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Abstract

Method for modeling ionic transport in 3D microbattery (3D-MB) has been presented. 1D mathematical model describing conventional Li-Ion battery has been extended to describe ionic transport in 3D microbattery and FEA has been used to optimize electrochemically active surface area utilization by studying effects of changing electrode and conductivity, diffusion coefficient and length. [More specific about the model used: Architecture, Butler-Volmer, etc] As a result of simulations, it is clear, that optimization of electrochemically active surface area usage can be primarily done by altering electrode conductivity and diffusion coefficient [what diffusion coeff?] (quantify, set some numbers, how much better). Changing electrode length can be used to fine-tune surface-area usage. Simulation results also points out some principal differences between conventional Li-Ion battery and 3D microbattery architectures. Extensions for basic model are presented to overcome those differences.(what is the meaning of this)

1. Introduction

Lack of suitable miniature portable power is currently an obstacle in the development in several technology areas, for example microelectromechanical devices (MEMS) and biomedical micro machines – miniaturization of microelectronics has far outpaced advances in small-scale power supplies [1]. An example of such a MEMS based device is an autonomous device that is powered by battery [which?] and consists of one or more sensors, computation and communication circuit with dimensions about 1 mm [square, cubic?] [ref?]. In these devices, the limitations with conventional two-dimensional (2D) lithium-ion batteries become apparent – for such a small footprint area, it is not possible to achieve sufficient power and energy density. This problem can be solved by developing batteries with three-dimensional (3D) architectures. While a conventional 2D-battery has a sandwich architecture in a layer-by-layer configuration (Fig. 1), 3D micro-batteries (3D-MBs) has their components in a more complex spatial distribution. The increased area-gain achieved by designing the battery in 3D can theoretically increase the power density within an order of magnitude or more. Examples of possible 3D-MB architectures are presented in Fig. 2: 3D-interdigitated, 3D-trench, 3D-concentric and aperiodic designs. It should be pointed out, however, that 3D-MB systems are still far from commercialization; so far only a few experimental 3D-MBs [2], [3] and half cells have been made [4], [5], [6].  [can you be more specific?]

Many different methods have been used for modelling Li-ion battery materials, ranging from electronic structure calculations [X] and Molecular Dynamics [X] to equivalent electronic network model [X]. However, models covering all essential electrochemical processes for all critical components in conventional 2D Li-ion batteries was pioneered by Newman and co-workers [8] [9], 
[10],[11]. These models are one-dimensional, using porous electrode theory [12] to model electrodes
 [what is that?], where the electrodes are treated as a uniform mix of active material, binder and electrolyte. The electrolyte is modelled by concentrated solution theory, while ionic transport in the active material particles is modelled by the radial diffusion equation (Fick’s second law). The model presented in [8] and [9] has also been validated against experiment [?] [13]. In recent work, Wang and Sastraya  [15] continued this approach by using Finite Element Analysis (FEA) to break down the electrode material mix in order to study the influence of size distribution of the active material particles on battery performance. Furthermore, Danilov and Notten recently published a Nernst-Planck equation approach to study mass transport in an LiPF6 electrolyte [14], resulting in a more simplified electrolyte model [?]. 
A first attempt to model 3D-MB architectures were carried out by Hart et al. [7], who used finite element simulations to calculate current densities and potentials at different electrode array configurations. They demonstrated that it is possible to reduce the difference in current density from 20% to 40% in a 3D-MB with interdigitated architecture by changing the arrangement of the anode and cathode pillars. Moreover, it was possible to increase homogeneity of the current on anode even more, at the cost of decreasing it on cathode, by utilizing twice as many anodes as cathodes and surrounding every anode by six cathodes. The work showed the importance of taking the non-uniformity of the current density into account when modelling 3D-MBs. In the work presented here, we have therefore extended Newman’s approach [9] to 3D systems using Finite Element Analysis (FEA) techniques. The aim has been to gain insights on different electrochemical aspects resulting from 3D-MB architectures, while at same time pointing out strategies for optimization of the battery performance by varying its design.

2. Materials and methods

To investigate general properties of a 3D-MB architecture, in order to develop a picture about the fundamental processes that are affected by introducing the third dimension into battery design,we have chosen to work with conventional battery materials: LiCoO2 as cathode, graphite as anode and an electrolyte consisting of 1.5 M solution of LiPF6. These materials can be considered as a starting point; more realistic 3D-MB materials can be introduced in future studies. The electrochemical reactions in the electrodes are:
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We follow these processes in our model by the Li ion concentration. When the battery is fully discharged, the Li+ concentration is at maximum in the cathode, and the Li+ concentration in negative electrode (C6) is at minimum. The situation is reversed when the battery is fully charged.

2,1 Geometrical models
The geometrical model used in these studies is the trench model; see Fig. 2b. This is currently one of the most realistic models to work with 
[X, Notten et al], also, it is possible to reduce mathematical model describing processes in that kind of design from 3D to 2D, thus simplifying solution process., reducing computer simulation time without loss of accuracy. The basic geometry used in the simulations, which has been systematically altered in different stages of the studies, comprises electrolyte filled trenches of width 10 μm, separating electrode plates with length 100 μm and thickness 10 μm. The system, finally used in simulation is infinite in length scale due the periodic boundary conditions applied 
for concentration and potential on the boundaries,.....
; see Fig. 7 [not consistent numbering]. 
The electrodes in the trench model consist completely of active material [not the porous model, then?],.with flat current collectors on top of the electrodes. [Not very similar to experimental work! Needs to be motivated: similarity with Hart et al, starting point…]. A charging/discharging current is applied to the current collector on the positive electrode while the current collector on negative electrode is grounded.


2.2 Mathematical models
Two different mathematical models simulating the electrochemistry in the Li-ion battery have been investigated. The first model follows the approach by Danilov and Notten [14], based on the Nernst-Planck equation, while the second model follows Newman’s approach [8],[9], based on concentrated solution and porous electrode theories.
2.2.1 Electrolyte modelling
[Is it not better to start with the formulas, and end with what the assumptions are and the drawbacks of the model? Then next section starts naturally with the difference…]
In our studies, two mathematical models were used, to simulate processes, taking place in Lithium-ion battery. First model based on Nernst-Plank equation, proposed in [14], second model, based on concentrated solution and porous electrode theories [8], [9].
The equation describing the concentration (c) profile development in the electrolyte is 
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with boundary conditions on all surfaces between electrodes and electrolyte
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where D is the diffusion constant of electrolyte, calculated by 
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[unreadable],  J is the current density on electrode-electrolyte boundary, calculated by equation (5). F is Faraday’s constant and 
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the unit normal vector on the electrode - electrolyte boundary. 

To ensure charge conservation in the battery, Ohms law is used. The anode, cathode and electrolyte all have different but uniform conductivity. The electrical current enters from current collector at the anode side and exits through the current collector at the cathode side. The current density in battery can then calculated by  following equatios:
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Where, φ is potential in battery J0 is current density on current collector and 
[image: image9.wmf]σ

is either electronic conductivity of the electrodes or ionic conductivity of the electrolyte.

Equations (3)-(6), derived for Nernst-Plank equation based model for the electrolyte [14] are basing on a number of assumptions:

1. Diffusion constants and conductivities are considered constant within their respective region in the battery.

2. Active material particles and binder are assumed to form one solid non-porous electrode.

3. Side reactions are neglected in the whole cell.

4. The volume of the electrodes is considered constant.

5. Electroneutrality is assumed in the electrolyte.

6. Charge transfer is described by Ohm’s law [how?], and formation of the Helmholtz double layer on the electrode-electrolyte boundary is neglected by assuring continuity of current moving from electrode to electrolyte.

7. The transference number are kept constant [what are they?].

8. Ions are transported by diffusion and migration in electrolyte. Transport of ions in electrodes is not described. [What do you mean?]
[The order in the list above is perhaps a bit strange…]
The obvious shortcomings of this approach are that it is not taking into account formation of the Helmholtz double-layer and that it, by leaving out description of ionic transport in electrodes, models battery with infinite capacity. However, the model’s simplified approach to calculate the potential in electrolyte [not exactly clear what you mean] makes it is easy to implement and it is not so nonlinear [not sure here either] , thus demonstrating considerably better solution convergence capabilities.
2.2.2. Whole cell modelling
To overcome shortcomings of the simplified model, presented by equations (3)-(6), we need to model whole battery. This done, by adapting Newman’s approach [9], where electrodes are considered to be porous made from spherical active material particles, to our case. Currently, it is not yet known what sort of electrode is more efficient to use for 3D-MB – porous or nonporous. However, recent experimental works show that nonporous electrode material approach is good starting point [Gabi's experiments, cheah experiments ...]. Also, geometrical dimensions of battery electrodes are in same range as typical active material particles in porous electrodes.
 Thus we are setting up our battery model for nonporous electrodes, consisting of mixture of active material and binder. According to [9], mass transfer in active material is considered to be controlled by diffusion, processes taking place in electrolyte are modelled by concentrated solution theory. Unlike in [9], where use of porous electrodes made it possible to insert/remove lithium in every point in electrode area, in our case, Li ions are inserted/removed from electrolyte only on electrode-electrolyte boundary. In mathematical model it reflects in boundary conditions on electrode-electrolyte boundary and zero reaction rate in electrolyte [17]
. 
. [what do you mean?]. 

During construction of the mathematical model that is describing processes taking place in battery, basing on [8], [9] we made following additional assumptions to the ones presented in previous chapter:
[Only write the differences with the previous assumptions!]
1. 
2. Active material particles and binder forming electrodes are assumed to form one solid electrode, where movement of Li ions is described by diffusion.

3. 
4. Volume changes in electrodes are neglected

5. Charge transfer processes over the electrode-electrolyte interface are assumed to be described by Butler-Volmer type kinetic expression:  
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6. where i0 is exchange current density and Uoc is open circuit potential. To model open circuit potential in electrodes, piecewise polynomials are used [18]. 

7. Constant exchange current density in simulations is used.
 

8. Constant values for transference number are assumed at all times and all points in battery.

9. 
10. Ions are transported by diffusion in active material and by diffusion and migration in electrolyte.

[Should not all discussions on porosity be in one place? This looks connected to the discussion above the list] [are we using the same approach as in ref 17?]. To obtain potential distribution in battery, we divide battery to two separate sections – electrodes and electrolyte. Potential in electrolyte, φ2, is calculated according to concentrated solution theory, that leads to following equations:
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Where current density J in boundary condition is calculated by Butler-Volmer equation and it is applied to electrode-electrolyte boundary. To the rest of the boundaries of the electrolyte, periodic boundary condition for potential is applied.
Potential in electrodes is calculated according to Ohm's law:, 
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with equation (11) used as boundary condition on electrode-electrolyte boundary; J is calculated by Butler-Volmer equation. Boundary condition, applied to current collector of the positive electrode is
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where J0 is charging or discharging current, applied to current collector. Potential zero is chosen to be on current collector attached to negative electrode [our definition?]. To the rest of the boundaries on electrode, periodic boundary condition for potential in electrode is applied.
By describing mass transport in electrolyte by concentrated solution theory and taking into account before mentioned assumptions ,equations to describe mass transport in electrolyte are
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where D is diffusion coefficient of the electrolyte [are there the same as in previous section?]. Boundary condition (14) is applied to boundaries between electrode and electrolyte. To the rest of boundaries in electrolyte, periodic boundary condition for concentration is applied. Material balance in electrode is described by equation

	
[image: image18.wmf](

)

s

Li

c

D

=

t

c

Ñ

×

Ñ

¶

¶

 
	(15)

	
[image: image19.wmf]Li

s

FD

J

=

c

n

-

Ñ

×

r

,
	(16)


where 
[image: image20.wmf]Li

D

is diffusion coefficient of lithium in electrode material. Again, boundary condition (16) is applied to electrode-electrolyte boundary. In other regions of electrodes, periodic boundary condition for concentration is used. [is that reasonable? Or do I misunderstand?].

2.3 Experimental setup [good header?]
2.3.1 Electrochemically active surface area evaluation
To achieve maximum capacity, maximum material usage and peak current of a 3D-MB – which is equivalent of optimizing its power density – we must utilize the surface area of the electrode to a maximum. This is achieved automatically in a 2D-battery, where electrodes are coplanar. The current distribution in the electrodes and electrolyte is then homogeneous, and does not depend on the conductivity in different materials-. In a 3D-battery, however, where the shape of the electrodes is more complicated, we must carefully engineer the shape of the electrodes, their conductivity and ionic diffusivity, in order to achieve a situation where the electrochemical activity on electrode surface – and thus also the current distribution in the electrolyte – is as uniform as possible. This task is more or less impossible to complete systematically with conventional experimental methods, but computer modelling and simulations can give significant insights. 

Current distribution in 3D-MB battery depends from factors like diffusion coefficient, conductivities, processes taking place on solid-electrolyte interface (SEI), temperature, side reactions in battery, shape of electrodes etc. In current work, we are studying what effects do changing electrode geometry and material properties have on current distribution in battery.

To study electrochemically active surface area in 3D-MB, concentration gradient is used. As concentration gradient is a vector quantity, all it’s components are present in 3D domain. Thus, to evaluate electrochemical activity,  module of concentration gradient [needs to be more specific!] is used. According to equations (5, 7, 9, 11), concentration gradient is proportional to diffusion and migration of species in electrolyte. Concentration gradient at charging and discharging processes differ only by sign, thus, it describes both, charging and discharging processes.

To maximize electrochemical activity on electrode surface for current architecture, we are looking for an electrode configuration, where differences, on surface between electrolyte and electrode, in concentration gradient modules (CGM) calculated on positive and negative electrode are minimal [quantitatively evaluated?]. Generally, architecture of the battery is optimal, in terms of electrochemical activity on electrode-electrolyte interface, when module of concentration gradient is uniform at every point on electrode-electrolyte interface.

Simulations are carried out by varying electrode conductivities, length and radius of curvature of the electrode corners. Initial material properties and electrode measurements are presented in table 1.

2.3.2 Simulations

Calculations to study effects of changing electrode conductivities, length and thickness of a 3D-MB were divided into three sections. In first section, dependence of electrochemical activity from electronic conductivity of the electrode was studied, while geometrical parameters of battery were fixed. In second section, dependence of electrochemical activity from electrode dimensions was studied, while physical parameters of electrode were fixed. Calculations were carried out by using trench model and modified trench model, where plate, forming electrode also included current collector (some figure to describe.) [perhaps we should not include this?].

In first section, during calculations, geometry of the electrodes and conductivity of the anode was fixed according to Table 1 . Conductivity of the cathode was varied by decreasing it by 25% steps from initial conductivity, in every sequential calculation. In last calculation, conductivity of the electrode was set to 5% of initial conductivity. Initial conductivity in cathode was set equal to the conductivity of the anode.

In second section of simulations, we studied effects of changing electrode geometry, presented on Fig. 6. During calculations, length L of a pillar/plate was varied by decreasing it, compared to initial length, by 25% steps in every sequential calculation, with length of pillar at 5% of initial value, in last calculation. Distance D between electrodes is held at constant value and material properties in all calculations were fixed according to table 1. In calculations, only length of a plate is changed. Changing it from maximum to minimum value, leads from 3D battery to 2D battery. As well, as changing plate thickness from it's minimum value to maximum value, leads again from 3D battery to 2D battery. Also, by decreasing length of a plate and holding distance D between electrodes constant leads to a situation, where relative thickness of a electrode is increasing. Thus during simulations, only electrode length L is changed.

In third section of calculations, effects of changing radius of curvature of electrode corners to electrochemical acitivity on electrode surface were studied. During simulations, radius of curvature of electrodes was changed from 4.9e-6m, to 2.5e-7m, with step 2.5e-7m.  Largest value of radius of curvature rendered top of the plate, forming electrode, round and smallest value made possible to use basically electrode with sharp corners.

Material and geometry properties and initial values

Everithing according to table 1. [is this section necessary?]
2.3.3. Mesh density and solver settings

In our studies, we are carrying out calculations where we are changing length of electrodes, radius of curvature of electrode corners and conductivity of electrodes. By making that kind of changes, in most cases, we need to generate new mesh to carry out calculation, with probable exception at study of conductivity. In every calculation, where we are changing geometry or material parameters, we must ensure, that element size in the mesh is small enough. When we are using too large elements, solution achieved by finite element method may not be correct (solution of our problem), but instead some solution, that is similar to our solution. To avoid that kind of situation, it is necessary to generate meshes, where element size is going sequentially smaller in every next simulation and compare solutions achieved on these meshes. When differences between solutions are small enough, mesh is considered to be dense enough.

To solve mathematical model presented as equations (8)-(16), we are using COMSOL Multiphysics 3.5 and COMSOL Script 1.3. In this program adaptive mesh generation algorithms are included, but unfortunately, these are available only for stationary problems. Thus, to ensure that elements of the mesh are with optimal size, we developed a script in COMSOL Script, that compared solutions, achieved on sequentially denser meshes, in given reference points at every time step in simulation for concentrations and potentials in electrode and electrolyte by using equation 
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where sol0 = cs, c, φ1, φ2 ,  calculated on coarser mesh and sol1= cs, c, φ1, φ2, calculated on denser mesh and i is mesh number. To calculate and compare quantities soli-1 and soli, finite differences reference grid was generated in geometrical model of battery, with distance l=1e-6m between nodes. This reference grid was same for all time moments in simulation. When every element in dsol<0.01, it was considered, that desired density of mesh was achieved.

On figure ... number of nodes and elements from simulations where influence of changing the length of electrode, on figure .... number of nodes and elements from simulations of influence of changing the radius of curvature and on figure .... number of nodes and elements from studies of influence of changing the conductivity of electrode are presented. In all calculations, quadratic Lagrange elements were used.

To solve time dependent matrix equation, achieved by applying finite element method to mathematical model, we were using direct solver UMFPACK provided by COMSOL Multiphysics, with relative tolerance 0.01 and absolute tolerance 0.001, with BDF method for time stepping in time dependent problem.

 [Is this final paragraph under the correct header?]
3. Results and discussion

Studies of electrode conductivity

Development of concentration profiles and concentration gradient has been calculated, to evaluate electrochemical activity on electrolyte-electrode interface, in first section of calculations (simulations, where conductivity of electrode was under study). In simulations, charging/discharging current applied to cell is equal to 1C current.

Calculated CGM profile on electrode surface is presented on Fig. 7. CGM has been calculated on edges 6, 23, 12, 24, 13, 25, 14, 26, 15, presented on Fig. 6, for positive electrode (blue line), on edges 4, 19, 8, 20, 9, 21, 10, 22, 11 (Fig. 6) for negative electrode (red line) and projected to straight line (horizontal axis at Fig. 7). Length of edge elements, used in projections, has been normalized to unity, to plot on same figure concentration gradient development in time, or its values from different simulation sections, where conductivity of electrodes, length of electrodes etc. were changed. 

During simulations, conductivity of the electrodes was changed, from equal values in electrodes, to conductivity values of the positive electrode at 5% of conductivity of the negative electrode. As changes in the shape of the CGM profile, during it’s development in time are small, typical CGM profiles, 200 seconds after starting of the charging procedure, are chosen to illustrate whole charging/discharging process, as concentration profile in electrolyte becomes then stationary. Changes in magnitude of the CGM profiles during simulation are up to (how large).

Line xxx on  Fig. 7 represents battery configuration, when conductivity of positive electrode is σ1=1e-3S/m^2 and conductivity of negative electrode is σ2=1e-0S/m^2.  On Fig. 7, bump on line, describing positive electrode, at edge element 6 is caused by top (upper section) of the negative electrode, as most of the current is moving into the electrolyte through top of the negative electrode. It is represented by high CGM values on edge elements 20,9,21 on line describing top of the plate/pillar of the negative electrode and low CGM values at elements 24,23,25 on line describing positive electrode. Features described, remain, when we are increasing the conductivity of the positive electrode towards conductivity of the negative electrode, but, magnitude of CGM profile is becoming more uniform and symmetric until, at equal conductivity values for both electrodes, CGM profiles are coinciding.  From Fig. 7, we can see, when differences in conductivities of the electrodes are large, electrochemical activity is maximal on top of the negative electrode (surface elements 20,9,21), which has better electrical conductivity, as electrical current is moving mostly through the electrode with better conductivity. Surface area usage moves towards to optimal, when difference in the conductivities of the anode and cathode are getting smaller. When conductivities of the anode and the cathode become equal, surface area utilization becomes maximal, as most of the surface of both electrodes is participating in electrochemical reactions at same rate – CGM on surface of positive and negative electrode becomes equal. Electrochemical activity is differing then only at electrode corners, as electrical field on sharp corners is high and distance between electrodes is larger at these points. To move further with maximization of electrochemically active surface area, distance between electrodes should be uniform in every point in geometry. This can be achieved by making corners, which are in current model sharp, round.

From Fig. 7, we can see, surface area utilization is in tolerable limits (what are these limits), when electrode conductivities are differing up to one magnitude. Technologically, it is hard to achieve situation, where conductivities of positive and negative electrodes are equal, as minimum difference between conductivities achievable for electrode materials today, is about two magnitudes. This encourages studying more complicated electrode architectures, where for example, copper current collector is introduced also into centre of positive electrode (fig_1), thus increasing total conductivity of positive electrode.

Studies of electrode height

On Fig. 8, results of calculations described in section two, to study effects of changing electrode dimensions CGM profiles are presented. Solid line on Fig. 8 represents CGM on positive and dashed line negative electrode. Red and blue number at top and bottom of figure represent surface element numbers (Fig. 6), where CGM was calculated. 

From simulation results, we can see, that decreasing electrode length tends to lead to more uniform CGM distribution on electrodes, starting from electrode height at 25e-6m (with exception in sharp corners). This is caused by potential distribution in battery electrodes becoming more homogeneous, as potential drop, caused by low conductivity, in positive electrode decreases, when electrode length decreases, eventually reaching at limit, where 3D-MB architecture becomes ordinary 2D battery. Also, we can see that CGM is becoming high in sharp edges of the electrode, as electrical field there becomes large. Although, by decreasing electrode length, we can achieve more uniform electrochemical activity on electrode surface, we are also decreasing electrode surface area, thus decreasing capacity of the battery. High CGM values at electrode corners shows also, that it is necessary to round sharp corners, low CGM values are pointing out, that it is desirable to ensure uniform distance between electrodes in every geometry point in battery.

By comparing results from simulations with different conductivities and electrode dimensions, we can see, it is possible to fine tune electrode surface area usage by changing simultaneously electrode length, radius, conductivity and distance between electrodes. Such- kind of fine tuning must be done carefully, as from one hand, we are winning in battery performance, but from other hand, we are losing in capacity.

Studies of the radius of curvature of the electrode

CGM profile is presented for calculations carried out to study how the radius of curvature of the electrode affects electrochemical activity on electrode surface. In simulations, conductivities of the  electrodes were chosen according to Table 1, hence, a maximum value of the CGM on positive electrode was considerably smaller than on negative electrode (Fig. 7). Thus, CGM dependence from radius of curvature of the electrode corners only on negative electrode is presented (Fig. 9). From simulation results, we can conclude, that main difference is, when corners are sharp, concentration gradient goes very high on these sharp corner tips. When corners are round, or at extreme case, where top of the pillar is round (last simulation) concentration gradient is evenly high on that round top of the pillar. Concentration gradient is then divided more evenly on electrode. Of course, maximum of concentration gradient is then much lover, than in case of sharp corners.

Introducing current collector into the positive electrode

From simulations, where effects of changing electronic conductivity of the electrode were under study we can conclude, that surface area of the electrode is optimally used, when conductivities of positive and negative electrode are equal. As achievable conductivities fro electrode materials are differing about two magnitudes, it is necessary to use some other approach to solve this problem. Thus, battery architecture, where copper current collector is inserted into the centre of pillar or plate of the electrode is used. Simulations are carried out for this architecture and CGM profiles on interface between electrode and electrolyte are presented on figure …. . Again, red line on fig ... represents CGM on positive and blue line on negative electrode and red-blue number at top and bottom of figure represent surface element numbers (fig ...), where CGM was calculated.

General discussion

In present study, the parameters varied in our model have been length, electronic conductivity of the electrodes (different for anode and cathode) and radius of curvature of the electrode corners. We have here used parameter values taken from well-known Li-ion battery materials which are possible to synthesize as nano-materials. In order to optimize the micro-battery performance (with respect to electrode length, thickness, conductivity, porosity, etc.), we need to go beyond our present one-parameter approach, i.e., where these parameters are studied separately. By using a one-parameter approach, we are only receiving a general picture about the nature of changes, parameter causes – e.g., decreasing length of the electrode also result in a decreasing differences in electrochemical activity on the electrode/electrolyte interface. It is therefore necessary to analyse more complex situations, where more than one parameter is changed at the time, for example, length, thickness and shape of the electrode, to find the optimal combination of these parameters. 

Since we would like to study how the electrochemical activity on electrode-electrolyte interface depends from changing these four variables, we achieve a non-linear and thus mathematically complicated optimization problem, where we need to divide the planned studies into several tasks:

1. Optimizing length, thickness and shape of the electrodes, based on what can be achieved experimentally.

2. Choosing material combinations for anode, cathode and electrolyte with optimal conductivities of electrodes to generate a uniform current distribution for a specific surface area.

3. The global optimization problem, where the variable parameters are conductivities, length and thickness of electrodes.

Our representation and modification of model presented in [2] [correct ref?] does not introduce any principal mathematical changes. Our model coincides with model in [2], in terms of describing electrolyte and active material. Differences are introduced from battery architecture, as battery with porous electrodes, studied in [2] is rejected and replaced with nonporus electrode battery. Thus, Li ion sources, presented as source terms, in equations (......), in paper [2] are now introduced as boundary conditions (eq. ....). Experimental validation for model, used to study 2D porous electrode battery [2] is presented in study [3].
Conclusions

Mathematical model has been proposed to simulate processes taking place in 3D-MB. Calculations carried out to optimize electrochemically active electrode surface area in battery showed, that primary means to optimize electrode surface area utilization are manipulating with electrode conductivity and measurements. 

In our model, processes taking place on solid-electrolyte interface are not modelled. Also, side reactions taking place in electrolyte are not modelled. Introducing these factors to model would be aim for further studies.
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Tables

	Symbol
	Quantity
	Value
	Reference

	
[image: image22.emf]D

Li


	Diffusion constant of Li ions in electrode
	2e-13 m2/cm
	[19]

	DLi
	Diffusion constant of Li ions in electrolyte
	2e-11 m2/cm
	[14]

	DPF6
	Diffusion constant of PF6 ions in electrolyte
	3e-11 m2/cm
	[14]
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σ


	Electronic conductivity of positive electrode
	0.0010 S/m2
	

	
[image: image24.wmf]2

σ


	Ionic conductivity of electrolyte
	1e-3 S/m2
	

	
[image: image25.wmf]3

σ


	Electronic conductivity of negative electrode
	1e0 S/m2
	

	C0
	Initial salt concentration in electrolyte
	1500 mol/m3
	[14]

	
	Initial Li+ concentration in positive electrode
	3940 mol/m3
	

	
	Initial Li+ concentration in negative electrode
	0 mol/m3
	

	J0
	Charging/discharging current
	70 A/m2
	

	H
	Distance between electrode bases
	
	

	L
	Length of a plate/pillar
	100 μm
	

	D
	Distance between plate/pillar centres
	
	

	H
	Thickness of plate/pillar base
	
	

	R
	Thickness of plate / radius of pillar
	10 μm
	

	D=H-L
	Distance between electrodes
	10 μm
	

	
	Distance between electrodes
	
	

	j0
	Exchange current density at positive and negative electrodes
	8.5·10-1 A/cm2
	[15]


Table 1. Parameterers used in simulations [why “pillars”?][and should the geometrical properties be here?]
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Fig. 1Difference between 2D and 3D cell.
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Fig. 2 Possible 3D-MB architectures
Fig. 3Concentration profile development in trench model 3D-MB.
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Fig. 4Influence of changing the length of the electrode in trench model 3D-MB
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Fig. 5Influence of changing the conductivity in trench model 3D-MB.
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Fig. 6Influence of changing the radius of curvature of electrode corners.
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Fig. 7 Model used in simulations. Numbers on the surfaces of the electrodes represent edge elements.
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Fig. 8 Module of concentration gradient on electrode surface. Red color represents negative  and blue positive electrode, number at top and bottom of figure corresponding surface elements in model.
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Fig. 9 Electrode height studies, Module of concentration gradient on electrode surface. Solid line represents positive and dashed line negative electrode, number at top and bottom of figure corresponding surface elements in model.
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Fig. 10 CGM dependence from radius of curvature on surface of the negative electrode.
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�what kind of materials are used, what kind of architectures etc. From ciptanti’s text.


�Maybe it’s good to point out specially the review articles, as they are describing everything that is made in main articles?


�More specific about electrode modeling – chare, mass transport


�Philips is working with trench, notten is in most their publications


�Mark on fig. 2 b axes x,y,z axes


�Add boundary indexes from figure


�Have to check this!


�Add transfere numbet to table


�Maybe this is not important at al, as there are, for example nanopourous materialetc.


�Maybe it is not necessary to refer here at all? As basically everything for that can be founded from [9] as well.


�Write in English, not in Estonian! Revrite!


�I was unable to get calculations to converge otherwise. Model became too nonlinear.


�To some other section, where it’s connected with rest of the porous electrode discussion


�Describe source term thing nonmathematically by describing physical background


�Very suspicious. Do not use 


�I want to avoid using together words interface, electrode, electrolyte and solid. It may give false hint, that we are modeling SEI as well.
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