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Semi-Analytic Method 1n Fast Evaluation of Thermal
Management Solution in Energy Storage System

Yalv

Abstract—This article presents the application of the semi-
analytic method (SAM) in the thermal management solution (TMS)
of the energy storage system (ESS). The TMS studied in this work is
fluid cooling. In fluid cooling, both effective heat conduction and
heat convection are indispensable due to the heat transfer from solid
to fluid. Correspondingly, an efficient TMS requires a design
investigation of the following parameters: fluid inlet temperature,
ESS initial temperature, fluid flow rate, working c rate, continuous
working time, and materials properties. Their variation induces a
change of thermal performance in the battery module, which is
usually evaluated by numerical simulation. Compared to complicated
computation resources and long computation time in simulation, the
SAM is developed in this article to predict the thermal influence
within a few seconds. In SAM, a fast prediction model is reckoned by
combining numerical simulation with theoretical/empirical equations.
The SAM can explore the thermal effect of boundary parameters in
both steady-state and transient heat transfer scenarios within a short
time. Therefore, the SAM developed in this work can simplify the
design cycle of TMS and inspire more possibilities in TMS design.

Keywords—Semi-analytic method, fast prediction model,
thermal influence of boundary parameters, energy storage system.

1. INTRODUCTION

ITH increased demand of energy resources, traditional

energy solution unavoidably induces non-neglected
ecology issues, such as smog and killed-nature lives.
Therefore, renewable energy is up-rising in the market, as
shown in Fig. 1 [1] in which Denmark is leading development
of renewable energy, and other countries are on the way of
catching up. To enhance and complement application of Wind
Energy and Solar Energy, ESS is indispensable by balancing
influence of intermittent weather conditions. Moreover, ESS
plays important role in Microgrids development, as displayed
in Fig. 2 [2]. ESS can function to shave peak and regulate
frequency of grid, as well as provide uninterrupted power
supply or black-start at off-grid situations.

Mainstream ESS is composed of Lithium-ion battery cells.
Lithium-ion battery’s performance is represented by major
five indicators: capacity, working c-rate, cycle life, cost and
safety. They are influenced by many factors, among which
temperature is the most crucial. Lithium-ion battery favors
temperature range of 15 °C to 35 °C, too low or too high
temperature shortens battery lifecycle by increasing internal
resistance, correspondingly, degrades capacity and weakens
safety [3], [4]. As a result, an effective TMS is significant in
maintaining of battery’s performance and extension of
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battery’s lifecycle. TMS exploration involves a number of
trials, where the SAM is needed to simplify design cycle and
inspire more design possibilities.
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Fig. 1 Electricity generation in different countries [1]
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Fig. 2 Microgrids development

II. METHODOLOGY

A module design of ESS is investigated in this work, in
which heat generated by battery cells will be conducted and
spread to cooling surface, to be taken away by the flowing
fluid, as shown in Fig. 3. The thermal network [5] of this ESS
is described in Fig. 4, in which two major thermal barriers are
indicated, one is between battery cells and cooling surface
Ren1, the other is between cooling surface and flowing fluid
R¢pp. In this work, we assume there is thermal interfacial
materials and heat spreading structure in the module, so Rgy,.
dominates the module’s thermal performance.
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TABLEI
NOMENCLATURE
Ripi Thermal resistance Ceni Heat capacity Zipi Thermal impedance
t Time Qrot Total heat power Nu Nusselt number
Reonv Convective coefficient kfiia Fluid thermal conductivity Re Reynold number
Pr Prandtl number Vfiuia Fluid kinetic viscosity Acooling Cooling area
D Characteristic length U Fluid velocity Mflug Mass flowrate
Across—section Cross-sectional area of fluid duct Priuid Fluid density Teent Battery cell temperature
Thottest cell Max temperature of hottest cell Teotdest cell Max temperature of coldest cell Afiow Heat power dissipated to fluid
Tf"lﬁgfff Fluid outlet average temperature T]}'l’;ff; Fluid inlet average temperature Tﬂm; Fluid average temperature
Meenr Mass of battery cells Ecen Thermal energy absorbed by battery Yo Initial temperature of battery cells
cells
Nup _ (Repyos _ Mfluid—0y0.5 5
Cooling Surface Nug (Rel) = (mfluid—l) 5 Re <5%10 7
N R Mflyid—
0 — (229)08 — (L4008 54105 < Re <108 (8)
Nuy Req Mfluid—1
Fluid Flow
III. STEADY-STATE ANALYSIS
Steady-state heat transfer is non-relevant with time or heat
Battery Module capacity. Thus, (9)-(13) [7] can be applied to describe the heat
Fie. 3 Lithium-ion bath dul transfer in the battery module, the heat power will be
ig. 3 Lithium-ion battery module . . . .
£ ry transferred to flowing fluid for its thermal absorption.
Battery Cells Cooling Surface Flowing Fluid
_ Thottest cell=T flurd _ Tcotdest cellT fluid (9)
Rth1 Rth2 Aot R R
Cthi Cth2
— n outlet_pinlet
Gtot = Mpruia * Crivia * (Truid ~1fiuia) (10)
Fig. 4 Thermal network of fluid-cooling ESS Riot = Rip1 + Rena 11
1 y T —(Tinlet tlet
In the studied battery module, change of 1,4 affects heat Triwa =(Tftuiat Thuid )2 (12)
convection between fluid and cooling surface, namely, Rp,-
In heat transfer, R;,, can be calculated with empirical ATIE = Thottest cett — Teotdest cell (13)

equations, as shown in (1)-(8) [6] in which Nu is the ratio of
fluid conduction thermal resistance to fluid convective thermal
resistance at solid-fluid boundary, Re is calculated with fluid
velocity and flow duct characteristic length, Pr is determined
by fluid type. Via the equations, R;;, can be calculated by
obtaining h.,p, from Nu, before which, the Re is estimated
for selecting solving empirical equation. Consequently, there
will be an updated R, when 1,4 varies.
The average Nu _ empirical equations:

Nu = 0.664 ReXSPr'/3,  Re <5 10° (1)

Nu = 0.037 Rel®Pr'/3, 5% 10% < Re < 108,0.6 < Pr < 60 (2)

_ hconwD ub

Nu = , Re = 3)
kfiuia Vfluid
Rch = 1/(hconvAcooling) (4)
mfluid = Priuid UAcross—section Q)
Rtha—1 - Reonv—o — M (6)
Rthz—0  hcomv-1  Nug
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By correlating numerical simulation with theoretical/
empirical equations, the SAM can forecast thermal influence
at varied input parameters. Fig. 5 shows the SAM flowchart in
steady-state analysis, in which thermal simulation of battery
module can be conducted at input parameters: T}l’ﬁfj,mﬂum,

Qrot- Then, RM*, RIMM will be calculated from simulation
results based on (9). If 7i¢y,,;4 changes, R{GE, min peed to be
updated on basis of (7) or (8). According to (9)-(13), the
thermal effect of varied Tfﬁffj /M¢ia/qror can be predicted

max

by updating Thottest cet» AT s 1n battery module.

A. Steady-State Case Study

In this steady-state analysis, seven cases were studied, as
shown in Table II in which a reference case was simulated to
be used in SAM, the other six cases were investigated via
simulation and SAM respectively. It is found in Table II that:
Tf{ﬁfj changes in casel and 2, m,,;q varies in case3 and 4,
caseS and 6 reflects change of q;,. In Table IIl,, the R,

min obtained from simulation results of reference case can be
found. Table IV lists comparison of updated RI¢*, RIin

between simulation and SAM based on 7isy,;q variation in

case3 and 4. Comparison of Thorrest cetrr ATootls between
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simulation and SAM on six studied cases is indicated in Table
V.

ESS Model | Thermal

“’| simulation

Theoretical
Equations

p—3» Prediction Model

Simplification 'I‘

inlet
Tfluiar Mytuid- Gror

|_) max min J
Rmt 'Rtot

new(T}?Jfé
new (M py,iq)
new(qtor)

DUpdate T, Triq > Predict Tongy—co, AT/

ls

Fig. 5 SAM flow chart in steady-state analysis

TABLE II
‘WORKING CONDITIONS OF ALL STUDY CASES IN STEADY-STATE ANALYSIS
Tfil?lliedt’ °C Ihﬂuids kg/S Jtot» \
Reference Case 15 0.035 406
Casel 20 0.035 406
Case2 25 0.035 406
Case3 15 0.0175 406
Cased 15 0.0525 406
Case5 15 0.04 306
Case6 15 0.04 206
TABLE III
THERMAL RESISTANCE OBTAINED FROM SIMULATION OF REFERENCE CASE
R{r(l)a;x’ K/wW R{%itna K/W Thottest cell> °C A'I‘cneqlal)s(ﬂ °
Reference 0.055 0.039 43.18 6.45
Case
TABLE IV
UPDATED THERMAL RESISTANCE BASED ON MASS FLOWRATE VARIATION
RP2x K/W Case3 Case4 Remark
Thermal Simulation 0.078 0.044
SAM 0.0783 0.045
Relative Difference 0.4% 2.3% . diob
min /W Case3 Cascd Re was esstirrlla(l)tse. to be <
Thermal Simulation 0.053 0.03
SAM 0.056 0.032
Relative Difference 5.7% 6.7%
TABLE V
COMPARISON OF THERMAL EVALUATION BETWEEN SIMULATION AND SAM
Thottest cell» °C Casel  Case2  Case3  Case4 Case5  Caseb
Thermal 4842 5362 585 3657 3604  29.08
Simulation
SAM 48.24 53.24 58.32 37.2 36.29 29.33
Relative 04% 07% 03% 17% 07%  0.9%
Difference
ATIE, © Casel Case2 Case3  Case4 Case5 Case6
Thermal 651 655 1022 532 483 335
Simulation
SAM 6.45 6.45 9.12 5.27 4.86 3.27
Relative 09% 15% 10.7% 1%  0.6%  2.3%
Difference

B. Steady-State Results and Discussion

As is seen in Table IV, the relative difference between
simulation and SAM is < 3% for R72¢*, < 7% for RPX", This is
due to the application of empirical equations (1) and (2) in
updating of R;,;, correspondingly, we can find relative

difference of 10.7% for ATZf¥ in case3, as shown in Table V.
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But the relative difference between simulation and SAM in
other cases is < 3%, as listed in Table V. Therefore, a good
matching between simulation and SAM can be found in this
steady-state analysis. Compared to tedious simulation work
and consumable time, the SAM can instantly predict thermal
effect from variation of input parameters in battery module.

IV. TRANSIENT ANALYSIS

Different from steady-state analysis, t, TS, Ceni  are
becoming influential factors in transient heat transfer. So,
energy equivalent equation is applied to describe the heat
transfer comprehensively, as shown in (17)-(19). In this
transient analysis of battery module, we assumed that heat
power generated by battery cells is divided into two parts, one
part is thermally absorbed by battery cells, the other part is
transferred to flowing fluid via cooling surface.
Correspondingly, an approximate thermal network can be
generated, as shown in Fig. 6.

Jtot N Iflow

Battery Cells Cooling Surface Flowing Fluid

Rth1 Rth2

qcaﬂl Ccthl

Fig. 6 Approximate thermal network in transient analysis of fluid-
cooling ESS

In the SAM, numerical simulation together with theoretical
and empirical equations contributes to the thermal prediction.
Fig. 7 shows the SAM flowchart in transient analysis, in
which thermal simulation of battery module can be conducted
at six known parameters T}ﬁffé, Meiar Grotr ts T2 Ceni
Then, R will be obtained from simulation results based on
(14)-(16). When risy,,;q changes, RE™ will be updated on
basis of (7) or (8). Next, the iterative prediction model will
work by assuming T/, Trua—o- The assumed TFuir" can
be used to calculate T, via (17)-(19), and gf,, will be
calculated via (19). Thereafter, Tsp,q—, can be obtained from
(20) and (21). The difference between Ty -1 and Trpya-0
will be controlled by iterating the whole prediction process
until it falls below a threshold. This is when the predicted T/,
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can be gained. Because of the iterative prediction process in  the thermal effect from change of input parameters.
SAM in transient analysis, only T, is forecasted to represent

Rabiersass v Biasdiaing Prediction Model | —
| Simplification Simulation | | Equations
T.fli':l[ﬁ;' Mtutd: Grot Calculate Rj;% J
i )
U Teens Ceni S

— L 1 R—

new(THE)
. SAssume Tr":’,',ﬁff,,, Tftuia-o > Calculate TS, in AEEE-> Calculate g, in AEEE
new (1M ruia) o T Iterative
new(Grar) Comparisan [ Process
”E”ET;B'”’ ' Calculate THUE . Truia o in FTE
new(t
new(Ceny) Converge + Predict T;(,”
Fig. 7 SAM flow chart in transient analysis
Simulation Calculation Equations (SCE): TABLE VI
WORKING CONDITIONS OF STUDY CASES IN TRANSIENT ANALYSIS
i i i Tfluidinlet. mfluid. TcellO Cthl
— (Tt- t— . , , ,
is}llrzn - (TcellSlm' Tfluld—stm )/qflosvlvm (14) °C kg/s qtot, W °C LS J/kg/K
sim _ ¢ gsimy (15) Reg;::“ 15 0.035 406 20 1800 678
= *t— t
riow rot cell Casel 20 0035 406 20 1800 678
; ; Case2 25 0.035 406 20 1800 678
sim_ t—sim 0
Egett=mcen * Ceen * (Teait™ — Toeu) (16) Case3 15 00175 406 20 1800 678
' , _ Case4 15 00525 406 20 1800 678
Approximate Energy Equivalent Equations (AEEE): CaseS 15 0.035 306 20 1800 678
. ¢ Case6 15 0.035 206 20 1800 678
Got ¥t = Ecen + Qfiow * t (17) Case7 15 0.035 406 30 1800 678
Case8 15 0.035 406 40 1800 678
Eloy=meon * Coon * (Thoy — TS0) (18) Case9 15 0.035 406 20 900 678
Casel0 15 0.035 406 20 3600 678
Af1ow = (Teetr~ Trrua ) Renz (19) Casell 15 0.035 406 20 1800 452
Casel2 15 0.035 406 20 1800 1017
Fluid Transfer Equation (FTE):
TABLE VII
. . c outlet _intet 20 THERMAL RESISTANCE OBTAINED FROM SIMULATION OF REFERENCE CASE
= m . * . * . - v N o
Afriow fluid fluid ( fluid fluzd) ( ) Sim K/W Thottest cell> °C
outlet intet Reference Case 0.069 32.54
Trina = (Tfia - + Triuia)/2 (21)
) TABLE VIII
A. Transient Case Study UPDATED THERMAL RESISTANCE BASED ON VARIED MASS FLOWRATE
In transient analysis, 13 cases were studied, as shown in Rinz, K/W Case3  Case4 Remark
Table VI. A reference case was simulated to be used in SAM,  Thermal Simulation 0.09 0.056 Re was estimated o be <
the other 12 cases were probed via simulation and SAM SAM 0.097  0.0563 S %105,
. o, . i . 1 1 0, 0,
respectively. From Table VI, it is found that: Tfjii¢5 changes in Relative Difference  7.7% __ 0.5%
casel and 2, 7iy,,;4 varies in case3 and 4, case5 and 6 reflects TABLE IX
Change Of qtots Variations Of Té)e”’ t’ Cthl are indicated from COMPARISON OF THERMAL EVALUATION BETWEEN SIMULATION AND SAM
case7 to 12. Table VII displays R obtained from simulation _ Thottestcen, °C  Casel Case2 Case3  Case4  CaseS  Case6
results of reference case. Table VIII lists comparison of Sgiﬁfgn 3504 3751 3494 3073 2886  25.17
updated Ry, between simulation and SAM given iy q SAM 3446 3661 3527 3056 2876 2520
V?rlatlop in case3 an(.i 4. Comparison .of Thottes‘t cell .betwee.n Dl_{feflanve 164%  2.4%  095% 055%  035%  0.11%
simulation and SAM in all twelve studied cases is indicated in T ! erenc‘zc Case?  Case8 Cased  Caselo  Casell  Casel2
Table IX. hottest cell> ase ase ase’ ase ase ase
Thermal 3779 4296 2772 379 3511 29.96
Simulation
SAM 38.04 43.75 27.84 37.25 35.22 29.58
Relative

. 0.66% 1.85% 0.44% 1.71%  0.32% 1.26%
Difference
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B. Transient Results and Discussion

As is shown in Table VIII, the relative difference between
simulation and SAM is < 8% for R;,,. This is due to the
application of empirical equations (1) and (2) in updating of
Ripnz- In Table IX, it can be found that the relative difference
of Thottest cenn DEtWeen simulation and SAM in all 12 cases is
< 3%. Therefore, a good matching between simulation and
SAM is verified in transient analysis of battery module. Given
above comparison results between simulation and SAM, it is
confident to predict thermal influence from varied input
parameters in battery module.

V.CONCLUSION

The present work introduces SAM applied for predicting
thermal influence of varied factors and optimizing TMS in
ESS. The SAM is developed on basis of numerical simulation
and theoretical/empirical equations. In this work, both steady-
state and transient heat transfer were analyzed, thermal effect
of varied input parameters was investigated via different cases.
In steady-state analysis, an excellent matching was found in
six cases between simulation and SAM on predicting

Thottest cel» AT otix in battery module. In transient analysis, an
excellent consistency was verified in 12 cases between
simulation and SAM on forecasting Thotrest cery 1IN battery
module.

Compared to all-cases numerical simulation, the SAM only
needs one simulation of reference-case to be built up in both
steady-state and transient scenarios. Compared to consumable
computation resources and long computation time in
numerical simulation, the SAM can predict thermal impact
from changeable boundary parameters within a few seconds.
In all, the SAM can be applied to improve TMS design
efficiency and predict thermal performance of ESS within
short time.

REFERENCES

[1] https://www.renewable-ei.org/en/statistics/international/.

[2] Dr. V. Gomathy, Dr.S. Sheeba Rani, Dr.K. Sujatha. Soft switched solar
integrated power optimizer, International Journal of Pure and Applied
Mathematics, Volume 119 No. 12 2018, 1655-1663.

[3] Shuai Ma, Modi Jiang, Peng Tao, Chengyi Song, Jianbo Wu, Jun Wang,
Tao Deng, Wen Shang. Temperature effect and thermal impact in
lithium-ion batteries: A review, Progress in Natural Science: Materials
International Volume 28, Issue 6, December 2018, Pages 653-666.

[4] U. Iraola, I. Aizpuru, J. M. Canales, A. Etxeberria and I. Gil.
"Methodology for thermal modelling of lithium-ion batteries," IECON
2013 - 39th Annual Conference of the IEEE Industrial Electronics
Society, Vienna, 2013, pp. 6752-6757, doi:
10.1109/IECON.2013.6700250.

[5]1 https://www.thermal-engineering.org/what-is-laminar-vs-turbulent-
nusselt-number-definition/.

[6] Arun Mambazhasseri Divakaran, Dean Hamilton, Krishna Nama
Manjunatha and Manickam Minakshi. Design, Development and
Thermal Analysis of Reusable Li-lon Battery Module for Future Mobile
and Stationary Applications. Energies 2020, 13, 1477.

[7] Chengtao Lin, Can Cui, Xiaotian Xu. Lithium-ion Battery Electro-
thermal Model and Its Application in the Numerical Simulation of Short
Circuit Experiment. EVS27 Barcelona, Spain, November 17-20, 2013..

International Scholarly and Scientific Research & Innovation 14(11) 2020

353

1SN1:0000000091950263



