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Abstract: We investigated the service life of storage batteries to provide recommendations on the design of energy stor-
age systems used in islanded energy systems based on renewable power sources. The service life of maintenance-free,
sealed lead-acid batteries produced by absorbed glass mat (AGM) technology was determined by endurance tests car-
ried out by repeated charge/discharge cycles according to specified load profiles, implemented at a specialized Chroma
Test System station. Three battery load profiles were simulated: one for the standard DC charge/discharge mode, and
two for the charge/discharge modes from renewable energy sources. To this end, the actual data obtained from monitor-
ing the operating modes of a wind power plant were used. It was found that the battery service life depends on the inten-
sity of stress factors. Among them, the throughput factor has the most pronounced influence on the battery lifespan. To
extend the service life of storage batteries, it is proposed to separate the charge/discharge modes in time. For batteries
operated on renewable energy profiles, this approach decreases time intervals between full charges and at low battery
levels, which increases the battery service life by 14%. A solution to designing an energy storage system for microgrids
was proposed, which consists in the use of a combined double-circuit energy storage unit. An experimental prototype of
such a unit with a power of 15 kW was developed. The use of a combined energy storage unit in the microgrid system:
increases the battery service life by 20-30% compared to analogues; improves the static and dynamic stability of the
local energy system with a response time of no more than 50 ms towards power change; allows a fuel replacement level
of at least 25%; reduces the electricity cost by 25-30%.

Abbreviations:

AGM - absorbed glass mat

CES - combined energy storage unit

CF - charge factor

DC - direct current

DCS - direct current power supply systems
DGS - diesel generator set

DOD - depth of discharge

DR - discharge rate

ICUF —installed capacity utilization factor
PC - partial cycling

RES - renewable energy source

SB - storage battery

SOC - state of charge

TF — time between full charge

TL - time at low state of charge

WPP — wind power plant
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©aTtapei B U30NIMPOBAHHbIX IHEPreTM4YeCcKUX cuctTemax
C BO30OHOBNSAEMbIMU UCTOYHMKAMU IHEPIUM

© C.I. O6yxos*, U.A. MnotHukos*, B.I'. Maconos**

*HayuoHanbHbIl uccnedosamenbckull Tomekul nonumexHudeckuli yHusepcumem, . Tomck, Poccus
**000 «BAM-mexHuka», 2. Mockea, Poccus

Pe3stome: Llenb — vccnefoBaHue aKkCnnyaTaLMoOHHOTO pecypca akkyMynsiTopHbiX 6aTapeli 1 pa3paboTka pekoMeHaauumn
MO MOCTPOEHUID CUCTEM HAKOMMEHUS 3HEpPruM Ans W3ONMPOBAHHbBIX SHEPreTUYEeCKUX CUCTEM C BO30OHOBNSEMbIMU UC-
TOYHMKaMu aHeprun. OBBEKTOM MUcCneJOBaHN ABUMUCE HEOOCNYXMBAEMbIE, TEPMETUYHBIE CBUHLIOBO-KUCIIOTHbIE BaTa-
peu, BbinosnHeHHble o AGM-TexHonorun. Cpok cnyxbbl akkymynsTopHblx 6aTapei onpedensancs no pesynbratam ux
PECYPCHbIX UCMbITaHWIA NOCPeACTBOM 3apsfa/paspsga no 3agaHHbIM NpodusM Harpy3ku, peanusoBaHHbIX Ha cneuuna-
NU3NPOBaHHON ucnbiTaTenbHOM cTaHumMn Chroma Test System. [1na npoBeaeHWst akcnepuMeHToB Bbinu cMOAeNMpoBa-
Hbl 3 Npocuns Harpy3ku 6aTapen: oguH — AN CTaHAApTHOrO pexvMa 3apsga/paspsga Ha MOCTOSIHHOM TOKe, M ABa —
AN PexumoB 3apspa/paspsga oT BO30OHOBIAEMbIX UCTOYHUKOB SHEPru, Ans (hOPMUPOBAHUS KOTOPbIX MCMOMb3OBa-
nnCb hakTUYeckne AaHHble MOHUTOPWHIa paboumx pexumMoB BETPO3IHEPreTUHECKOM YCTaHOBKW. PesynbTathl akcnepu-
MEHTOB Nokasanu, YTo yCnoBus 3KkcnnyaTauum 6atapei no paccmarpuBaeMbliM NpouUnsM CyLLECTBEHHO pa3nuyatoTcs
Mo 3HAYeHWUsIM MPaKTUYEeCKU BCEX CTPeCC-(HaKkTOpPOB, M3 KOTOPLIX ONMpeaensioLlee BAusHUe Ha Cpok cnyxbel Batapen
OKa3blBaeT PakTop NPOMyCKkHO cnocobHOCTW. [INs coXpaHeHMs SKCMyaTaunoHHOTO pecypca akkyMynsaToOpHbIX Bbatapein
NPEeANoXeHo pas3ferneHne Bo BPEMEHU UX PEXUMOB 3apsgal/paspsaga. PesynbtaThl UCMbITAHUIA Nokasanu, YTo npu akc-
nnyatauum 6atapen no npodunsam ot BO30OHOBNSIEMbIX UCTOYHUKOB SHEPTUKM NPUMEHEHNE AaHHOro crnocoba cokpalla-
€T BpeMeHHble MHTepBanbl MEeXAy MOMHO 3apsAaKoi U Npu HW3KOM YPOBHe 3apsiga 6atapen, 4to obecneynBaeT noBbl-
WweHne nx cpoka crnyxbbl 0o 14%. MMpeanoxeHo HOBOE TEXHMYECKOE PELIEHWE MO MOCTPOEHUID CUCTEMbI HaKOMIEHWS
aHeprun ans MicroGrid B Buae KOMOMHMPOBAHHOTO ABYXKOHTYPHOTO HAaKOMWUTENS 3Heprun. M3roToBneH 3KCMepuME H-
TanbHbI 06pasel, KOMBMHMPOBAHHOTO HAKOMWUTENS 3Hepruu Ha MolwHocTb 15 kBT. lNpumeHeHne KOMOMHUPOBAHHOTO
HakonuTens aHeprum B coctase MicroGrid no3BonsieT NOBLICUTH SKCMITyaTaLMOHHbLIN PECYPC aKKyMYynSATOPHbIX 6aTapei
00 20-30% B cpaBHeHun ¢ aHanoramu, 0becneymBaeT CTaTUYECKY0 U AMHAMWYECKYH YCTOMYMBOCTb TOKANbHON SHEp-
FeTUYECKON CUCTEMbI CO BPEMEHEM PEAKLMM Ha M3MEHeHne MOLHOCTM He Gonee 50 Mc, ypoBeHb 3amelleHns TonnmBea
He MeHee 25% W CHUXEeHUEe CTOMMOCTU NEKTPOaHeprum Ha 25-30%.

Ab66pesuamypbl:

AGM - repmeTHU4YHble CBUHLIOBO-KUCIIOTHLIE 6aTapen, BbiNonHeHHbIe o AGM-TexHonorum
KH3 — kOMOUHMPOBAHHLIA HAKONWUTENb SHEPTUN

CF - cbakTtop 3apsiga

DC — NOCTOSAHHbINA TOK

C3IM - cuctema anekTponuTaHUs Ha MOCTOSIHHOM TOKe

ArY — ousenb-reHepaTopHas ycTaHOBKa

DOD - makcumanbHas rnybuHa paspsga

DR - ckopocTb pa3psiga

KNYM — koadhhMUMEHT 1CNonb30BaHWUS YCTaHOBIEHHON MOLLHOCTH
MK = yacTuyHbIN LMKn

BW3 — B0306HOBNSIEMbIN UCTOYHUK 3HEPrUM

AB - akkymynsiTopHasi 6aTapest

SOC — KOHTPOMNb OCTAaTOYHON EMKOCTU

TF — Bpemsi paboTbl Mexay NOSHOW 3apsiaKol

TL — Bpems paboTbl Npu HU3KOM YPOBHE 3apsaa

BOC - BeTpoanekTpocTaHuust

Knroyeenie cnoea: M30NnMpoBaHHaa aHepreTndeckasa cucrtema, BO30OHOBNSEMbIE WUCTOYHMKM QHepruu, Hakonutenb
QHEPrnun, akkymyndaTtopHada 6aTapeﬂ
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INTRODUCTION

Islanded energy systems based on various
generating units, such as microgrids', are prom-
ising technologies for producing electrical ener-
gy. Microgrid technology was initially aimed at
increasing the energy efficiency and environ-
mental friendliness of autonomous power supply
systems that incorporate diesel generator sets
(DGS). Therefore, the developers relied on the
use of renewable energy sources (RES), both
wind power plants (WWP) and photovoltaic in-
stallations.

Microgrids can operate either in grid-
connected or islanded mode. According to the
Navigant Research analytical company, in 2018,
the annual production of islanded and grid-
connected microgrids amounted to 1,231 MW
and 1,463 MW, respectively, with the total sales
volume exceeding USD 3 hillion. By 2027, the
market demand for such microgrids is predicted
to reach 4,230 MW and 11,576 MW, respective-
ly, which will require investments of about USD
30 billion®.

Microgrid equipment has a large potential in
Russia, whose eastern and northern areas are
characterized by a low population density and a
poorly-developed transport infrastructure. Relia-

OHepreTuka
Power Engineering

ble power supply in decentralized regions is an
urgent state task, confirmed by a number of le-
gal and regulatory documents®*.

Microgrids incorporate energy storage sys-
tems, which significantly improve energy effi-
ciency by increasing the installed capacity utili-
zation factor of renewable energy installations,
reducing the DGS operating hours, and, accord-
ingly, decreasing fuel and service costs”.

Storage batteries (SB) as energy storage
systems satisfy the requirements of microgrids
in terms of power range and energy storage du-
ration. Despite significant progress in the indus-
try of electrochemical power sources [2, 3], lead-
acid SBs are mainly used for storing energy in
microgrids due to their good value-for-money
characteristics. In this work, we also consider
this type of SBs.

The expenses involved with energy storage
are quite significant, amounting from 25 to 60%
of the total cost of an energy system [4, 5].
Therefore, it is important to increase the SB ser-
vice life, which is typically lower than that of oth-
er microgrid components [6]. To that end, the
main factors affecting the lifespan of SBs when
used in microgrids should be identified. It should
be noted that the operating modes of SBs incor-

L Off-grid renewable energy solutions to expand electricity access: an opportunity not to be missed. International Re-
newable Energy Agency. Available from: https://lwww.irena.org/publications/2019/Jan/Off-grid-renewable-energy-
solutions-to-expand-electricity-to-access-An-opportunity-not-to-be-missed [Accessed 17th February 2021] / Off-grid re-
newable energy solutions to expand electricity access: an opportunity not to be missed // International Renewable Ener-
gy Agency [OnektpoHHbin pecypc]. URL: https://www.irena.org/publications/2019/Jan/Off-grid-renewable-energy-
solutions-to-expand-electricity-to-access-An-opportunity-not-to-be-missed (17.02.2021).

Z What's Driving Microgrids toward a $30.9B Market. Microgrid Knowledge. Available from:
https://microgridknowledge.com/microgrid-market-navigant/ [Accessed 17th February 2021] / What's Driving Microgrids
toward a $30.9B Market // Microgrid Knowledge [SnekTpoHHbii pecypc]. URL:
https://microgridknowledge.com/microgrid-market-navigant/ (17.02.2021).

* Decree "On national goals and strategic objectives of the development of the Russian Federation for the period
up to 2024". President of Russia. Available from: http://www.kremlin.ru/events/president/news/57425 [Accessed
17th February 2021] (In Russ.) / Yka3 «O HauuMOHanbHbIX LeNsx W CTpaTernvyeckux 3agadax passutust Poccuickon
®epepaumnu Ha nepuog fo 2024 rogax» // Mpe3naeHT Poccun [OnekTpoHHbIn pecypc]. URL:
http://www.kremlin.ru/events/president/news/57425 (17.02.2021).

* About the draft plan for the modernization of inefficient diesel, fuel oil and coal generation in hard-to-reach regions.
The Government of Russia. Available from: http://government.ru/orders/selection/401/35150/ [Accessed 17th February
2021] (In Russ.) / O npoekTe nnaHa No MOAepHW3aLnm HeadEKTUBHOI ANU3ENbHON, MA3yTHOW U YTOMbHON reHepaLmnu
B TPYAHOAOCTYNHbIX pernoHax // MpasutensctBo Poccum [OnekTpoHHbIi pecypc]. URL:
http://government.ru/orders/selection/401/35150/ (17.02.2021).

> Kempener R, Borden E. Battery storage for renewables: market status and technology outlook. International Renewa-
ble Energy Agency. Available from: https:/cleanenergysolutions.org/resources/battery-storage-renewables-market-
status-technology-outlook [Accessed 20th February 2021] / Kempener R., Borden E. Battery storage for renewables:
market status and technology outlook. International Renewable Energy Agency [OnekTponHbii pecypc]. URL:
https://cleanenergysolutions.org/resources/battery-storage-renewables-market-status-technology-outlook (20.02.2021).
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porated in microgrids differ significantly from
those in direct current (DC) power supply sys-
tems (DCS).

The concept of charge/discharge cycles and
methods for determining the SB service life are
defined in regulatory documents®’. In accord-
ance with these requirements®’, each cycle
consists of sequential DC charge/discharge
steps, and the SB lifetime is determined by a
number of cycles, following which the SB capac-
ity is reduced to 80% compared to the nominal
value. When SBs are applied as part of DCSs,
the charge/discharge currents vary across the
ranges and profiles recommended by the SB
producers, ensuring their maximal service life. In
such systems, the main factors affecting the SB
service life are temperature and the depth of
discharge. These dependencies are given in the
SB technical specification, allowing determina-
tion of their service life when used in a DCS.

A characteristic feature of microgrids is a
change in the generated and consumed power
values over a wide range, which determines the
presence of ripples in the SB charge/discharge
currents. Operation of SBs in the impulse cur-
rent mode leads to a rapid degradation of their
performance and a reduction in their service life
[7]. The stochastic nature of generation leads to
incomplete SB charge/discharge cycles with
significant time intervals between full charges
and at low residual charge rates, which also di-
minishes the SB lifetime [8, 9].

The main reasons for SB deterioration are
physicochemical processes leading to electro-
lyte separation, water loss, electrode sulfur poi-
soning and corrosion, as well as loss of active
mass. The intensity of these processes, or the
deterioration rate, depends on both SB type and
its operating conditions. SB deterioration mech-
anisms are described in [10, 11]. The main fac-
tors affecting these processes are defined in

[12, 13]. A qualitative estimation of the effect of
these factors on SB degradation is given in
[13, 14]. The aforementioned studies deter-
mined the main stress factors during SB opera-
tion, considerably accelerating degradation pro-
cesses:

— temperature;

— charge factor (CF);

— throughput (Qun);

— discharge rate (DR);

— time between full charge (TF);

— time at low state of charge (TL);

— partial cycling (PC).

Determination of reliable quantitative rela-
tionships between stress factors, degradation
mechanisms and the SB lifespan is a challeng-
ing research problem attracting widespread in-
terest [15-26]. The high complexity of this prob-
lem is associated with the stochastic nature and
mutual influence of stress factors affecting SB
deterioration processes.

Mathematical modelling is the primary and,
in many cases, sole way to predict the service
life of SBs incorporated in microgrids. The ma-
jority of studies apply the following 3 types of
models: performance or charge, voltage and
lifetime. Performance models, where the SB
service life is determined by the state of charge
[15, 16], are used most widely. Voltage models
measure the voltage at the SB cleats, on the
basis of which losses and the degradation de-
gree are calculated [17]. Service life models rely
on empirical relationships linking stress factors
with the SB service life [18, 19]. All these mod-
els can be used independently or integrated into
a generalized SB model [20, 21]. A comparison
of various models is presented in [22, 23]; the
questions of practical application of SB models
when selecting an optimal composition of mi-
crogrid equipment are considered in [16, 24, 25].

® GOST R MEK 60896-21-2013. Stationary lead-acid batteries. Part 21. Controlled valve type. Test methods. Introduced
on 1st January, 2015. Moscow: Standartinform, 2015./TOCT P M3K 60896-21-2013. baTapen CBUHLOBO-KUCMOTHbIE
cTauuoHapHble. YacTtb 21. Tunbl ¢ perynupytowmm knanadom. Metoabl ucnsitanuin.Bee.01.01.2015.M.: CraHgapTuh-
¢opm, 2015.

"GOST R MEK 61427-1-2014. Accumulators and storage batteries for renewable energy sources. General requirements
and test methods. Part 1. Application in stand alone photovoltaic power systems. Introduced on 1st January, 2016. Mos-
cow: Standartinform, 2016/TOCT P M3K 61427-1-2014. AkkyMynsTopbl U akkyMynsiTopHble 6atapen ans Bo3o6HOBNS-
€MbIX NCTOYHMKOB 3Heprun. O6wwme TpeboBaHUa M MeToabl ucnbiTaHuin. Yacts 1. MprMeHeHne B aBTOHOMHbIX hOTO-
3NEeKTPUYECKNX 3HepreTuyeckux cuctemax. Been. 01.01.2016. M.: CtaHgapTuHdgopm, 2016.
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The studies discussed above aimed to de-
velop SB deterioration models that reliably and
accurately describe the effect of stress factors
on the SB lifespan. However, a serious limitation
to the practical implementation of RES-based
microgrids is a lack of approaches to extending
the SB service life and creating efficient energy
storage systems.

In this work, we investigate the service life of
SBs operated in microgrids to propose recom-
mendations on the design of energy storage
systems for use in islanded RES energy sys-
tems.

MATERIALS AND METHODS

Maintenance-free, sealed lead-acid batteries
produced by AGM technology, CS3 battery
trademark, GP 12120 model® were investigated.
The main technical characteristics of CSB GP
12120 SB are given in tab. 1.

Table 1. CSB GP 12120 SB nominal characteristics
Tabnuua 1. MacnopTHole xapaktepuctukn Ab CSB GP
12120

Value
12V (6 cells per battery)

12 A - h, at a discharge
of 0.05C to 1.75V per cell

Characteristic
Rated voltage

Rated capacity

Voltage under load 13.5-13.8V
Charge voltage 14.4 - 15V
Maximum discharge 150/180A for 5
current

Short circuit current 378 A
Maximum charge 36A
current

Internal resistance 16 mQ

Resource

Up to 260 cycles at 100% discharge

Lifetime when idle

Up to 5 years standby time at 25°C

Due to the high complexity involved with the

mathematical description of electrochemical and
thermal processes in SBs, direct experiment
was chosen as the research method producing

valid results.

The batteries were tested using a Chroma
17011 Test System (7208M-6-30 model). This
system is used for testing battery cycle life by
repeated charging/discharging according to the
specified load profiles, allowing estimation of the
battery capacity and internal resistance with an
error of up to 0.02%°.

SB life tests were carried out according to
the requirements for test methods established in
regulatory documents®’. During the experi-
ments, the SB degradation rate was determined
at various charge/discharge profiles. Three SB
load profiles were simulated: one for the stand-
ard DC charge/discharge mode, and two for the
charge/discharge modes when using a RES.
The maximum values of the charge and dis-
charge current for all profiles were limited to 3.6
A and 2.4 A, respectively, which correspond to a
3-hour discharge current according to the bat-
tery passport. The maximum depth of discharge
(DOD) was taken equal to 80%. The state of
charge (SOC) and gas release values were con-
tinuously monitored during the experiments. The
tests were carried out at a temperature of 24 °C
and an air humidity of 60-70%.

The selected parameters of charge/dis-
charge profiles correspond to severe SB operat-
ing modes, leading to the fastest possible deg-
radation of their operating characteristics.
Therefore, in all the experiments, we applied a
used SB, in which 3 cells of a similar residual
capacity were selected according to the results
of preliminary tests.

The profile of RES1 was formed using the
actual data obtained by monitoring the operating
modes of a WPP VDM-2kW wind turbine pro-
duced by VDM-tekhnika LLC, installed at a wind
farm in Dubna®. The WPP output power log da-
ta recorded at 1 second intervals were normal-
ized to the required experimental conditions.
The change in the SB charge/discharge current,
corresponding to the RES1 profile, is shown in

8 Official site of the CSB Energy Technology Co., Ltd. Available from: https://www.csh-battery.com/ [Accessed 21st Feb-
ruary 2021]/ OdmumansHeid caiT komnaHum CSB Energy Technology Co., Ltd. [OnekTpoHHbin pecypc]. URL:
https://www.csb-battery.com/ (21.02.2021).
% Official site of the ZTS, Inc. Available from: https://www.ztsinc.com/ [Accessed 21st February 2021] / OcuumanbHbilit
cauT koMnaHum ZTS, Inc. [OnekTpoHHbIi pecypc]. URL: https://www.ztsinc.com/ (21.02.2021).

1 Official site of VDM-technika LLC. Available from: http://www.vdmtech.ru/ [Accessed 21st February 2021]
/ OpuumansHbIn cant komnaHum «BOM — TexHuka» [OnekTpoHHbIn pecypc]. URL: http://www.vdmtech.ru/ (21.02.2021).
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Fig. 1. Change in the charge/discharge current supplied to one battery cell according to the RES1 profile
Puc. 1. Mpaghuk usmeHeHus 3apsiOHO-pa3psIOHO20 Moka, nodagaemo20 Ha 00Hy sideliky 6amapeu no npogunro BUI1

fig. 1. The time interval of 1 profile comprises
19.57 h. The profile of RES2 was formed based
on the same initial data; however, the discharge
and charge modes were separated in time while
maintaining the overall power balance.

To ensure comparable experimental condi-
tions during RES profile tests, the following limi-
tations were set. When the voltage reached 2.35
V (full charge), the SB was transferred to the
discharge section of the profile. When the volt-
age dropped to 1.8 V (DOD = 80%), the SB was
transferred to the charge section of the profile.

DETERMINATION OF STRESS FACTORS

Since the ambient temperature was kept
constant during the SB life tests, the tempera-
ture-related stress factors were not taken into
account.

The charge factor (CF) is a dimensionless
coefficient, its numerical values are determined
through the ratio of the energy received and de-
livered by a SB, expressed in A - h per operation
year:

CF — Ah charged —
Ah

discharged
1)
_[Ibat -H (Ibat)'dt

B J-Ibat 'H(_Ibat)'dt’

where H — the Heaviside function; lps: — SB cur-
rent, whose values are used to separate
charge/discharge modes according to the given
conditions: lps; > 0 — charge mode (charged), lpa
< 0 - discharge mode (discharged).

Depending on the microgrid design and the
methods used for controlling the microgrid
mode, the CF value can vary within a wide
range. Thus, each specific current value will
have a corresponding optimal CF value under a
certain combination with other stress factors.
The CF value can be used to assess the effi-
ciency of the SB voltage regulation system, as
well as possible deterioration mechanisms. Very
low CF values lead to intensification of the sul-
fation and acid separation processes; moreover,
an imbalance in the battery and cell charges in
the SB bank is possible. Higher CF values pro-
mote corrosion and the loss of water and active
mass [14].

The throughput factor Qu is expressed
through the normalized value of the SB annual
discharge capacity:

J-Ibat ' H(_Ibat)'dt
CN

Qu =~ : (2)

where Cy — the rated SB capacitance, A - h.

The effect of Qy, factor on the SB service life
can only be considered in combination with two
other PC and TL stress factors. In general,
higher Qur values contribute to the active mass
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deterioration of the SB plates, their crumbling
and degradation.

The discharge rate factor is applied to as-
sess the effect of high discharge currents on the
SB lifetime. The function of discharge current
distribution is used for calculating DR, where 1%
of the capacity from the total SB throughput
(Qtnr) is discharged. These distribution parame-
ters are determined by dividing the entire range
of discharge currents into M groups from the
lowest I; to the highest ly current, with the sub-
sequent determination of the corresponding fre-
quency fy to construct a distribution histogram.
By combining adjacent current groups in the to-
tal amount L, m groups with the I, average cur-
rent value, the t, time interval and the f,, distri-
bution frequency are extracted from the original
histogram. These groups satisfy the following
condition:

M
> 1,4, =0,01-Q,, -Cy. 3)
=M —

m L

The DR value is determined by normalizing
the average discharge current of all selected
groups to the SB 10-hour rated discharge cur-
rent lyp:

DR= 2t — (4)

A practical example of defining DR is dis-
cussed in [17]. Higher DR values increase the
electrolyte temperature, losses and self-
discharge current of a SB.

Time between full charge. SB average time
between full charge (in hours) is determined by
the following equation:

j H (90— SOC)dt
TF =

, ()

n90%

where nggy is the number of events per year that

N [ 14 -H(SOC —85)- H(100-SOC) - H (1) -dt

OHepreTuka
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satisfy the condition: SOC (t) > 90% and SOC (t
- At) £ 90%.

The choice of SOC = 90% as a criterion when
calculating this factor is explained by the fact that
determination of actual SOC values at high SB
charge levels involve significant errors [14].

Higher TF values activate the process of
forming insoluble sulfur compounds, which can-
not be converted back into active substances.
This ultimately leads to an irreversible decrease
in the SB capacity relative to its rated value.

The time at low state of charge. The TL
factor is the SB service time expressed as a
percentage over the calculated period (usually
per year) at a SOC value < 35%:

" j H (BSJ‘_dfOC)dt 100

Long operation periods at low SOC levels
accelerate sulfation and electrolyte decomposi-
tion. It should be noted that this stress factor has
a significant negative impact on the service life
of lead-acid SB, although its effect on other SB
types is much smaller [14].

Partial cycling. The PC stress factor char-
acterizes the weighted and averaged value of
the battery discharge energy at different SOC
levels to the total throughput, expressed as a
percentage [17]:

(6)

PC=(A+2:-B+3-C+4-D+5-E)/5, (7)

where the A — E coefficients represent the SB
total discharge capacity in a specific SOC range,
expressed as a percentage of the total annual
discharge capacity.

The following SOC ranges are used to calcu-
late the coefficient values in equation (7):
100-80% corresponds to coefficient A, 85-70%
— to coefficient B, 70-55% - to coefficient C,
55-40% - to coefficient D, and 40-0% - to coef-
ficient E. The following equation demonstrates
an example of calculating coefficient A:

100. 8)

v[Ibat ’ H(_Ibat)'dt
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The other coefficients are determined in a
similar manner. The effect of the PC factor on
SB deterioration is manifested similarly to that of
the TL stress factor.

RESULTS AND DISCUSSION

Fig. 2 shows a fragment of SB life tests reg-
istered for different load profiles. During the
tests, the values of SB (I) charge/discharge cur-
rent and cell voltage (V), as well as the calculat-
ed value of residual capacity (SOC) were rec-
orded. The measurements were carried out with

an interval of 1 s and were recorded in a
spreadsheet for further processing.

Fig. 2 presents the experimental data for 2
charge/discharge cycles according to the DC
profile, as well as 1 operating cycle for each
RES profile. Following 5 consecutive cycles ac-
cording to the given load profiles, the SB residu-
al capacity was measured’. The obtained exper-
imental dependences of the change in the SB
residual capacity (SOC) on operating cycle
numbers (Neycie) and operating time (t) are pre-
sented in fig. 3.
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Fig. 2. Images obtained during storage battery life tests
Puc. 2. Pecucmozpammbl pecypcHbIX UcnbimaHuli akKkyMynsimopHbix 6amapel
11 11
10$ 10 L mA
= o~
< 9 %‘\.\ <9
G :
3 \ 8
g 1 ~@=Profile DC \ g I —@—Profile DC
—#—Profile RES1 \ —a—Profile RES1
) ok —+—Profile RES2
0 5 10 15 20 ‘ 0 200 400 600 800 1000
Neycie t, hour

Fig. 3. Experimental dependences for the SB residual capacity on the number of operating cycles and operating time
Puc. 3. 3kcnepumeHmanbHble 3a8UCUMOCMU OCMamoYyHoU eMKOCMU akKyMynsimopHbIx 6amapeli om yucna paboqux
YUKIJI08 U 8pEMEHU 3KCIyamayuu
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The experiments showed that the evaluation
of the service life of SBs operated according to
RES profiles based on the number of
charge/discharge cycles and (or) the calendar
operation from the data provided by the tech-
nical specification can lead to serious errors.
This can be explained by significant differences
in the full charge/discharge cycles between the
DC and RES profiles, both in terms of duration
and throughput. Performance models are more
efficient [15, 16], allowing the residual battery
life to be estimated by the amount of passed
energy. Nevertheless, this method of determin-
ing the SB service life ignores the influence of
other stress factors, thus leading to additional
errors.

Our experiments revealed a significant effect
of pulsed charge currents on SB degradation.
When the battery is charged by pulsed currents,
the voltage increases to the limiting values of
2.35-2.4 V per cell. Further charging will lead to
a sharp growth in temperature and boiling off the
electrolyte with irreversible consequences in
terms of SB degradation [7]. In the experiments
carried out on RES profiles, when the voltage
increased to 2.35 V, the tested cell was
switched to the discharge mode, ensuring its
protection from overcharging. Voltage control
and charging current limitation allow the SB to
be protected from overcharge modes; however,
this leads to an incomplete battery charge and
increases the operating time between full charge
and at a low SOC level (see fig. 2). In addition,
due to significant voltage ripples (for the RES1
profile, in particular), it is rather difficult to pro-
vide reliable and accurate control of the SOC
value, which is essential for the effective opera-
tion of the microgrid energy storage mode con-
trol system.

The efficient recovery and accurate SOC
control (see fig. 2) can be ensured by the stand-
ard two-tier DC charging mode based on the
current-voltage method (DC profile). However,
this requires the SB to be in a low-current charg-
ing mode (up to one percent of the rated capaci-
ty Cy) for a sufficiently long period of 5-7 h. The
practical implementation of this SB charging
mode in a RES-based microgrid is complicated
by the excess electricity generated at such time
intervals. The inability to consume this excess

N
L)
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energy will lead to a drop in the RES ICUF and,
accordingly, to deteriorated technical and eco-
nomic characteristics of the entire energy sys-
tem.

Tab. 2 presents the numerical values of the
stress factors acting during SB operation for dif-
ferent load profiles. Fig. 4 shows the intensity of
stress factors according by a gradation pro-
posed in [14]: 1 — very low, 2 — low, 3 — medium,
4 - high, 5 - very high.

Table 2. SB operation stress factors for different load pro-
files

Tabnuua 2. Ctpecc-hakTopbl 3KcnmyaTauum akkymyns-
TOPHbIX BaTapel Ans pasHbiX NPOgUNEN Harpysku

Stress factor | DC profile | RES1 profile | RES2 profile
CF 1.0082 1.0018 1.0057
Qthr 212 158 174
DR 2.08 1.04 0.99
TF 12.61 75.66 54.32
TL 21.15 59.25 39.09
PC 68.31 80.19 82.25

A comparison of the SB operating conditions
according to the DC and RES profiles reveals
significant differences between all stress factors.
It can be seen that the throughput factor has a
decisive influence on the SB service life. An in-
crease in Qur values corresponds to a propor-
tional acceleration of battery degradation; never-
theless, the battery life is determined by the cu-
mulative impact of all stress factors. The ob-
tained stress factors for the RES1 and RES2
profiles indicate a better retention of the SB ser-
vice life when the charge/discharge modes are
separated in time. The conducted tests demon-
strated that the SB operating conditions accord-
ing to these profiles are significantly different in
terms of time between full charge (TF) and time
at low state of charge (TL). These differences
lead to a longer service life (by 10-14%) of SB,
when operated by the RES2 profile even at
higher Qg values.

The obtained results allowed us to develop
recommendations for selecting an appropriate
SB capacity and designing an efficient energy
storage system for RES-based microgrids:

1. In RES-based microgrids, deep-discharge
SBs demonstrating good cyclic characteristics
should be applied. Among lead-acid batteries,
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Profile DC
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Profile RES2

Fig. 4. Intensity of stress factors for different load profiles
Puc. 4. Ceo0Hble QuazpaMMbl UHMEHCUBHOCMU cmpecc-ghakmopoe 015 pa3HbiX Npodunell Haepy3Ku

gel batteries and those with armored electrodes
(OPzV and OPzS) meet these requirements to a
large extent.

2. The nominal capacity of the energy stor-
age device Qgg (W - h) should be selected ac-
cording to the following conditions:

2.1. Covered energy consumption

Q > EL 'TBB
° 7 24.DOD -1,

where E_ — the average daily energy consumed
by the load; Tgg — the required hours of power
supply to consumers from the SB in the absence
of electricity generated by a RES; ngcn — battery
efficiency during the discharge phase, taking
into account the converter efficiency.

2.2. Covered maximum power

QBB >3- Pmax’

where Py IS the maximum electrical load.

3. The impact of high-amplitude pulse
charge/discharge currents on the SB should be
avoided, depending on the SB type. Thus, for
lead-acid SBs, the charge/discharge currents
should be limited to Ipa = 0.3 - Cy.

4. The SB operating modes with the residual
capacity below the maximum allowable dis-
charge level should be minimized or avoided.
For lead-acid SBs, optimal DOD values range
from 30% to 40%.

5. SBs should be operated at a constant
temperature using thermal containers equipped
with a heating/air conditioning system.

6. In cases where the energy storage circuit

consists of series-parallel SB chains, balancing
devices should be used.

These recommendations minimize the influ-
ence of stress factors on the performance of
SBs, thus ensuring their maximum possible ser-
vice life.

On the basis of the results obtained, a novel
technical solution for developing an energy stor-
age system for a RES-based microgrid was pro-
posed [26]. Fig. 5 describes the proposed solu-
tion, which is based on a combined energy stor-
age unit (CES) consisting of a supercapacitor
module (SC) and 2 identical storage units based
on SBs, alternately operating in the
charge/discharge mode and a ballast load (BL).
Here, the energy storage is connected to the
microgrid busbars to control the energy balance
in the system by regulating the SB
charge/discharge currents, supercapacitors and
the ballast load. The application of 2 SB circuits
makes it possible to implement the effective
charging modes according to the “current-
voltage" method and a precise control of the re-
sidual capacity. The supercapacitor module mit-
igates power ripples over short periods of time,
and, accordingly, optimizes the magnitude of
charge/discharge currents. The proposed solu-
tion is expected to increase the SB reliability and
service life, as well as the RES ICUF. In addi-
tion, the design of an autonomous inverter (Al)
can be significantly simplified.

An experimental prototypes of CES with a
rated power of 15 kW was manufactured at the
VDM-Tekhnika LLC; its declared parameters
were experimentally confirmed when operated
as part of a wind photo-diesel microgrid
(fig. 6)'°. The use of CES in a microgrid increases
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Fig. 5. The architecture proposed for hybrid energy systems based on renewable energy sources
Puc. 5. [Ipednazaemast apxumekmypa nocmpoeHusi 2u6PUOHbIX IHep2emMuYecKux cucmem
Ha ocHoee 80306HO08/1SIEMbIX UCMOYHUKO8 3Hepauu

Fig. 6. An experimental model of a combined energy storage unit installed in a wind photo-diesel power complex:
1-SB1and SB2 modules; 2 - SB balancers; 3 - supercapacitor module; 4 — ventilation system;
5 - climate control system
Puc. 6. 3kcnepumeHmanbHbIl 06pa3ey KOM6UHUPOBaHHO20 HaKonumessi 3Hepauu 8 cocmase eempoghomodu3eslbHo20
3Hepeemuyeckoz0 komnnekca: 1 — modynu Ab1 u AB2; 2 - 6anaHcupbl AB; 3 — cynepkoHOeHcamopHbIl MOOYy/b;
4 — cucmema seHmunAyuu; 5 — cucmema KinuMam-KOHmMpons
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the SB service life by 20-30%, ensures the stat-
ic and dynamic stability of the local energy sys-
tem with a response time to power changes of
no more than 50 ms, provides a fuel substitution
level of at least 25% and reduces the electricity
cost by 25-30%.

CONCLUSIONS

The conducted experimental studies allowed
us to determine the numerical values of stress
factors, which reflect the relationship between
the operating conditions and service life of SBs

used in microgrids. On the basis of a compara-
tive analysis of the effect of various stress fac-
tors on the SB service life, recommendations
were formulated for selecting an optimal battery
capacity, as well as for developing an efficient
energy storage system for RES-based mi-
crogrids.

A novel technical solution for the design of
an energy storage system was proposed, im-
plemented and experimentally tested. This solu-
tion provides for an increase in the energy effi-
ciency of RES-based microgrids.
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