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Abstract 

This paper presents performance data for a grid-interfaced 

180kWh, 240kVA battery energy storage system. Hardware 

test data is used to understand the performance of the system 

when delivering grid services. The operational battery voltage 

variation is presented. Both static and operational losses are 

presented for usage cycles representative of time of use 

management and frequency support services. Cell-level tests 

are undertaken to quantify the battery round-trip efficiency, 

found to be around 95%, and the complete system is modelled 

to provide a loss breakdown by component.. The battery 

energy storage system achieves a round-trip efficiency of 

91.1% at 180kW (1C) for a full charge / discharge cycle. 

1 Introduction 

Grid-connected energy storage is necessary to stabilise power 

networks by decoupling generation and demand [1], and also 

reduces generator output variation, ensuring optimal efficiency 

[2]. Battery energy storage systems (BESSs) can be controlled 

to deliver a wide range of services both locally and in support 

of the wider power network [3], these include: frequency 

support, time of use management, and price arbitrage. 

Significantly, BESSs can be controlled to deliver multiple 

services in parallel. The performance of the BESS, and 

especially its round-trip operating efficiency, varies 

considerably with the load characteristics of the service being 

delivered. 

Little performance data from modern lithium-ion BESSs has 

been published. A 1MVA, 0.5MWh, system situated on the 

Italian MV network is described with a peak efficiency of 

85.37% [4]. A smaller domestic sized energy storage prototype 

rated at 1kW is claimed to achieve a peak efficiency of 92.63% 

[3]. A comparison of BESS topologies estimates over 97% 

efficiency [5] for a configuration similar to that detailed in this 

paper, battery balancing losses are included, although the 

system has a higher power rating (1MW), and is connected at 

a higher voltage (11kV). A lithium-ion BESS is modelled 

electro-thermally and efficiency as high as 87.7% is predicted 

when operating a primary frequency control service [9]. 

This paper analyses the loss performance of a 240kVA, 

180kWh, lithium-ion polymer BESS operated by The 

University of Manchester [6]. Power profiles are developed to 

replicate the load characteristics for a number of different grid 

services; these are applied to the hardware with differing 

parameters to produce a detailed map of system efficiency. A 

switch level power model of the hardware is also used to 

identify loss contribution by component, and a set of four 

parallel connected battery cells taken from a spare LG Chem 

module have been tested separately to assess battery efficiency. 

This data provides a detailed understanding of BESS 

performance when delivering specific grid services. 

2 Battery energy storage system 

The BESS is housed on the city-centre campus of The 

University of Manchester and connected ‘behind the meter’ to 

the LV power network. The ‘SieStorage’ system is supplied by 

Siemens plc with battery racks from LG Chem. A controller 

has been developed in-house using a dSPACE real-time 

platform and provides full visualisation of network and 

hardware conditions, and independent control of real and 

reactive power at a 1ms time step. The controller enables rapid 

prototyping of control algorithms with internet connectivity. 

Three 7.1kW air-conditioning units maintain a room 

temperature of 20oC, their true electrical load varies with 

equipment usage, outside ambient temperature, and room 

occupation. A schematic of the BESS is given in Figure 1, and 

a photograph of the facility in Figure 2. 

Power measurements presented in this paper are taken on the 

grid side of the transformer. Room lighting, air-conditioning, 

and the control PC are supplied by a different feed and so are 

not seen in the measurements. The dSPACE controller and 

other auxiliary control systems are only supplied from the 

battery when a connection to the power network does not exist 

for extended periods. Battery stored energy and state-of-charge 

(SoC) are reported by a battery management system (BMS) 

supplied by the battery manufacturer, LG Chem. 
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Figure 1: BESS control and power system schematic 

 

 

Figure 2: BESS facility photograph 

3 Results 

Hardware measurements are presented and used to characterise 

the performance of the BESS. The operation of the system is 

demonstrated by considering the DC voltage SoC relationship 

and static losses. System efficiency is then determined from 

test data for constant and varied power profiles, with a circuit 

simulation model providing the loss contribution from the 

power circuit components and test data providing the battery 

efficiency. These measurements are combined to predict 

overall system losses. 

3.1 Battery voltage 

The four battery racks are charged to maximum SoC and then 

discharged to a minimum SoC at a constant power of 120kW, 

taking approximately 3 hours. SoC, as reported by the battery 

management system, is compared with battery voltage, and 

shown in Figure 3. During testing the two racks comprising 

battery 1 and the two racks comprising battery 2 remain within 

0.1V of each other. 

 

Figure 3: Battery 2 voltage versus SoC 

This data indicates the operational DC voltage range and does 

not provide the settled voltage at each SoC, the time constant 

for the battery voltage to settle is approximately 30 minutes. 

Taking the mean of the charge and discharge voltages at each 

SoC point gives a voltage range of 639V to 808V at 1% and 

100% SoC respectively. The SoC and DC voltage has a 

significant impact on instantaneous efficiency of the power 

circuit (with all other variables remaining the same); as the 

battery voltage reduces the duty cycle of the converter changes, 

which together with the different DC voltage will affect the 

converter losses, and the higher current drawn from the battery 

for constant power will increase the losses of the power circuit 

components. 

Battery voltage varies linearly with SoC above approximately 

10% SoC, below this level the voltage drops off indicating that 

the lower voltages are within the non-linear region of the 

battery chemistry. At the top end the SoC voltage relationship 

remains linear indicating that voltage is capped below the non-

linear region. When operating close to the minimum and 

maximum voltages the internal controller restricts the power 

levels. 

3.2 Static losses 

Static self-discharge rate is taken by recording the reported 

battery energy level with the system delivering zero real power. 

When grid-connected the SoC falls from 100% to 1% in 113.3 

hours (4.7 days), giving an average discharge rate of 1.54kW. 

The self-discharge rate is approximately linear, as seen in 

Figure 4. When disconnected from the grid, with the breakers 

open, transformer magnetising and converter losses are not 

present, and the average discharge power is calculated as 

0.094kW which is attributed to the BMS and battery self-

discharge. The system can also be placed in an energy saving 

mode where the BMS is shutdown. Over a 16 day period in 

energy saving mode the change in the reported energy level of 

the battery was negligible. 
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Figure 4: Battery energy - static self-discharge 

3.3 High energy power profile 

Constant power cycling at different depths of discharge is used 

to represent BESS operation for energy dominant services such 

as time of use management. To calculate efficiency, power is 

measured at the network side of the transformer and is 

integrated to determine the energy extracted from, and returned 

to, the network. The SoC of the battery is cycled, based on 

energy reported by the BMS - which provides a zero point 

reference for the tests. The ratio of energy in and out of the 

system during each cycle provides a measure of ‘round-trip 

efficiency’. Losses are presented as a percentage in relation to 

the installed battery capacity of 180kWh. 

Test cycles are run continually until the efficiency calculation 

is within +/-0.2% for two consecutive cycles, with the later 

value being recorded. Round-trip efficiency is determined for 

power levels of 60kW, 120kW, 180kW, 240kW, initially over 

the full SoC range, and then over reduced ranges, to give a total 

of 36 measurements. Testing is carried out with the transformer 

pre-warmed, which is achieved by leaving the system grid-

connected at zero power overnight. 

Figure 5  shows the power and reported battery energy during 

a charge / discharge cycle between 20% and 80% SoC at rated 

power. 

 

Figure 5: High energy power profile for efficiency 

measurement (SoC 20%-80%) at 240kW 

Over the 20% - 80% charge / discharge cycle shown, it can be 

seen that Eout, the energy returned to the network, is less than 

Ein, the energy extracted from the network. This ratio is 

described as the round-trip efficiency, which for 240kW is 

calculated as ɳ = 88.2%. 

Figure 6 shows the round-trip efficiency values for a constant 

power cycle at 10% SoC increments between 20% and 80% 

SoC, operated between 25% and 100% rated power. 

 

Figure 6: Round-trip efficiency at constant power for different 

levels of 10% SoC range 

Round-trip efficiency tends to have a maximum at around 

120kW for most of the SoC ranges tested, before falling 

slightly as power is increased further. A strong trend in round-

trip efficiency at different SoC levels is not evident, although 

efficiency tends to be slightly higher at mid-levels of SoC. 

From the data collected, efficiency is highest at 120kW, 

peaking at 92.6% for the 40%-50% SoC range, with the lowest 

value of 87.8% at 240kW and the 40%-50% SoC range. The 

main source of error in these measurements is the accuracy of 

the BMS in reporting the battery SoC. 

A number of energy ranges are considered with the aim of 

identifying the most efficient SoC operating ranges. Figure 7 

shows round-trip efficiency values for constant power cycles 

at 100%, 80%, 60%, and 20% SoC ranges. 

 

Figure 7: Round-trip efficiency at constant power for different 

SoC ranges 

The peak efficiency in Figure 7 is 92.5% for 120kW operation 

between 0% and 100% SoC; this is again around 120kW power 

with efficiency falling away below and above this power point.  
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3.4 Low energy power profile 

Grid frequency support, which in the UK can be reimbursed 

through the National Grid’s Enhanced Frequency Response or 

Firm Frequency Response services, requires the BESS to 

deliver power to the grid according to the grid frequency’s 

deviation from its nominal value. Such a service generally has 

a high power and lower energy requirement. A variable power 

profile is developed to replicate the load on the BESS due to 

frequency support so that efficiency may be determined with 

respect to SoC, power, and service duration. 

This profile delivers 100% power for a set period of time before 

recharging the battery to the initial level at 9% power. The 

Enhanced Frequency Response service requires power to be 

provided when frequency exceeds a nominal frequency 

deadband and permits local control up to ±9% rated power 

within this deadband, here this is used to recharge the battery. 

Similarly, slew rates of +10%/s and -200%/s are stipulated and 

are implemented here in the variable profile [7]. 

Figure 8 shows the profile charging to 80% SoC and delivering 

240kW for a period of 30s.  

 

Figure 8: Low energy power profile for efficiency 

measurement at 80% SoC, 240kW for 30s 

The battery is charged with a power of 21.6kW (9% of 240kW) 

until the battery energy reaches 80% SoC, at which point the 

battery discharges providing 240kW (100%) for 30s. The cycle 

is then repeated. Comparison of the energy in and out during 

the charge and discharge phases, respectively, gives a round-

trip efficiency of ɳ = 84.7%. 

The variable power profile is operated at five different power 

levels, four SoC levels, and discharge durations of 2s, 10s, 30s, 

60s, giving 80 data sets. Figure 9 gives the results for 80% SoC 

at different discharge durations and power levels. Test results 

at 60%, 40% and 20% SoC are shown in Figure 10, Figure 11, 

and Figure 12, respectively. 

For the low energy power profile in Figure 12, at 20% SoC, the 

highest efficiency recorded is at rated power, reaching a 

maximum of 88.7% when delivering power for 10s and falling 

off quickly at lower power levels. At lower power levels the 

recharging time is shorter and it is during this stage that the 

impact of the static losses are greatest. 

 

Figure 9: Round-trip efficiency for low energy power profile 

at 80% SoC 

 

Figure 10: Round-trip efficiency for low energy power profile 

at 60% SoC 

 

Figure 11: Round-trip efficiency for low energy power profile 

at 40% SoC 

A similar trend in round-trip efficiency against power is seen 

for all SoC levels; no trend is evident at different SoC operating 

points. The short cycle time of some of the tests  means that a 

measured result (within +/-0.2% for two consecutive cycles) 

occurs before the system has reached a thermal equilibrium, 

which is likely to result in lower losses. 
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Figure 12: Round-trip efficiency for low energy power profile 

at 20% SoC 

3.5 Battery cell-level cycle efficiency 

The BESS consists of four parallel racks of 14, 62Ah, 48V 

battery modules. Each module comprises 56 pouch cells 

arranged as 14 series-connected sets of four parallel-connected 

pouches. To measure the battery cycle efficiency, a factory-

new module is disassembled and tests are undertaken on a 

single set of four parallel-connected pouch cells. 

Cycle efficiency is tested with the four parallel-connected cells 

in an environmental chamber with air temperature set to 25oC, 

case temperature is recorded to be 25oC to 28oC throughout. 

The four parallel-connected cells are fully charged and 

discharged using a constant current constant voltage profile, as 

shown in Figure 13. 

 

Figure 13: Battery charge / discharge data 

First the cells are charged from 2.80V using a constant current 

of 1C, 62A to the constant current to constant voltage transition 

voltage of 4.15V. This current is approximately equivalent to 

operation at 180kW in the full system. Then constant voltage 

(at 4.15V) charging is used until the current falls to less than 

3.1A (5% 1C current) and the charging is finished. The cells 

are then discharged using a constant current of 1C, 62A, until 

the constant current to constant voltage transition voltage of 

2.80V is reached, then a constant voltage discharge is used 

until the current reduces to less than 3.1A (5% 1C current) and 

the discharge process is complete. Voltage and current 

measurements are multiplied and integrated to provide the 

energy stored in and extracted from the cells. The ratio of Ein, 

the energy stored, to, Eout, the energy extracted, gives a round-

trip efficiency of ɳ = 93.8% for the full charge and discharge 

cycle. 

The overall internal resistance of the cells is estimated at 

1.4mΩ from the cell voltage response to a step change in load 

current. The test was undertaken at 50% SoC. The internal 

resistance power loss at each current data point throughout the 

charge / discharge cycle is calculated, and integrated to give 

the round-trip energy loss. The internal resistance accounts for 

round-trip losses of 4.3% over the full charge / discharge cycle 

in Figure 13, which is significantly below the measured loss of 

6.2%. This under prediction is attributed to several factors, the 

internal resistance tends to increase at the extremes of the SoC 

range and the internal cell temperature will increase during 

extended operation also increasing internal resistance and 

losses. Nevertheless, a simple internal resistance calculation is 

used here to estimate the battery losses; similar calculations are 

used in other work such as [8].  

Internal resistance is used to predict battery losses for different 

power levels, for full charge / discharge cycles, based on 

charge / discharge current levels predicted in the power circuit 

model (Section 3.6): at 4/3C (240kW) the internal resistance 

loss is 5.6%, at 1C (180kW) 4.2%, at 2/3C (120kW) 2.8%, and 

at 1/3C (60kW) 1.4%.  

3.6 Power circuit loss breakdown 

The power circuit is modelled in PLECS (Plexim GmbH), 

based on component datasheet values, and includes: 

transformer, filter circuits, coupling inductors and converters. 

The switch level converter model is controlled by an open loop 

PWM modulator. The battery is represented by an ideal voltage 

source with its voltage level set from a lookup table using the 

data shown in Figure 3. The simulation of the power circuit 

allows the loss breakdown to be determined, but does not 

include variation in loss parameters with temperature. 

Instantaneous losses are identified at intervals of 10% SoC 

over a full charge / discharge cycle, the losses are summed to 

provide the round-trip loss, and this is carried out at four power 

levels. Internal resistance losses from the battery, derived 

previously, are used to predict battery losses at each power 

level. The BMS loss determined from Figure 4 is also included 

in Figure 14. The loss breakdown over a full charge / discharge 

between 0% and 100% SoC is shown in Figure 14, the 

measured data (seen in Figure 7) is also presented for 

comparison. 

The calculated losses are fairly close to the overall measured 

losses, but tend to over-predict the loss. Considering that the 

calculation of battery loss is likely to be an underestimate, 

based on the cell tests in Section 3.5, it is concluded that the 

calculated power circuit losses are a little high, and this was 

attributed to the assumption of a constant temperature in the 

PLECS model. To improve the calculation, thermal models of 

the transformer and inverter should be included in PLECS and 

the battery loss should be based on empirical round-trip cell 

losses at representative current levels and temperatures. 
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Figure 14: Simulated / predicted loss breakdown by power 

system component for full charge / discharge cycle 

The battery represents the single largest loss, at all but the 

lowest power levels, and becomes increasingly dominant 

towards rated power. Losses in other power circuit components 

and the BMS are more significant at lower power levels since 

the system operates for longer. At low power the transformer 

core losses and inverter switching losses are dominant. The 

power circuit round-trip efficiency (excluding the battery) is 

93.5% at 180kW, with power and SoC influencing 

instantaneous performance. The measured data shows lowest 

losses around 120kW, at 7.5%, compared to predicted losses at 

the same point of 9.6%.  

4 Conclusions 

The BESS has a battery voltage of between 693V and 808V. 

When the BESS is grid-connected, the battery discharge power 

is 1.54kW (0.64% rated power), if disconnected this reduces to 

0.094kW (0.04% rated power) and in the energy saving mode 

is 0kW. During constant power, high energy operation a peak 

round-trip efficiency of 92.6% is recorded, which occurs at 

120kW (50% rated power). The highest efficiencies are 

achieved when the full SoC range of the battery is utilised, 

particularly at intermediate power levels. A low energy profile 

with varying power demand, perhaps indicative of National 

Grid Static EFR response, achieved a peak efficiency of 92.5%, 

which occurred when operating at 240kW (rated power) for a 

duration of 10s and at 80% SoC. No trend was noticed in the 

impact of SoC on operating efficiency, however higher powers 

generally gave consistently higher efficiency. Due to their 

complementary hardware demands the high energy low power, 

and low energy high power profiles may be operated in parallel 

to maximise revenue if permitted by the regulatory framework. 

High energy services should be controlled for the full operating 

capacity of the battery and below rated power to achieve 

maximum efficiency. Low energy, variable power services 

such as EFR may achieve operating efficiencies as high as 

92.5%, here efficiency can be maximised by operating at rated 

power. Any rapid change in power set point associated with the 

service is thought unlikely to reduce the system operating 

efficiency. The SoC does not significantly impact the operation 

efficiency for such a service.  

For the BESS presented, the converter and the battery are the 

largest loss mechanisms accounting for 24% and 39% of total 

system loss, respectively, at 1C (180kW), according to the 

simulation. The model shows a good correlation with measured 

losses across the power range, predicting losses to within 0.6% 

at rated power. To enhance the predictions thermal models of 

the inverter and transformer should be incorporated and cell 

test data at representative operating conditions should be used 

for the battery efficiency. Furthermore, air conditioning power 

consumption should also be included in the loss audit.  

Acknowledgements 

This work was supported by the UK Engineering and Physical 

Sciences Research Council (EPSRC) through an equipment 

grant for grid-scale storage facilities [EP/J021229/1] and the 

Manifest research project [EP/N032888/1]. The authors would 

like to thank Mr Alex Crow for his contribution to the BESS 

simulation model. 

References 

[1] J. M. Carrasco, L. G. Franquelo, J. T. Bialasiewicz, E. 

Galvan, R. C. P. Guisado, M. A. M. Prats, J. I. Leon, and 

N. Moreno-Alfonso, “Power-Electronic Systems for the 

Grid Integration of Renewable Energy Sources: A 

Survey,” IEEE Transactions on Industrial Electronics, 

vol. 53, no. 4, pp. 1002-1016, 2006. 

[2] M. T. Lawder, B. Suthar, P. W. C. Northrop, S. De, C. M. 

Hoff, O. Leitermann, M. L. Crow, S. Santhanagopalan, 

and V. R. Subramanian, “Battery Energy Storage System 

(BESS) and Battery Management System (BMS) for 

Grid-Scale Applications,” Proceedings of the IEEE, vol. 

102, no. 6, pp. 1014-1030, 2014. 

[3] Q. Hao, Z. Jianhui, L. Jih-Sheng, and Y. Wensong, “A 

high-efficiency grid-tie battery energy storage system,” 

Power Electronics, IEEE Transactions on, vol. 26, no. 3, 

pp. 886-896, 2011. 

[4] L. Consiglio, G. D. Lembo, C. Noce, P. Eckert, A. Rasic, 

and A. Schuette, “Performances of the first electric 

storage system of Enel Distribuzione,” in Electricity 

Distribution (CIRED 2013), 22nd International 

Conference and Exhibition on, 2013, pp. 1-4. 

[5] E. Chatzinikolaou, and D. J. Rogers, “A Comparison of 

Grid-Connected Battery Energy Storage System 

Designs,” IEEE Transactions on Power Electronics, vol. 

32, no. 9, pp. 6913-6923, 2017. 

[6] T. Feehally, A. J. Forsyth, R. Todd, M. P. Foster, D. 

Gladwin, D. A. Stone, and D. Strickland, “Battery energy 

storage systems for the electricity grid: UK research 

facilities,” in IET International Conference on Power 

Electronics, Machines and Drives (PEMD), Glasgow, 

UK, 2016, pp. 6. 

[7] nationalgrid, "Enhanced Frequency Response Invitation 

to tender for pre-qualified parties," 8th July 2016. 

[8] Y. Parvini et al, “Heuristic Versus Optimal Charging of 

 Supercapacitors, Lithium-Ion, and Lead-Acid 

 Batteries: An Efficiency Point of View,” IEEE 

Transactions on Control Systems Technology, vol. 26, 

no. 1, pp. 167-180, 2018. 

[9] F. M. Gatta et al, “Battery energy storage efficiency 

calculation including auxiliary losses: Technology 

comparison and operating strategies,” in IEEE 

PowerTech, Eindhoven, 2015. 

0

2

4

6

8

10

12

14

R
o

u
n

d
-t

ri
p

 l
o

ss
 (%

)

Power (kW) [60, 120, 180, 240]

BMS

Battery

Filter

Coupling inductor

Transformer

Inverter

Measured

R
o

u
n

d
-t

ri
p

 l
o

s
s
 (

%
)

60

Measured 

data

Charge / discharge power (kW)

120 180 240


	Green_access_cover_page
	Feehally_PEMD_0558

