capacity, discharge time 

and energy efficiency [9]. The figure illustrates for which discharge times and power levels each technology is most 

suitable.  

2.1.2 Grid Applications  

Grid applications that can be provided by EES technologies can be divided into four main 

categories [10]: (1) end-user applications, (2) renewable energy sources applications, (3) 

ancillary services, and (4) transmission and distribution system applications. End-user 

applications refer to grid applications used by residential and industrial customers. 

Renewable generation applications refer to the optimization of variable renewable energy 

sources. Ancillary services as well as transmission system applications are the most 

relevant applications from a grid operators’ point of view. Ancillary services are functions 

that help grid operators maintain a reliable electric grid as they address imbalances 

between production and consumption. They also help to restore the system after a power 

system disturbance. Furthermore, transmission and distribution system applications refer 

to grid applications that mainly deals with limited transmission capacity in the grid. An 

overview of each application is presented in Table 2. As seen each application can be 

characterized by its response time, discharge duration and number of cycles per unit time.  
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Table 2. Description and technical requirements for Ancillary Services as well as Transmission and Distribution 

System applications provided by a battery energy storage system [10]. 

Application Description Response 

time 

Duration Cycles  

Ancillary Services 

Voltage support Injection or absorption of reactive 

power to maintain the voltages in 

the grid within a secure, stable 

range 

Millisecond 

to Second 

Seconds to 

minutes 

Multiple 

per day 

Frequency 

containment 

reserve 

Operating reserves necessary for 

constant containment of 

frequency deviations from 

nominal value to maintain the 

power balance in the whole 

synchronously interconnected 

system 

30 seconds  Continuous 

or 30 

minutes  

Multiple 

per day 

(about 1 

per day) 

Frequency 

restoration reserve  

Operating reserves necessary to 

restore frequency to the nominal 

value and power balance to the 

scheduled value after sudden 

system imbalance occurrence 

15 minutes  15 minutes 

to 2 hours 

Multiple 

per day 

(about 1 

per day) 

Replacement 

reserves 

Operating reserves used to restore 

the required level of operating 

reserves to be prepared for further 

system imbalance 

15 minutes to 

multiple 

hours 

Hours Multiple 

per day 

(about 1 

per day) 

Black start 

capability 

The ability to restart a grid 

following a blackout 

< 1 hour Hours < 1 per 

year 

Island operation 

capability  

The ability to supply a grid area in 

isolation of the synchronous grid 

over extended periods of time 

< 1 hour Hours < 1 per 

year 

Transmission and Distribution System Applications 

Grid Congestion 

Relief 

Using energy storage to avoid 

grid congestion during peak 

periods. 

> 1 hour Hours Multiple 

per day 

Grid Upgrade 

Deferral 

Using energy storage during peak 

periods to defer grid upgrades. 

> 1 hour Hours Multiple 

per day 

Substation On-

Site Power 

Provides power at substations in 

case of grid failure by means of 

energy storage. 

Seconds Minutes to 

hours 

< 1 per 

year 
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2.2 Frequency Regulation  

The electric frequency is directly related to the rotational speed of all the synchronous 

generators that are connected to the grid. If there is an immediate imbalance between 

power supply and demand, all the synchronous generators in the grid either speed up 

(excess power supply) or slow down (excess power demand) as seen in Figure 2. This 

immediate correction of imbalances between power supply and power demand is known 

as the inertial response of a synchronous generator. The inertial response causes the 

electric frequency to deviate from its nominal value (50 Hz in Europe). The rate of 

frequency deviation depends on the total inertia of the grid. Therefore, a power system 

that has high shares of solar and wind power, which are not synchronously connected to 

the grid, will be more prone to changes in frequency than a power system with high shares 

of conventional production units, e.g. nuclear and thermal power plants [11].  

 

Figure 2. The principal of frequency regulation. The grid frequency is kept at the nominal value of 50 Hz by adjusting 

imbalances between supply and demand [12]. When supply is higher than demand the frequency increases and vice 

versa.   

The electric frequency must be maintained close to its nominal value to support the 

stability of the electric grid. Since all the synchronous generators are designed to operate 

at the nominal frequency they can be subjected to damage if operated too far from the 

nominal value. Therefore, automatic protection systems are designed to disconnect loads 

and generating units during high frequency deviations. Disconnection of one or more 

generators will reduce the inertia of the grid, which makes it more prone to changes in 

frequency [13]. However, grid operators can maintain the frequency near the nominal 

value by procuring a reserve capacity of active power which can be activated when the 

frequency gets too high or too low, i.e. frequency control [14]. Frequency control is used 

to maintain the electric frequency at the nominal value by providing upward and 

downward regulation at different time scales. Upward regulation is provided during 

negative frequency deviations to increase the frequency, whereas downward regulation is 

provided during positive frequency deviations to reduce the frequency. Moreover, 

depending on the time scale and the operational principle, frequency control can be 

divided into separate control principles. In any synchronous grid the control principles 



7 
 

for frequency regulation can be divided into primary, secondary and tertiary control as 

illustrated in Figure 3.  

 

Figure 3. Activation of frequency control principles during a frequency deviation (∆𝑓) in the grid [15]. The primary 

frequency control is activated within seconds of a frequency deviation and is used to stop the change in frequency. 

The secondary control is then activated within minutes and lasts until the frequency is back to the nominal value. In 

case the secondary control is not enough to bring the frequency back to the nominal value the tertiary control can 

also be activated.   

2.2.1 Primary Frequency Control  

Primary Frequency Control (PFC) uses a local automatic control system and is usually 

activated within 30 seconds of a frequency deviation. The control system measures the 

actual grid frequency (𝑓𝑎𝑐𝑡𝑢𝑎𝑙) and compares it to the nominal value (𝑓𝑛𝑜𝑚𝑖𝑛𝑎𝑙) to 

calculate the frequency deviation (∆𝑓) given by Equation (1). The active power (𝑃𝑃𝐹𝐶) is 

then increased or decreased until the frequency is stable again. 𝑃𝑃𝐹𝐶  is a function of ∆𝑓 

and is given by Equation (2) and illustrated in Figure 4. In Equation (2), ∆𝑓𝑚𝑎𝑥 is the 

frequency deviations at which 100% of the 𝑃𝑃𝐹𝐶  should be activated, and ∆𝑓𝑑𝑏 is the 

width of the frequency dead-band. Note that inside the dead-band PFC does not need to 

be activated to avoid unnecessary wear and tear of the units that provide PFC. As seen in 

Figure 4 and as described by Equation (2), the provided 𝑃𝑃𝐹𝐶  must be proportional to the 

frequency deviation in the frequency region used for PFC. During negative frequency 

deviations the active power is increased linearly and vice versa.  

 ∆𝑓 = 𝑓𝑛𝑜𝑚𝑖𝑛𝑎𝑙 − 𝑓𝑎𝑐𝑡𝑢𝑎𝑙 (1) 

 

{
 
 

 
 

±𝑃𝑃𝐹𝐶, |∆𝑓| ≥ |∆𝑓
𝑚𝑎𝑥
| 

±𝑃𝑃𝐹𝐶 ∙
|∆𝑓|

∆𝑓
𝑚𝑎𝑥

, |∆𝑓
𝑑𝑏
| < |∆𝑓| < |∆𝑓

𝑚𝑎𝑥
|

0, |∆𝑓| < |∆𝑓
𝑑𝑏
|

 

 

 

 (2) 
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Figure 4. Power response characteristics of primary frequency control (Own illustration). As can be seen the power 

used for primary frequency control (𝑃𝑃𝐹𝐶) is activated for negative frequency deviations (∆𝑓) and vice versa. A 

frequency dead-band (∆fdb) can also be allowed where the primary frequency control does not need to be activated.  

The primary control system contains the ancillary service known as Frequency 

Containment Reserve (FCR). The purpose of the FCR is to stop the frequency deviation 

after a disturbance in a power system by achieving a new balance between supply and 

demand, i.e. the FCR is not intended to restore the frequency to the nominal value. Units 

that provide FCR are automatically activated within seconds in the event of a frequency 

deviation. Furthermore, FCR can be divided into FCR during normal operation (FCR-N) 

and FCR during disturbance operation (FCR-D). FCR-N is activated for frequency 

deviations within the normal disturbance interval |∆𝑓𝑑𝑏| <  |∆𝑓| < |∆𝑓𝑚𝑎𝑥|, while FCR-

D is activated for larger system disturbances where ∆𝑓< -∆𝑓𝑚𝑎𝑥 [16]. FCR can also be 

symmetric or asymmetric. Symmetric FCR means that the PFC is used to supply both 

upward and downward regulation whereas asymmetric PFC is used only to provide 

upward regulation or downward regulation [17].  

2.2.2 Secondary and Tertiary Frequency Control  

Secondary Frequency Control (SFC) is used to restore the frequency to its nominal value 

after a disturbance by relieving units that provide PFC. SFC is activated by a central 

control system and occurs on the timescale from seconds to minutes. The most common 

type of secondary control is automatic generation control, which operates together with 

supervisory control and data acquisition systems. The SFC is provided through an 

ancillary service called Frequency Restoration Reserve (FRR) which is used to restore 

the frequency to the nominal value after a frequency deviation has occurred. FRR can be 

activated either automatically (aFRR) or manually (mFRR). aFRR is activated by a 

central control signal whereas mFRR is activated at the request the Transmission System 

Operator (TSO) [16].  

If the SFC is insufficient to restore the frequency to the nominal value, then the Tertiary 

Frequency Control (TFC) is activated to relieve the secondary control reserve. It can be 

activated automatically or manually and is used to restore the frequency to the nominal 
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value on the timescale from minutes to hours [18]. Units that provide TFC are called the 

Replacement Reserve (RR).  

2.3 Battery Energy Storage Systems  

In Europe, the cumulative battery installation has increased from approximately 5 MW in 

2009 to roughly 180MW in 2016 [10]. Some of the most important drivers for battery 

storage have been: increasing integration of variable renewable energy sources, a growing 

need for electricity grid stability, reliability and resilience, rising self-production and self-

consumption of energy, as well as favorable energy policy or regulation. For now, 

stationary batteries are one of the most rapidly growing market segments for EES, 

especially lithium-ion batteries which accounted for 59% of the total installed electro-

chemical capacity in 2017 [7]. The main advantages of lithium-ion batteries in grid 

applications compared to other battery technologies are fast response times, high-power 

capabilities and long cycle lifetimes at partial cycles [1]. Nevertheless, the energy 

capacity of all batteries is finite which limits the time at which maximum power can be 

supplied. Therefore, lithium-ion batteries are most suitable for FCR applications with 

respect to frequency control as FCR is characterized by provision of power during short 

time scales.  

2.3.1 System Overview  

A BESS is a complex system that can be divided into four main levels: battery system, 

power conversion system, energy system control, and balance of plant components [6]. 

The battery system consists of the battery storage and the battery management system. 

The smallest subpart of the battery system is the battery cell, which is used to store 

chemical energy. If a few cells are connected in parallel they form a block. Aggregation 

of several blocks forms a rack (or pack) which is normally the smallest interchangeable 

part of the BESS. Lastly, if several racks are connected in parallel, they form a battery. 

The voltage level and capacity of a BESS can be increased by series and parallel 

connections of several batteries. Series connections are used to increase the voltage, 

whereas parallel connections are used to increase the capacity of the BESS. The battery 

management system is an electronic system that measures crucial information from the 

connected racks which is used to protect the batteries from damage and to ensure safe 

operation in a wide range of operating conditions [6]. Moreover, it sends the information 

to the energy system control.  

The energy system control is a set of high-level controls that are used to determine the 

functionality of the BESS. The main purpose of the energy system control is to determine 

setpoints for when and how fast the BESS shall be charged, discharged or idle. Once the 

setpoints are defined, the energy system control sends a control signal to the power 

conversion system of the BESS to change the settings for active and reactive power.  

The power conversion system is used to convert DC to AC and vice versa during 

discharge and charge of the batteries. The power conversion system is also used to adjust 
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the amount of active and reactive power that is supplied to or from the BESS. 

Furthermore, depending on the voltage level at the point of grid connection, a transformer 

may also be needed to step-up the voltage of BESS output to match the voltage of the grid 

at the point of connection [19].  

Lastly, balance of plant components are all the supporting components and auxiliary loads 

which are needed for the BESS to deliver energy, other than the batteries themselves. The 

BESS is often enclosed by a container/ housing as seen in Figure 5. Balance of plant 

components includes, but are not limited to, cooling systems for the container and 

different protection devices, e.g. protection systems. Power supplied to the balance of 

plant components can either be taken from the BESS itself or from the external grid [7].  

 

Figure 5. Schematic of the different components of a grid connected battery energy storage system [7].  

2.4 BESSs for FCR Application  

2.4.1 Provision of FCR by Energy Limited Resources in Germany 

In Germany there are four TSOs (50Hertz, Amprion, Tennet and TransnetBW) that plan 

and maintain the ultra-high voltage grid and regulate the grid operations. Together they 

organize the German FCR procurement in a common tender process. All the bids must 

be supplied symmetrically (i.e. upward and downward regulation must be provided) and 

the minimum bid size is 1 MW. The bids are sorted by the merit order system which 

means that bid size are accepted from the lowest to the highest price until the required 

power demand is achieved. Furthermore, to participate in the German FCR market, 

suppliers must ensure that their technical units can fulfill a set of technical requirements 

in what is called a prequalification process. Prequalification is used to ensure that the unit 
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can respond to frequency signal within a predefined time and that they can provide the 

requested active power for the duration of time needed. In Germany, the FCR must be 

activated within frequency deviations of 50 ±200 mHz. Additionally, a frequency dead-

band of ±10 mHz can be applied around 50 Hz where the FCR does not need to be 

activated which is used to avoid unnecessary starts and stops of the units.  

The most important technical requirements for FCR in Germany as stated by the TSO 

Tennet are [20]: 

▪ The FCR must be activated within a “few” seconds of a frequency deviation 

▪ The FCR activation must be proportional to the frequency deviation 

▪ The FCR must be fully activated at frequency deviations higher or equal to ±200 

mHz, be achieved within 30 seconds and be maintained for at least 15 minutes 

There are also certain rules that only apply to BESSs and other energy limited units that 

are used to provide FCR. A BESS must be able to provide symmetric regulation for at 

least 15 minutes which is known as the 15-min-criterion. It results in constraints that 

limits the State of Charge (SoC) operating range of the BESS during service. 

Mathematically, the 15-minute-criterion is defined by Equation (3)-(5).  

 𝐶

𝑃𝐹𝐶𝑅
> 0.5ℎ 

(3) 

 
𝑆𝑜𝐶𝑢𝑝𝑝𝑒𝑟 = 1 −

0.25ℎ ∙ 𝑃𝐹𝐶𝑅
𝐶

 
(4) 

 
𝑆𝑜𝐶𝑙𝑜𝑤𝑒𝑟 =

0.25ℎ ∙ 𝑃𝐹𝐶𝑅
𝐶

 
(5) 

𝐶 is the energy capacity, and 𝑃𝐹𝐶𝑅 is the prequalified active power used as FCR. 

Moreover, 𝑆𝑜𝐶𝑢𝑝𝑝𝑒𝑟 and 𝑆𝑜𝐶𝑙𝑜𝑤𝑒𝑟 are the upper and lower SoC limits that define the 

valid operating SoC range. Furthermore, a graphical illustration of the 15-min-criterion 

is illustrated in Figure 6. The upper and lower SoC limits are symmetrical around 50%, 

this is because the BESS should keep the SoC near 50% to guarantee full availability for 

both upward and downward regulation. Also, the higher the ratio between capacity and 

prequalified FCR power, i.e. the time at which prequalified power can be supplied, the 

higher the valid SoC operating range as the system can supply both upward and 

downward regulation. If the BESS operates outside the allowed SoC range during normal 

operation, then the 15-min-criterion is violated. However, the BESS s allowed to operate 

outside the SoC range during non-normal state, i.e. the alert state. The alert state is 

reached if one of the following conditions are fulfilled [20]: 

▪ Deviation of frequency |∆𝑓| > 200 mHz for at least 1 second  

▪ Deviation of frequency |∆𝑓| > 100 mHz for more than 5 minutes 

▪ Deviation of frequency |∆𝑓| > 50 mHz for more than 15 minutes  
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Figure 6. Valid State of Charge (SoC) operating range for a battery energy storage system used as frequency 

containment reserve in Germany (Own illustration).The valid SoC range is a function of the ratio between the  energy 

capacity of the system (MWh) and the power (MW) that is offered on the balancing market.   

FCR is a power intensive application where the LiBESS is continuously charged and 

discharged. Theoretically, the grid frequency should be normally distributed around 50 

Hz. Therefore, charge and discharge of a BESS should average to zero in FCR application 

as upward and downward regulation would be equally common. Additionally, the SoC 

value should oscillate around 50% with an equal Depth of Discharge (DoD) in both 

charge and discharge direction [21]. However, this is not the case during actual operation. 

Figure 7 illustrates the grid frequency in the central European grid during 2016. As seen 

the frequency deviations are not equally distributed around 0 Hz. The offset between 

negative and positive frequency deviations can cause the SoC of the battery to exceed the 

valid operating range as described by Equation (4)-(5). To avoid this, degrees of freedom 

are allowed during FCR provision to manage the SoC.  

Management of SoC means that the BESS requires external energy to restore its SoC to 

the initial value (50%) after service to be ready to provide another 15 minutes of FCR. 

The first degree of freedom is the dead-band of ± 10 mHz that can be applied around the 

nominal frequency where the BESS does not need provide FCR. This frequency interval 

can instead by used to charge or discharge the BESS to manage the SoC near 50%. 

However, the BESS is not allowed to manage the SoC within the dead-band if the 

behavior is counterproductive, i.e. charge when there is a shortage of production and vice 

versa. Secondly, all units that provide FCR must have a minimum bid size of 1 MW and 

be able to provide 100% of rated power within 30 seconds of a ±200 mHz frequency 

deviation. Thus, the minimum tolerated ramp rate becomes approximately 0.033 MW/s. 

Nevertheless, units that can provide faster response (e.g. batteries) can ramp faster which 

can be used to reduce the corrective energy used to maintain the SoC within the valid 

operating range. Lastly, a BESS used in FCR can provide up to 120% of the requested 

power during FCR provision to maintain the SoC within the valid operating region [21]. 
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Figure 7. (a) Grid frequency in the central European grid during 2016, and (b) distribution of the grid frequency based 

on a 10 mHz interval [22]. The probability in b) indicates how likely it was that the grid frequency was in each interval 

during 2016.  

2.4.2 Provision of EFR by Energy Limited Resources in the United Kingdom 

In the United Kingdom, the TSO National Grid has implemented a new ancillary service 

called Enhanced Frequency Response (EFR) since July 2016 [23]. EFR is very similar to 

FCR in Germany as it is used for frequency containment, but it is designed for energy 

storage specifically. Units that provide EFR must be able to respond in a narrower range 

of frequency deviations and be able to provide much faster response. There are two 

variants of EFR with the main difference in the applied dead-band:  

▪ Service 1 (wide-band): ±0.05 Hz 

▪ Service 2 (narrow-band): ±0.015 Hz 

Units that provide EFR are activated automatically via frequency deviation 

measurements. The units must be capable of detecting a change in frequency within 500 

ms and provide the full requested power response within 1 second. Additionally, the 

service provider must be able to provide both upward and downward regulation and be 

able to provide 100% capacity for at least 15 minutes. During EFR, power must be 

supplied as illustrated in Figure 8 with the reference points defined as in Table 3 [24].  

Because EFR requires much faster response times than conventional FCR, the service 

could cause short-term stability problems without careful management of the ramp rate. 

Therefore, ramp rate limitations have been introduced. For now, there are four types of 

prequalification tests that a provider must pass to ensure that a unit can fulfill the 

requirements of EFR with respect response time and ramp rate. If the provider passes the 

prequalification test, the prequalification is valid for four years.  
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Figure 8. Provision of power used in enhanced frequency response as a function of frequency deviation for both 

service 1 (± 0.05 Hz) and service 2 (±0.015 Hz). The values of the reference points A-F and t-z are given in Table 3 

[24]. 

Table 3. Frequencies and corresponding values of power setpoints that must be supplied during enhanced frequency 

response for both service 1 (± 0.05 Hz) and service 2 (±0.015 Hz) [24].  

Frequency 

Reference point in Figure 8 Service 1 (Hz) Service 2 (Hz) 

A 49.5 49.5 

B 49.75 49.75 

C 49.95 49.985 

D 50.05 50.015 

E 50.25 50.25 

F 50.5 50.5 

Active power 

Reference point in Figure 8 Service 1 (%) Service 2 (%) 

t 100  100 

u 44.44 48.45 

v 9 9 

w 0 0 

x -9 -9 

y -44.44 -48.45 

z -100 -100 



15 
 

2.5 Related Works  

Previous studies have mainly focused on key performance of BESSs with respect to 

energy efficiency, standby losses, response time/ accuracy, and useable energy at 

different power rates. Most of the studies are based on the Protocol for Uniformly 

Measuring and Expressing the Performance of Energy Storage Systems by the United 

States Department of Energy, here from referred to as the US DOE Protocol.  

The protocol was first issued in November 2012 and aims to provide a fundamental basis 

for development of an initial standard for uniform measurement and expression of 

performance associated with energy storage systems (ESSs) [25]. It is a dynamic updating 

process which means that the test procedures, performance metrics and associated duty 

cycles are continuously updated. The latest version of the US DOE Protocol was issued 

in 2016 and divides the testing procedures into reference performance tests and duty cycle 

performance tests.  

Reference performance tests are a set of tests performed at the beginning of the life of an 

ESS to establish the baseline initial performance and at periodic intervals and to determine 

the performance degradation during continuous operation. Additionally, duty cycle tests 

are used to assess how an ESS will perform with respect to key performance attributes 

relevant to different applications and they require that the BESS is subjected to an 

application specific duty cycle. It should be noted that the US DOE Protocol can be 

applied to any ESS regardless of the storage technology as well as the size and rating of 

the system. 

In the work Performance and Health Tests Procedure for Grid Energy Storage Systems   

the US DOE Protocol was implemented to develop a test procedure to evaluate the 

performance and health of BESS field installations [26]. Performance and health metrics 

that were evaluated involved energy efficiency, standby losses, response time and useable 

energy. The suggested test procedures were divided into reference performance tests 

which require the system to be put into test mode, and real-time monitoring tests which 

is used to collect data during normal operation without interruption. However, the authors 

never applied the evaluation method to an actual field installation. Instead they simulated 

an arbitrary 192 kWh system as a guideline for expected reference performance results. 

In Application of a Uniform Testing Protocol for Energy Storage Systems the author asses 

the efficacy of the methods in the US DOE Protocol by applying the reference 

performance testing procedures and frequency regulation duty cycle to a 1 MW rated 

lithium-ion battery system [5].  

These works have focused on BESS evaluation in terms of energy efficiency and response 

time. However, as the US DOE Protocol does not focus on BESS specifically the testing 

procedures cannot be used to evaluate the energy efficiency based on a detailed 

component analysis. Nevertheless, there are a few previous studies that have focused on 

the evaluation BESS efficiency by considering the efficiency of each electrical 

subcomponent (i.e. battery, converter, and transformer).  
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In Planning, building, efficiency measurement and determination of forecast data of grid-

scale hybrid 5 MW/ 5 MWh battery storage system the efficiency of each electrical 

subcomponent was evaluated for a research grid-scale hybrid 5 MW/ 5 MWh BESS. The 

system that was investigated consisted of five different battery technologies: lead acid 

(OCSM), gel lead (OPzV) and three different lithium-ion technologies (LMO, LTO and 

LFP) [27]. An energy efficiency evaluation of different grid connection scenarios for 

stationary BESSs are also provided in Energy efficiency evaluation of grid connection 

scenarios for stationary battery energy storage systems [28]. Lastly, Evaluation of 

Emerging Modular Multilevel Converters for BESS Applications focus solely on the 

evaluation of converter efficiency in BESSs [29].  

2.6 Summary and Conclusion of Literature Review 

LiBESS are well suited for FCR application as they offer fast response time, high-power 

capability and have limited energy content. Previous studies have focused on the key 

performance of BESSs as described by the US DOE Protocol. In most studies the protocol 

has been applied to simulation models of actual BESSs or applied to BESS in laboratory 

settings where the operating conditions can be near ideal. However, there has been little 

in the way of key performance evaluation associated with actual stationary industrial 

LiBESS. As response time and energy efficiency are two of the most fundamental key 

performance attributes related to FCR and energy storage in general this thesis will here 

from focus solely on evaluation of response time and energy efficiency for stationary 

industrial LiBESS.  
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3. Theory  

This chapter describes the theory needed to understand the KPIs and battery usage in 

FCR application. Section 3.1 described the response time, Section 3.2 describes the 

energy efficiency, and Section 3.3 describes the important parameters associated with 

battery usage.  

3.1 Response Time  

In the US DOE Protocol, response time is defined as the time it takes an ESS to reach 

100% of rated power during charge or discharge from an initial power measurement when 

the ESS is at rest. The protocol divides the response time into communication latency and 

the time needed to ramp from 0% to 100% of rated power as seen in Figure 9. In the 

figure, 𝑇0 is the time stamp when command is sent to the BESS to change from rest to 

full discharge or charge. Moreover, 𝑇1 is the time stamp when the ESS starts to respond 

to the change in power and 𝑇2 is the time stamp when the ESS reaches 100 ± 2% of its 

rated power capacity during charge or discharge. Consequently, the US DOE Protocol 

defines the response time as in Equation (6) and the ramp rate as in Equation (7) where 

𝑃𝑟𝑎𝑡𝑒𝑑 is the rated power. The response time defined in Equation (6) is the fastest response 

time that the system can provide, and it is used to compare the response time for different 

ESS technologies.  

 𝑇𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝑇2 − 𝑇0 (6) 

 
𝑅𝑅 =

𝑃𝑟𝑎𝑡𝑒𝑑
𝑇2 − 𝑇1

 
(7) 

 

Figure 9. Response time characteristics in accordance with the Protocol for Uniformly Measuring and Expressing 

the Performance of Energy Storage Systems by the United States Department of Energy [25]. The communication 

latency is the time it takes the energy storage system to detect and start to respond to a change in power setpoint and 

the ramp rate defines how fast the system can reach the setpoint value from an initial state of rest.  
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The communication latency is affected by the calculation time and transfer time of the 

energy management system. The energy management system can be either local with 

minimum response time (milliseconds and below) or external (seconds) [19]. Moreover, 

the response time of a BESS depends on the response times of the battery and the 

converter. The response time of a battery is determined by its ramp rate which describes 

how fast the battery can change its power output with respect to time. For batteries and 

converters, the response time is usually in the range of milliseconds [30]. Therefore, an 

appropriately sized BESS is expected to provide response times on the order of 

milliseconds up to a few seconds depending on the energy management system. However, 

a BESS needs only to be dimensioned and configured appropriately for the power, energy 

and response time to meet the requirements for the intended service [31]. For FCR in 

Germany the required response time is less than 30 seconds, while the requirement is less 

than 1 second for provision of EFR in the United Kingdom.  

3.2 Round-Trip Efficiency  

In the US DOE Protocol, energy efficiency of an ESS is defined as the round-trip 

efficiency (RTE). It is the useful energy output from an ESS divided by the energy input 

over one duty cycle under normal operating conditions. As described by the US DOE 

Protocol, the RTE of the entire system (η𝐸𝑆𝑆) can mathematically be defined by Equation 

(8), where 𝑊ℎ𝑑 and 𝑊ℎ𝑐 are the discharge and charge energy. These can be obtained by 

integrating the ESS AC power during discharge (𝑃𝐴𝐶,𝑑) and charge (𝑃𝐴𝐶,𝑐). If auxiliary 

loads are powered separately, then η𝐸𝑆𝑆 shall be determined by Equation (9). In Equation 

(9), 𝑊ℎ𝑎𝑢𝑥,𝑐, 𝑊ℎ𝑎𝑢𝑥,𝑑 and 𝑊ℎ𝑎𝑢𝑥,𝑟 are the energy consumption by auxiliary loads during 

charge, discharge and rest, respectively. Auxiliary loads are all the loads that are needed 

for safe operation of the ESS but are not powered by the ESS itself.  

 

η𝐸𝑆𝑆 =
𝑊ℎ𝑑
𝑊ℎ𝑐

=
∫ 𝑃𝐴𝐶,𝑑𝑑𝑡
𝑡𝑒𝑛𝑑,𝑑
𝑡𝑠𝑡𝑎𝑟𝑡,𝑑

∫ 𝑃𝐴𝐶,𝑐
𝑡𝑒𝑛𝑑,𝑐
𝑡𝑠𝑡𝑎𝑟𝑡,𝑐

𝑑𝑡
 

 (8) 

 
η𝐸𝑆𝑆 =

𝑊ℎ𝑑 −𝑊ℎ𝑎𝑢𝑥,𝑑
𝑊ℎ𝑐 +𝑊ℎ𝑎𝑢𝑥,𝑐 +𝑊ℎ𝑎𝑢𝑥,𝑟

 
(9) 

As the US DOE Protocol is applicable to any type of ESS technology it does not provide 

a specific definition of the RTE for each electrical component in a BESS (i.e. battery, 

converter and transformer). However, a parametrization of the system RTE is important 

to understand the system performance during different operating conditions. 

Mathematical definitions of the RTE for a battery, converter and transformer are provided 

in [27]. The RTE for a battery (η𝑏𝑎𝑡𝑡𝑒𝑟𝑦) describes the energy loss in the battery during 

charge and discharge. It can be expressed by Equation (10) where 𝑃𝐷𝐶,𝑑 and 𝑃𝐷𝐶,𝑐 are the 

DC power during discharge and charge.  
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η𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =
∫ 𝑃𝐷𝐶,𝑑
𝑡𝑒𝑛𝑑,𝑑
𝑡𝑠𝑡𝑎𝑟𝑡,𝑑

𝑑𝑡

∫ 𝑃𝐷𝐶,𝑐
𝑡𝑒𝑛𝑑,𝑐
𝑡𝑠𝑡𝑎𝑟𝑡,𝑐

𝑑𝑡
 

(10) 

The RTE of the converter (η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟) describes the loss of energy during power 

conversion from DC to AC and vice versa. To calculate the converter efficiency, the 

operation mode must be considered as the power flow will change during charge and 

discharge. The converter efficiency during discharge (η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟,𝑑) is given by Equation 

(11) and the converter efficiency during charge (η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟,𝑐) is given by Equation (12) 

where 𝑃𝐴𝐶  and 𝑃𝐷𝐶 are the active power at the AC and DC side of the converter. By 

multiplying η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟,𝑑 and η𝑐𝑜𝑛𝑣,𝑐 the RTE of the converter can be expressed as in 

Equation (13).  

 

η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟,𝑑 =
∫ 𝑃𝐴𝐶𝑑𝑡
𝑡𝑒𝑛𝑑
𝑡𝑠𝑡𝑎𝑟𝑡

∫ 𝑃𝐷𝐶
𝑡𝑒𝑛𝑑
𝑡𝑠𝑡𝑎𝑟𝑡

𝑑𝑡
 

(11) 

 

η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟,𝑐 =
∫ 𝑃𝐷𝐶𝑑𝑡
𝑡𝑒𝑛𝑑
𝑡𝑠𝑡𝑎𝑟𝑡

∫ 𝑃𝐴𝐶
𝑡𝑒𝑛𝑑
𝑡𝑠𝑡𝑎𝑟𝑡

𝑑𝑡
 

(12) 

 η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟,𝑑 ∗ η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟,𝑐 (13) 

The transformer RTE (η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟) also depends on the operation mode and can be 

divided into efficiency during discharge (η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟,𝑑) and efficiency during charge 

(η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟,𝑐) as descried by Equation (14)-(16). 

 

η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟,𝑑 =
∫ 𝑃𝐴𝐶,𝑙𝑜𝑤
𝑡𝑒𝑛𝑑
𝑡𝑠𝑡𝑎𝑟𝑡

𝑑𝑡

∫ 𝑃𝐴𝐶,ℎ𝑖𝑔ℎ
𝑡𝑒𝑛𝑑
𝑡𝑠𝑡𝑎𝑟𝑡

𝑑𝑡
 

(14) 

 

η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟,𝑐 =
∫ 𝑃𝐴𝐶,ℎ𝑖𝑔ℎ𝑑𝑡
𝑡𝑒𝑛𝑑
𝑡𝑠𝑡𝑎𝑟𝑡

∫ 𝑃𝐴𝐶,𝑙𝑜𝑤𝑑𝑡
𝑡𝑒𝑛𝑑
𝑡𝑠𝑡𝑎𝑟𝑡

 

 (15) 

 η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟=η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟,𝑑 ∙ η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟,𝑐 (16) 

Lastly, the efficiency of the entire BESS (η𝐵𝐸𝑆𝑆) can be parametrized by considering the 

RTE of each component as described in Equation (17).  

 η𝐵𝐸𝑆𝑆 = η𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ∙ η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 ∙ η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟  (17) 

The main impact factor on the system RTE is the power rate which will affect the 

efficiency of the battery, converter and transformer in different ways. All batteries have 

an internal resistance where dissipation of heat occurs during charge and discharge. The 

power lost in the internal resistance is proportional to the square of the current drawn or 

supplied to the battery. Therefore, the battery efficiency decreases with increasing power 
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rates. For instance, lithium-ion batteries usually have charge efficiencies close to 99% 

and very small discharge losses, which give a round-trip efficiency of roughly 98% [32].  

However, the efficiency of a converter and a transformer tends to decrease at low power 

rates. The efficiency curve of a typical converter is shown in Figure 10. For output powers 

lower than the power rate corresponding to the efficiency peak value, the efficiency is 

reduced exponentially whereas the efficiency is only reduced to some extent for higher 

power rates. As a BESS consist of several converters whose loading conditions affect the 

system efficiency, the power electronics load distribution is an important impact factor 

for the energy efficiency. If multiple batteries are installed in one system, then the load 

distribution between the power electronics must be considered. As the loss behavior of 

converters has a non-linear dependence with the output power, largely due to the 

switching losses in the semiconductors and the core losses, it is beneficial for the 

efficiency to turn on as few converters as possible [28].  

Lastly, the transformer efficiency depends on the core and conduction losses. The core 

losses are load-independent due to hysteresis and eddy current losses which depends on 

the grid frequency. Therefore, they can be considered constant in a BESS. Nevertheless, 

the conduction losses are load-dependent due to conduction losses in the transformer 

copper windings and they increase with increased power (current). A typical efficiency 

curve for a transformer is illustrated in Figure 11. As seen the transformer has a high 

efficiency (normally over 90%) for all operating conditions. For power rates higher than 

at the peak value, the efficiency only changes a little while there is a more significant 

change for lower power rates.  

 

 

Figure 10. Efficiency curve for a typical converter [33]. As can be seen there is a optimal operating point where the 

maximum efficiency occurs. At power rates below the optimal point the efficiency is typically reduced significantly. 

However, for operation beyond the optimal point the efficiency is only reduced to some extent.  
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Figure 11. Efficiency curve for a typical transformer (based on a 1200 kW transformer) [27]. As can be seen there is 

a optimal operating point where the maximum efficiency occurs. At power rates below the optimal point the efficiency 

is typically reduced significantly. However, for operation beyond the optimal point the efficiency is only reduced to 

some extent.  

3.3 Battery Usage  

Battery usage describes how a battery is used in a specific application by defining a set 

of characteristic parameters. Battery applications can often be classified as energy or 

power intensive. Energy intensive applications are characterized by long cycles while 

power intensive applications are characterized by short cycles. A cycle normally consists 

of four controlled phases starting from and ending at an initial SoC. The cycle can either 

start with a charge phase, followed by a pause, then a discharge phase and finally a new 

pause, or be reversed [19]. Moreover, a cycle can in general be characterized by the 

following parameters: duration, State of Charge (SoC), Depth of Discharge (DoD) and 

power rate (P-rate). The duration is how long the cycle lasts. Moreover, the SoC is the 

amount of stored electric charge in a battery related to the actual capacity. It can be 

expressed according to Equation (18) by dividing the remaining capacity (𝐶𝑠𝑡𝑜𝑟𝑒𝑑) by the 

maximum capacity (𝐶𝑠𝑡𝑜𝑟𝑒𝑑,𝑚𝑎𝑥). The full state of a battery means that the SoC is 100%, 

while 0% represents the empty state [2].  

 
𝑆𝑜𝐶 =

𝐶𝑠𝑡𝑜𝑟𝑒𝑑
𝐶𝑠𝑡𝑜𝑟𝑒𝑑,𝑚𝑎𝑥

 
(18) 

DoD is an alternative method to indicate the battery SoC. It measures how deeply a 

battery is discharged during a cycle, i.e. the difference between SoC at the start and end 

of the cycle and can be expressed according to Equation (19) [34]. 

 𝐷𝑜𝐷 = 1 − 𝑆𝑜𝐶 (19) 

The charge or discharge speed can be expressed by the P-rate. It describes the power 

during charge or discharge as a percentage of the rated power as seen in Equation (20). 𝑃 
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is the power used during charge or discharge and 𝑃𝑟𝑎𝑡𝑒𝑑 is the rated power. A P-rate of 

1P means that the battery operates at full rated power [27].  

 
𝑃𝑟𝑎𝑡𝑒 =

𝑃

𝑃𝑟𝑎𝑡𝑒𝑑
 

(20) 

Another parameter that is related to the battery usage is the operating temperature of the 

battery. The optimal battery performance is often defined in a certain temperature range, 

which is generally 15 to 35 ºC for lithium-ion batteries. Operating temperatures outside 

this range can significantly reduce the performance of the battery. At low temperatures 

the performance is mainly reduced due to reduction of ionic conductivity and increased 

resistance for charge transfer. Low temperatures can also cause lithium plating which 

leads to reduced capacity. The reduced performance at high temperatures is mainly due 

to acceleration of thermal aging which tend to reduce the lifetime of the battery. Heat 

generation within in the batteries is another important factor at high temperatures as it 

may cause thermal runaway which will greatly affect the performance of the battery [35].  

The battery usage in any application is important to consider as it will affect the 

degradation and lifetime of the battery which is the limiting factor for the entire BESS. 

In any BESS application battery lifetime is one of the most important factors as it will 

greatly affect the profitability of the project. For battery lifetime it is important to consider 

that a distinction is made between the calendar and cycle lifetime. Calendar lifetime is 

the time that passes before a battery becomes unusable. The battery is often considered 

unusable when the actual capacity reaches 80% or less of the initial rated capacity. 

However, the IEC 62620 (Large format secondary lithium cells and batteries for use in 

industrial applications) and IEC 61960 (secondary lithium cells for portable applications) 

use 60% of the remaining capacity to define the lifetime of a battery. The cycle lifetime 

is the number of full cycles that the BESS can provide within the calendar lifetime. The 

capacity fade, i.e. the degradation, of a battery is commonly defined by the State of Health 

(SoH) as described in Equation 21, where 𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the remaining energy capacity at 

any time and 𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the nominal value of the capacity [36].  

 
𝑆𝑜𝐻(𝑡) =

𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑡)

𝐶𝑛𝑜𝑚𝑖𝑛𝑎𝑙 
 

(21) 

Since there is a distinction between calendar lifetime and cycle lifetime there is also a 

distinction for the aging mechanism for the two. Calendar aging occurs when the battery 

is idling, and it is mainly dependent on the operating temperature and SoC during rest. 

Furthermore, cycling ageing occurs when the battery is charged or discharged as it related 

to the characteristics of the cycle and the number of cycles. The main impact factors on 

the cycling aging are energy throughput, performed number of cycles or the operating 

conditions. Consequently, it is important to analyze the battery operation during both 

idling and cycling as the battery usage can be used to evaluate the expected battery 

degradation and the corresponding impact on the battery lifetime [19].  
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4. Methodology  

This chapter describes the methodology of the thesis. It starts with the workflow of the 

thesis. Then the chosen KPIs are motivated and formulated which is followed by a 

description of test procedures used to determine the value of the suggested KPIs. In the 

last section the procedure of the battery usage analysis is described.  

4.1 Workflow  

The workflow of this thesis can be divided into four main steps. The first step consists of 

a literature review that focus on the previous studies on key performance associated with 

energy storage technologies for different grid application. The emphasis is on how a 

BESS can be used as FCR. The results of the literature review have already been 

presented in Chapter 2 and provides the basis for further actions. The second step is the 

formulation and motivation of KPIs, and their corresponding metrics used to quantify the 

key performance of BESSs in FCR applications. The third step is to develop tests 

procedures that can provide the data necessary to determine each KPI. Lastly, the final 

step is to perform the KPI evaluation and corresponding battery usage analysis based on 

data collected from three of Vattenfall´s BESS projects as case studies.  

 

Figure 12. Workflow of this thesis divided into the four main steps.  

4.2 Motivation and Formulation of KPIs for FCR Application 

In this thesis performance is defined as the characteristics defining the ability of the 

LiBESS to achieve the intended function. Furthermore, a KPI is defined as a measure of 

performance and consists of several metrics that are used to quantify the KPI. In 

accordance with [37] and [38], for KPIs to be useful they must be: (1) provided with a 

purpose that describes why they are used, (2) well-defined and provided with a 

mathematical formula, and (3) easy to measure. Furthermore, the chosen KPIs should be 

as few as possible. Otherwise it will be difficult to manage and measure them in an 

effective way. In the literature review of this thesis it was found that two of the most 

important KPIs associated with LiBESS in FCR application are response time and energy 

efficiency. The response time is essential since it describes the dynamic behavior of the 

BESS during service. There are also strict requirements for the response time that must 

be fulfilled by the BESS to be able to provide FCR. Furthermore, energy efficiency is 

essential as it describes how well the BESS can store and return energy during service. 

The US DOE Protocol also provides testing procedures used for evaluation for both 

response time and energy efficiency. Therefore, the protocol can serve as a basis for 
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investigation in this thesis. However, as the US DOE Protocol is agnostic with respect to 

technology, size and rating of the ESS, certain modifications to the protocol were needed 

to better suit stationary industrial LiBESSs specifically. These modifications are 

described in Section 4.2.1-4.2.2.  

4.2.1 Defining Response Time  

The US DOE Protocol definition of response time was modified to better suit FCR 

application. From here on, the response time is defined as the time it takes the system to 

reach the requested power during FCR provision. Thus, the total response time can still 

be divided into communication latency and ramp time. Communication latency (𝑇𝐶𝐿) as 

described by Equation (22) is the time it takes for the BESS to detect a change in 

frequency and start to provide a change in output power. 𝑇𝛥𝑓 is the time stamp when the 

frequency changes and 𝑇𝛥𝑃 is the time stamp when the output power starts to change. 

Ideally, the change in power during charge and discharge should be linear with respect to 

time, thus the ramp rate time (𝑇𝑅𝑅) can be expressed by Equation (23). 𝑃𝐹𝐶𝑅(𝛥𝑓) is the 

requested FCR power as a function of the frequency deviation (𝛥𝑓) and 𝑅𝑅 is the ramp 

rate of the system. Finally, the response time (𝑇𝑅) be expressed by Equation (24). 

 𝑇𝐶𝐿 = 𝑇𝛥𝑃 − 𝑇𝛥𝑓 (22) 

 
𝑇𝑅𝑅 =

𝑃𝐹𝐶𝑅(𝛥𝑓)

𝑅𝑅
 

(23) 

 𝑇𝑅 = 𝑇𝐶𝐿 + 𝑇𝑅𝑅 (24) 

4.2.2 Defining Energy Efficiency  

In the US DOE, only the total system energy efficiency is considered. However, in this 

thesis the energy efficiency of each electrical component is also considered. The 

efficiency of the battery, converter and transformer are defined as in Section 3.2.  

4.3 Measuring the KPIs 

The response time can be evaluated from prequalification tests while the energy 

efficiency can be determined from stored energy capacity tests. These tests are described 

in the following sections.  

4.3.1 Prequalification Tests  

The response time evaluation described in the US DOE Protocol is used to determine the 

minimum response time of the ESS and the value should be used for comparison between 

different ESS technologies. However, for FCR application the response time is best 

evaluated from prequalification tests. This is because prequalification tests must be 

performed by the BESS owner to fulfill the requirements by the TSO for FCR provision. 
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Consequently, there is no need to apply the US DOE Protocol for response time 

evaluation in FCR application as similar test procedures are already included in the 

prequalification tests.  

Prequalification tests are a set of tests that a BESS must pass before it can provide FCR 

or EFR on the balancing market. The tests are used to simulate different frequency 

disturbances in the grid and to investigate the response characteristics of the BESS during 

those conditions. The tests give information about activation time, SoC operating range, 

power and energy content. Thus, prequalification tests provide the information needed to 

determine the response time. As the tests simulate different frequency deviations, the tests 

can be used to evaluate the response time at different power rates. The prequalification 

tests used in this thesis are described in Table 4 and were based on the handbook for 

provision of FCR by energy limited units by the German TSO Tennet [39]. The tests can 

be divided into frequency step tests, frequency sweep tests and alert state tests. A 

frequency step test is used to simulate a sudden change in grid frequency and record the 

response characteristics of the BESS whereas a frequency sweep test is used to simulate 

a continuous change in grid frequency in the frequency region used for FCR. Moreover, 

the alert state tests are used to simulate frequency disturbances that last longer than 15 

minutes, which is considered an alert state in the grid. During the alert states the BESS 

can operate outside the valid SoC operating range since the operation is not considered 

normal and because it violates the 15-min-cireterion described in Section 2.4.1.  

In this thesis, the FCR prequalification test results for Alexia were used for investigation. 

Moreover, a Doppelhöcker Curve test was performed to evaluate the response time of 

NEW4.0 since no prequalification test results were available at this site. The 

Doppelhöcker curve test consists of 15 minutes discharge at rated power, followed by 15 

minutes rest, which is then repeated once. Finally, the test ends with full discharge at rated 

power if desired by the supplier [40]. Note that the Doppelhöcker Curve test can also be 

performed by instead charging the BESS. It is a simplified form of prequalification tests 

and is used to determine the reactivity of the system. Lastly, the prequalification test 

results for EFR at PyC was evaluated.  
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Table 4. Frequency containment reserve prequalification tests as described in the handbook for provision of FCR by 

energy limited units published by the German transmission system operator Tennet [39].  

Test Description 

Step tests These tests consist of a sudden step change in simulated grid frequency of ±200 mHz 

and ±100 mHz that last for 15 minutes. To pass the test the BESS must be able to 

respond with full power for the ±200 mHz case and half of the full power for the ±100 

mHz within 30 seconds. Furthermore, the power response must be maintained for at 

least 15 minutes (900 s) and the SoC must be maintained within the valid operating 

range for the BESS to pass the test. 

Frequency 

sweep tests 

These tests consist of an evenly progressing power decrease/ increase of the full power 

during 2 minutes at a simulated evenly increasing frequency deviation from 0 Hz to 

±200 mHz. For the BESS to pass the test the power decrease/ increase must have an 

even course and be fully realized within 2.5 minutes (max 30 second lag on simulated 

change). Additionally, the achieved power must be maintained for 15 minutes once the 

power set point has been reached. 

Alert state 

tests 

These tests simulate the first and second alert state scenario. Alert state scenario 1 

consists of a frequency step of +100 mHz that last for 5 minutes followed by another 

step to +200 mHz that last for 15 minutes. The second alert state scenario consists of a 

frequency step of -50 mHz for 5 minutes followed by as step to -200 mHz that lasts 

for 15 minutes. For the BESS to pass the tests, it must continuously charge for 15 

minutes with full rated power in the first alert state scenario and continuously 

discharge for 15 minutes with full power in the second scenario 

Grid 

connection 

tests 

When the other tests have been satisfactorily completed the technical unit should track 

the frequency for 8 hours and submit the corresponding measurements. The results 

from the actual grid connection test are needed to pass judgement on the quality that 

the unit supplied to the frequency support.  

4.3.2 Stored Energy Capacity Tests  

As stated in the US DOE Protocol, the RTE of a BESS must be determined in accordance 

with Equation (8)-(9) during a stored energy capacity test. The stored energy capacity test 

is used to determine the system RTE at different power rates. The US DOE Protocol 

suggests that the RTE is evaluated at 25% (0.25P), 50% (0.5P), 75% (0.75P) and 100% 

(1P) of rated power. According to the protocol the RTE at 1P should be determined as the 

average of five cycles and that the other cycles should be performed successively.  

Because of time and cost constraints the test procedures were modified in this thesis. 

Table 5 describes the test procedures for the stored energy capacity test adopted by the 

US DOE Protocol. Note that there is only one test cycle at 1P and that the cycle at 0.25P 

is excluded due to time and cost constraints. The stored energy capacity test in Table 5 

could only be performed at NEW4.0 in this thesis. This is because NEW4.0 is used for 

research and development applications while Alexia and PyC is used commercially by 

Vattenfall.   

The single-line diagram of NEW4.0 is illustrated in Figure 13 where the measurement 

points in Table 6 are marked. The battery efficiency could be obtained by using 

measurement point A and Equation (10). The measurements at B and C were used to 
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determine the converter efficiency by applying Equation (13). Furthermore, the efficiency 

of the entire system without including the power consumed by auxiliary loads was 

calculated by using the measurements at D and applying Equation (8). Lastly, the system 

RTE including the auxiliary loads was calculated by applying Equation (9) where the 

measurements at D were used to calculate the charge and discharge energy and the 

measurements at E were used to calculate the energy consumed by auxiliary loads during 

charge, discharge and rest throughout the tests.  

Table 5. Stored energy capacity test procedure as adopted from the Protocol for Uniformly Measuring and 

Expressing the Performance of Energy Storage Systems by the United States Department of Energy.  

Step Description 

1 Charge the BESS to the maximum state of charge 

2 Discharge the BESS to its minimum state of charge level at full rated power, measure and record 

the energy delivered by the BESS as the discharge energy (𝑊ℎ𝑑) 

3 Charge the system back to the maximum state of charge level at full rated power, measure and 

record the energy as the charge energy (𝑊ℎ𝑐) 

4 Repeat step 2 and 3 at 75%, and 50% of rated power 

 

 

Figure 13. Single-line diagram of the lithium-ion battery energy storage system used at NEW4.0. Each battery string 

consists of two batteries connected in parallel, a converter and an auto-transformer. Each battery container is also 

connected to the grid individually is supplied with air conditioning for climate control.  
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Table 6. Definition of measurement points in Figure 13.  

Measurement Point Description 

A Battery terminal (per string) 

B Converter DC-side (per string) 

C Converter AC-side (per string) 

D Point of grid connection (all strings) 

E Point of grid connection (auxiliary loads for all containers) 

4.4 Battery Usage Analysis in FCR Application  

A characterization of the battery usage in FCR application was performed as a first basic 

step to evaluate the battery degradation. However, a comprehensive evaluation of the 

battery degradation was outside the scope of this thesis.  

Real operational data is needed to best evaluate how the battery usage related to FCR will 

affect the battery performance and the lifetime. Nevertheless, as there was no operating 

data available for FCR operation for neither NEW4.0, Alexia or PyC the battery usage 

analysis was based on an internal Vattenfall computer simulation model. The simulation 

model uses the grid frequency as input data and applies the dead-band degree of freedom. 

Moreover, it assumes that the converters are always on (continuous losses), that the valid 

SoC operating range is 20% to 80%.  

The simulation model was only used to simulate one year of FCR application at NEW4.0 

due to simplicity. For the FCR simulation at NEW4.0, the offered FCR power was set to 

550 kW and the usable energy capacity of the lithium-ion batteries was estimated to 95% 

of the nominal capacity (730 kWh).  

To analyze the results from the simulation, this thesis characterizes battery usage in terms 

of power rates, energy throughput, equivalent cycles, average SoC, maximum DoD in 

charge and discharge direction as well as idling time. The power rates are defined as in 

Equation (20) and are analyzed by examining the distribution of supplied FCR power 

during 2016 which is calculated as in Equation (2). The power distribution gives 

information about the most common power rates and the maximum and minimum power 

rate that was used during 2016 as well as how often the BESS was idling.  Moreover, the 

energy throughput was expressed as the yearly discharge energy (𝑊ℎ𝑑,𝑎𝑛𝑛𝑢𝑎𝑙) and charge 

energy (𝑊ℎ𝑐,𝑎𝑛𝑛𝑢𝑎𝑙). They were obtained by integrating the power during charging and 

discharging throughout the year as in Equation (25)-(26), where 𝑃𝑑 and 𝑃𝑐 are the 

instantaneous discharge and charge power, respectively.   
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𝑊ℎ𝑑,𝑎𝑛𝑛𝑢𝑎𝑙 = ∫ 𝑃𝑑𝑑𝑡

𝑡𝑒𝑛𝑑

𝑡𝑠𝑡𝑎𝑟𝑡

 
(25) 

 
𝑊ℎ𝑐,𝑎𝑛𝑛𝑢𝑎𝑙 = ∫ 𝑃𝑐

𝑡𝑒𝑛𝑑

𝑡𝑒𝑛𝑑

𝑑𝑡 
(26) 

The number of equivalent cycles was determined by dividing the annual discharge energy 

by the energy capacity of the BESS as in Equation (27) where 𝐸𝐶 is the useable energy 

capacity of the BESS.  

 
𝑛𝑐𝑦𝑐𝑙𝑒𝑠 =

𝑊ℎ𝑑,𝑎𝑛𝑛𝑢𝑎𝑙
𝐸𝐶

 
(27) 

The SoC and the DoD are defined as in Equation (18)-(19) and the values are calculated 

based on the SoC management algorithm for FCR application that was implemented in 

the internal Vattenfall simulation model. Additionally, the model calculates the SoH as 

defined in Equation (21).   
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5. Results and Discussion  

This chapter presents the results for the KPI evaluation and the battery usage analysis. 

Section 5.1 focuses on the prequalification test results for NEW4.0, Alexia and PyC. In 

Section 5.2 the stored energy capacity test results for the energy efficiency evaluation of 

NEW4.0 is presented. Lastly, Section 5.3 presents the battery usage analysis based on the 

FCR simulation of NEW4.0 during 2016.  

5.1 Response Time Prequalification Tests 

5.1.1 Doppelhöcker Curve Test at NEW4.0 

Figure 14 shows the results from the Doppelhöcker curve test performed at NEW4.0 with 

a sampling frequency of 2 Hz. In the test, a power level of 550 kW was analyzed during 

provision of upward regulation, i.e. discharge of the BESS. The test shows that the BESS 

was able to respond accurately in accordance with the control signal (𝑃𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡) 

throughout the entire test. Moreover, as noticed in Figure 14 (b) there is a lag between 

𝑃𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 and the actual power response (𝑃𝑎𝑐𝑡𝑢𝑎𝑙). It was found that 𝑇𝐶𝐿 was 1.5 seconds 

and that the BESS could ramp up power to 550 kW in ≤ 0.5 seconds (corresponding to a 

ramp rate of approximately 1100 kW/s). This means that the BESS was able to transit 

from rest to discharge at 550 kW in less than 2 seconds, which is well within the 30 

seconds response time requirements for FCR.  

Table 7 presents the change in SoC during the three discharge cycles. It was found that a 

discharge for 15 minutes corresponds to a DoD of approximately 16% and that 45 minutes 

discharge corresponds to roughly 50% DoD. The offered FCR volume during the test was 

550 kW and the energy capacity 800 kWh. In accordance with Equation (3)-(5) this 

corresponds to 𝐶 𝑃𝐹𝐶𝑅⁄ =0.688 and a valid SoC operating range from 17% to 83%. The 

results in Table 7 indicate that the BESS would be able to operate within the valid SoC 

region for a 15 minute long discharge cycle as used in FCR if the SoC started at 50%.  

Table 7. Depth of discharge for each test cycle performed during the Doppelhöcker curve test at NEW4.0.  

Discharge cycle Power Duration Start SoC End SoC DoD 

1 550 kW 15 minutes 98.4% 82.7% 15.7% 

2 550 kW 15 minutes 82.7% 66.4% 16.4% 

3 550 kW 45 minutes 66.4% 16.7% 49.7% 
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Figure 14. (a) Doppelhöcker curve tests results at NEW4.0 and (b) zoomed in power response during the first 

discharge cycle. Psetpoint is the control signal to the system that controls when the system should discharge and 

𝑃𝑎𝑐𝑢𝑎𝑙 is the actual power response of the system.   

5.1.2 FCR Prequalification Tests at Alexia 

The prequalification tests can be categorized as frequency step tests, frequency sweep 

tests and alert state scenario tests as described in Section 4.3.1. In this thesis the FCR 

prequalification test results from Alexia were analyzed to find if the response time 

depends on the power rate and if the BESS can fulfill all the requirements needed for 

provision of FCR. Alexia has a rating of 3MW/ 2.9MWh. As described by Equation (3)-

(5) this corresponds to a valid SoC operating range from 26% to 74%. Additionally, the 

full power capacity of 3 MW was prequalified which corresponds to the following 

setpoints for active power:  

𝑃𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 =

{
 

 
± 3 𝑀𝑊, |∆𝑓| ≥ 200 𝑚𝐻𝑧

± 3 𝑀𝑊 (
∆𝑓

200 𝑚𝐻𝑧
) , 10 𝑚𝐻𝑧 < |∆𝑓| < 200 𝑚𝐻𝑧

0, |∆𝑓| ≤ 10 𝑚𝐻𝑧

 

Figure 15 illustrates the response characteristics for all the prequalification tests measured 

with a sampling frequency of 1 Hz. It was found that the LiBESS could provide a full 

power response well within 30 seconds for all the simulated operating conditions. The 

communication latency was always ≤ 1 second and the response time was in the order of 

10 to 15 seconds. Moreover, to analyze how the response time is affected by the power 

rate, the response time during the frequency step tests of ±200 mHz and ±100 mHz was 
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compared. A step change of ±200 mHz would require double the FCR power as compared 

to a step change of ±100 mHz, therefore it was expected that the response time would be 

longer for the ±200 mHz case. As seen in Table 8 the communication latency is ≤1s for 

all cases, and the response time is slightly lower for the 50% case compared to the 100% 

case. As seen in Table 8 this is because the BESS ramps approximately twice as fast for 

the 1P case as compared to the 0.5P which yields approximately the same response times. 

It should be noted that there is a potential to decrease the response time for power rates 

lower than 1P by applying higher ramp rates, nonetheless this is not necessary for 

provision of FCR.    

As seen in Figure 16 the SoC profile is nearly symmetrical around 50% for the frequency 

step tests and the frequency sweep tests. This is expected since BESS is intended to 

provide FCR service with a SoC starting value of 50 % to be able to provide both upward 

and downward regulation. The results in Figure 16 also show that the BESS can manage 

its SoC within the valid operating limit during the frequency step test and frequency 

sweep test without any SoC excursion. There are SoC excursions occurring in the alert 

state tests, however, the SoC can be outside the valid operating range during those 

operating conditions. Moreover, the SoC profile for the alert state scenario test are not 

symmetrical as the alert state scenario 1 simulates a frequency disturbance from +100 

mHz to +200 mHz, whereas the alert state scenario 2 simulates a frequency disturbance 

from -50 mHz to -200 mHz. 

 

Figure 15. Power response characteristics of Alexia during (a) frequency step test of + 200 mHz, (b) frequency step 

test of – 200 mHz, (c) frequency step test of +100 mHz, (d) frequency step test of -100 mHz, (e) frequency sweep test of 

+200 mHz, (f) frequency sweep test of -200 mHz, (g) alert state scenario 1 and (h) alert state scenario 2. The orange 

line is the change in frequency around 50 Hz and the blue line is the power response of the system given the change in 

frequency.  
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Figure 16. State of charge profile during (a) frequency step test of ± 200 mHz, (b) frequency step test of ±100 mHz, (c) 

alert state scenario 1 (charge) and (d) alert state scenario 2 (discharge).  

Table 8. Communication latency, response time and ramp rate at 100% and 50% of rated power. Negative power 

rates represent charge of the battery energy storage system.   

Power 𝑻𝑪𝑳 𝑹𝑹 𝑻𝑹 

Discharge 

1P ≤ 1s -0.25 MW/s ≤ 13s 

0.5P ≤ 1s -0.13MW/s ≤ 12s 

Charge 

1P ≤ 1s 0.23 MW/s ≤ 14s 

0.5P ≤ 1s 0.13 MW/s ≤ 12s 

5.1.3 EFR Prequalification Tests at PyC 

A sampling frequency of 2 Hz and 1 Hz was used for the response time evaluation at 

NEW4.0 and Alexia, respectively. Sampling frequencies in this range is enough to 

evaluate the response time performance related to FCR. However, faster sampling 

frequencies are need for EFR as the required communication latency is 500 ms and 1 

second for the total response time. Therefore, the prequalification results at PyC for 

provision of EFR was analyzed with a sampling frequency of approximately 25 kHz. 

Figure 17 shows the response time for activation of full rated power for PyC during the 

frequency step EFR prequalification test. As can be seen, the LiBESS can detect the 

change in frequency in approximately 100 ms and achieve full output power within 200 
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ms, which corresponds to a total response time of roughly 300 ms. This proves that a well 

configured LiBESS can provide response times on the millisecond scale even for very 

high-power levels.  

 

Figure 17. Power response characteristics of PyC during frequency step test of -700 mHz, corresponding to an 

instantaneous discharge of the system at 100% of rated power.   

5.1.4 Summary of Prequalification Tests  

Prequalification tests are suitable to evaluate the response time of a BESS as they are used 

to simulate a set of different frequency disturbances in the frequency region used for FCR. 

The prequalification test results for Alexia, New4.0 and PyC all show that the considered 

LiBESSs can provide power responses well within the response time requirements for 

FCR. NEW4.0 can provide a response time of at least 2 seconds while Alexia can provide 

response times in the range of 12 to 14 seconds. The shortest response time was provided 

by PyC which is used for EFR. The response time of PyC was approximately 300 ms, 

which proves that a well configured LiBESS can provide response times even on the 

millisecond scale. This is a technical requirement that is expected to be more important 

in future grid stabilization services.  



35 
 

5.2 Energy Efficiency Stored Energy Capacity Tests  

5.2.1 Power Rate Evaluation  

During the stored energy capacity tests, the RTE was evaluated at NEW4.0 for different 

power rates. Figure 18 (a) shows the stored energy capacity test cycles at 1P and 0.5P, 

while Figure 19 (a) shows the test cycle for the 0.75P case. 𝑃𝑎𝑐𝑡𝑢𝑎𝑙 is the actual power 

output of the LiBESS while 𝑃𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 is the setpoint value for the power during charge 

and discharge. Moreover, Figure 18 (b) and Figure 19 (b) show the power consumed by 

auxiliary loads during the tests.  

Each test cycle starts and ends at a SoC of 91%. The minimum SoC obtained during the 

tests is 24%, corresponding to a DoD of 67%. Note that due to the chosen sign convention, 

negative power represents discharge of the LiBESS while positive power represents 

charge. The stored energy capacity tests at 1P and 0.5 P were performed successively 

during 2019-04-17 when the outside temperature was approximately 12 ºC. The test at 

0.75P was performed the day after when the outside temperature was roughly 15 ºC. As 

there was no significant difference in outside temperature during the tests, it is assumed 

that the outside temperature had no major impact on the power consumed by auxiliary 

loads for cooling during the tests.  

 

Figure 18. (a) Discharge and charge profiles during the stored energy capacity test cycles performed at NEW4.0 at 

100% and 50% of rated power and (b) power consumed by auxiliary loads during the test. Due to the chosen sign 

convention negative powers in (a) represents discharge of the battery energy storage system.   
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Figure 19. (a) Discharge and charge profiles during the stored energy capacity test performed at NEW4.0 at 75% of 

rated power and (b) power consumed by auxiliary loads during the test cycle. Due to the chosen sign convention 

negative powers in (a) represents discharge of the battery energy storage system.   

Table 9 presents the calculated values of discharged energy (𝑊ℎ𝑑), the charged energy 

(𝑊ℎ𝑐), and the energy consumed be auxiliary loads (𝑊ℎ𝑎𝑢𝑥) for the different power rates. 

The value of 𝑊ℎ𝑑 decreases with increasing power rates while the value of 𝑊ℎ𝑐 

increases. Therefore, as the value of η𝐵𝐸𝑆𝑆 in Equation (8) is given by the quotient of 

𝑊ℎ𝑑 and 𝑊ℎ𝑐 the value for η𝐵𝐸𝑆𝑆 decreases with increasing power rates. This is 

represented in Figure 20 which illustrates that η𝐵𝐸𝑆𝑆 is 88.9% when cycling at 0.5P, 

86.6% when cycling at 0.75P, and 85.2% when cycling at 1P. However, the change in 

η𝐵𝐸𝑆𝑆 is not significant with respect to the change in power rate.  

Figure 20 also illustrates the impact on η𝐵𝐸𝑆𝑆 if the power consumed by auxiliary loads 

is included in the calculation. The power consumed by auxiliary loads was nearly constant 

(approx. 4.9 kW) for the different power rates. Therefore, more energy will be consumed 

by auxiliary loads during tests at low power rates as the test cycles will be longer as seen 

in Table 9. Moreover, as seen in Figure 20 the power consumed by auxiliary loads tends 

to significantly reduce the value of η𝐵𝐸𝑆𝑆 for all the examined power rates.  

Table 9. Discharge and charge energies determined during stored energy capacity tests at 100% (1P), 75% (0.75) 

and 50% (0.5P) of rated power.  

Energy  0.5P 0.75P 1P 

𝑊ℎ𝑑 558.1 kWh 547.3 kWh 542.1 kWh 

𝑊ℎ𝑐 627.6 kWh 632.4 kWh 636.4 kWh 

𝑊ℎ𝑎𝑢𝑥 19.3 kWh 11.7 kWh 9.9 kWh 
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Figure 20. System round-trip efficiency (𝜂BESS) determined at 50%, 75% and 100% of rated power, with and without 

including the power consumed by auxiliary loads (𝑊ℎ𝑎𝑢𝑥).   

5.2.2 Temperature Impact  

The batteries used in NEW4.0 are dimensioned to operate in the range from -35 ºC to 

45 ºC. Additionally, the converters are designed to operate in ambient temperatures 

ranging from 0 ºC to 40 ºC. For temperatures above 40 ºC and below 55 ºC, the converters 

enter the derating zone. In the derating zone, the current in the converter will be reduced 

linearly from full output to zero to ensure safe operation. Figure 21 and Figure 22 

illustrate the highest and lowest converter and battery temperature during the stored 

energy capacity tests. Figure 21 (a) shows that the converts operate within the derating 

zone during the charge period of the 1P cycle, which reduces the system power output as 

seen in Figure 18 (a).The same behavior could not be identified in the 0.75P stored energy 

capacity test although the converter operated in the derating zone towards the end of the 

test. Moreover, the batteries were operated in the valid operating range during all the tests. 

Nevertheless, slightly higher temperatures were obtained during the stored energy 

capacity tests at 1P and 0.5P as compared to the test at 0.75P. Yet, the power consumed 

by auxiliary loads for cooling remained the same for the different tests.  
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Figure 21. Temperature profiles for the converters and the batteries during the stored energy capacity test at 100% 

and 50% of rated power performed at NEW4.0. In the derating zone, the power (current) through the converter is 

reduced to ensure safe operation).  

 

Figure 22. Temperature profiles for the converters and the batteries during the stored energy capacity test at 75% of 

rated power performed at NEW4.0. In the derating zone, the power (current) through the converter is reduced to ensure 

safe operation).  
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5.2.3 Efficiency Parametrization  

It is important to analyze the single efficiencies of the LiBESS to understand the operation 

of each component during different load conditions. However, no measurements at the 

battery, converter and battery level of the LiBESS were available during energy efficiency 

evaluation in Section 5.2.1. Therefore, a stored energy capacity test at 0.75P was repeated 

once these measurements were available. The cycle started and ended at 91% SoC and 

had a DoD of 67%. During the test 𝑊ℎ𝑑 was calculated to 542.9 kWh and 𝑊ℎ𝑐 was 

calculated to 634.7 kWh which corresponds to η𝐵𝐸𝑆𝑆=85.6% if the power consumed by 

auxiliary loads was not included.  

The calculated RTE of each component during the 0.75P stored energy capacity test is 

presented in Table 10. The converter had the lowest RTE with a value of 92%, followed 

by the battery with a value of approximately 94%. It was found that the converter had a 

discharge efficiency of 97.0% and a charge efficiency of 94.8%, which means that most 

of the power was lost in the converter during charge. At the power rate of 0.75P, most 

converters will operate close to its maximum efficiency as illustrated in Figure 10. It is 

therefore reasonable that the converter operates at a RTE of 92.0%. However, the RTE of 

the battery is quite low. The reference value found in the literature for the battery 

efficiency is 98%. The reason for this low efficiency could not be analyzed in detail given 

the available data.  

As shown in Figure 20 there is not a significant difference in η𝐵𝐸𝑆𝑆 in the range of 0.5P 

to 1P. However, a small decrease is expected since the converter and the transformer will 

operate below their peak efficiencies. The battery RTE will also be reduced at higher 

power rates. A more detailed analysis of how the RTE of each electrical component varies 

for different power rates would require measurements at the battery and converter level 

for the 0.5P and 1P case as well. Furthermore, a stored energy capacity test at 25% of 

rated power or even lower power rates would be needed to analyze the impact of the 

converter during low load operation. At power rates below 0.25P the LiBESS RTE is 

expected to reduce significantly. As found in [27] the LiBESS RTE was nearly constant 

(approx. 85%) over 23% of rated power and it reduced to 58% for lower power rates due 

to the poor efficiency of the converter.  

Table 10. Round-trip efficiency (RTE) of each electrical component determined during the stored energy capacity 

tests at 75% of rated power.  

Component RTE 

η𝑏𝑎𝑡𝑡𝑒𝑟𝑦 94.4% 

η𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 92.0% 

η𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟 98.9% 

η𝐵𝐸𝑆𝑆 85.6% 
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5.3 FCR Simulation at NEW4.0 

Figure 23 illustrates the simulated FCR load profile for NEW4.0 during 2016 based on 

the internal Vattenfall simulation model mentioned in Section 4.4. In the simulation, the 

offered FCR power was 550 kW in each direction and the dead-band of ± 10 mHz around 

50 Hz was applied. Also, the maximum temperature in the battery containers was set to 

28 °C which is within the valid operating range for the battery and the converter. The 

simulated value for the system RTE was 85% which is close to the values determined by 

the stored energy capacity tests in Section 5.2. As seen in Figure 23 (b), the LiBESS 

operated at 0 kW to 10 kW approximately 32% of the time as compared to the maximum 

value of 550 kW. The reason for the high efficiencies even at low power rates is because 

the model was configured to distribute the load over the minimum number of converters 

needed which is used to optimize the system RTE. The maximum power provided during 

charge was 431 kW and 393 kW during discharge. On average the power during charge 

was 19.7 kW and 19.8 kW during discharge. During the entire year the accumulated 

charge energy was 172.8 MWh while the accumulated annual discharge energy was 173.8 

MWh. This corresponds to 237 equivalent cycles in accordance with Equation (27) if a 

usable energy capacity of 95% (730 kWh) is assumed. Since there was a difference 

between the charged and discharged energy, power used for energy management was 

often needed to restore the SoC to 50% after service. In Figure 23 (a) 𝑃𝐸𝑀 represents the 

power needed for energy management. The annual energy needed for energy management 

was 25.5 MWh during discharge and 13.8 MWh during charge.  

Since the offered FCR volume was 550 kW, the LiBESS should maintain its SoC within 

17% to 83% as described by Equation (4)-(5). Figure 24 illustrates the simulated values 

for the accumulated average, maximum and minimum SoC per month during 2016.  

During the simulation the minimum SoC was 19.7% and the maximum SoC was 81.6%. 

Moreover, the average SoC was 48.7%. This means that LiBESS was able to operate in 

accordance with the FCR requirements and that the typical battery usage can be 

characterized by an average SoC of 50% with a maximum DoD of approximately 30% in 

both charge and discharge direction. However, as the LiBESS operates at low powers 

rates most of the time and because the cycles are short the DoD will often be less than the 

maximum value of 30%.  
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Figure 23. Simulation results for one year of Frequency Containment Reserve (FCR) application at NEW4.0 during 

2016. Figure a) illustrates the simulated load profile where 𝑃𝐹𝐶𝑅 is the power used in the FCR application and 𝑃𝐸𝑀 is 

the power used for energy management, i.e. the power used to restore the SoC to 50% after service. Moreover, Figure 

b) illustrates the distribution of power levels used in the FCR application during 2016. The probability indicates the 

likeliness of that power level to occur during the year.   

 

Figure 24.Simulated state of charge values (average, maximum and minimum) for the frequency restoration reserve 

application at NEW4.0 during 2016.  

From the available simulation results it is difficult to analyze in detail how the battery 

usage will affect the degradation and lifetime of the LiBESS. A comprehensive analysis 

of the battery degradation is also outside the scope of this thesis. However, an overview 

of the capacity fade of the batteries is illustrated in Figure 25. The figure shows that the 

SoH is reduced exponentially from 100% to 98% during one year of FCR application. 

Although, the impact factor on the battery degradation cannot be examined in detail in 

this thesis it can be stated that the battery lifetime will be significantly impacted both by 
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calendar aging and cyclic ageing as the LiBESS will often idle during FCR service as the 

frequency is often within the dead-band.  

 

Figure 25. Simulated degradation of the lithium-ion battery used at NEW4.0 expressed as reduction of the state of 

health during 2016. A state of health of 100% corresponds to no battery degradation.    
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6. Conclusion and Recommendations  

The main purpose of this thesis was to develop KPIs for LiBESS in FCR application, and 

to develop methods for raw data collection and data treatment that can be used for KPI 

evaluation. Moreover, the thesis aimed at providing battery usage analysis of the FCR 

application. The investigation was based on three Vattenfall LiBESS that use the same 

lithium-ion battery type but have different system configurations and ratings.  

It was found that response time and energy efficiency are two of the most important KPIs 

associated with LiBESSs in FCR applications since it is important to provide fast service 

and effective storage. The response time quantifies how fast the LiBESS can provide 

power as response to a change in frequency. It can be evaluated from prequalification 

tests, which are used to simulate frequency disturbances in the frequency region used for 

FCR and to examine the system dynamics. Additionally, energy efficiency describes how 

much useful energy can be retrieved during discharge compared to the energy put into the 

LiBESS during charge. It can be parametrized into the efficiency of the battery, converter 

and transformer of each string. The energy efficiency must be evaluated by a stored 

energy capacity tests as described by the US DOE Protocol as the measurements require 

that the SoC starts and ends at the same value.  

The prequalification tests result in the response time evaluation showed that all the studied 

LiBESSs can fulfill the requirements for FCR regardless of the power and energy ratings 

of the system. Additionally, the EFR prequalification results for PyC showed that a well 

configured LiBESS can provide response times on the millisecond scale which is 

expected to be a more common requirement in future grid stabilization services.  

The main impact factor that affects the RTE of the system is the power rate. It was found 

that the system RTE decreased from 89% to 85% when the power rate changed from 50% 

to 100% of rated power. Moreover, the power consumption by auxiliary loads due to 

cooling was nearly constant during the tests and proved to have a significant impact on 

the system RTE as it decreased the value with approximately 2 percentage points. For the 

0.75P stored energy capacity test it was found that the converter had the lowest RTE 

(92%) and that most power was lost in the converter during charge.  

The battery usage analysis showed that a LiBESS used in FCR application will idle or 

operate at low power rates almost 30% of the time if the frequency dead-band is used. 

Additionally, the battery usage can be characterized by an average SoC at nearly 50% 

with a maximum DoD of 30% in each direction. Also, a lot of energy is needed for energy 

management to restore the SoC to 50% after service. This cannot be avoided since it is 

necessary to ensure that the LiBESS can provide both upward and downward regulation 

during FCR service. It was also found that during one year of FCR application, the SoH 

reduced from 100% to 98% and that the reduction was exponential.    

Future work should investigate the energy efficiency performance during low power 

rates, from which the impact factors may be easily identified for the LiBESS. The RTE 
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of each electrical component should also be evaluated for all the power rates suggested 

by the US DOE Protocol for a more detailed analysis. Last of all, future work should 

investigate how the battery usage in FCR application is related to calendar and cycle aging 

of the lithium-ion battery.  
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