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Abstract – Thermo-Chemical batteries are a versatile way to store thermal energy. Once charged, thermo-chemical batteries can provide 

any combination of refrigeration, space cooling, heating and food processing. Due to favourable temperature ranges, material abundance 

and sustainable sources of necessary elements, and their high energy storage density, MgCl2/NH3 thermochemical batteries are of 

particular interest.  

In this paper, the performance of MgCl2/NH3 thermochemical batteries is quantified through a series of numerical and theoretical studies 

of a representative geometry. The models consider a cylinder either cooled from the outside surface or a cooling tube located along its 

axis. It is found that cooling from a central tube provides best potential for applications of constant cooling rate for duration of discharge. 

The thermal performance of the various ratios of inner tube radius to cylinder wall radius are presented. In our previous studies [1], [2], 

various 2-D cylindrical cooling configurations were numerically simulated to determine the parameters that improve the performance 

of thermochemical thermal energy storage. In particular, a MgCl2.2NH3 salt’s ability to absorb NH3 at a relatively uniform rate was 

evaluated for a cylinder heated both internally and externally. Simulations exhibited behaviour typical of shrinking core responses to 

heating and cooling, thus motivating theoretical models are to generalize the simulation results, and to extend the analysis to the heating 

or recharge mode. 

The models consider a cylinder either heated or cooled from the outside surface or from a tube located along its axis. Equations are 

developed to track the advance of the reaction front as controlled by heat transfer. Explicit relations relate absorption or desorption mass 

fluxes, operation times, and extent of reactions to the location of the reaction front for the two geometries given forcing temperature 

differences and salt complex thermal properties. The analytical model is compared with simulations for MgCl2.2NH3 in the cooling 

mode, with very good agreement between computed mass flow rates, degree of reaction and location of the ammonia absorption fronts. 

The extension of the model to other complexes and generalization of the model to the recharge mode provides a convenient tool to 

estimate design parameters for applications representing differing storage timescales, dimensions, salt properties, driving temperature 

differences, and geometries. 
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1. Introduction 
As outlined in previous research studies [1]–[7], the storage of energy in a thermochemical battery comprised of a 

MgCl2/NH3 pair is of broad interest because the stored heat from a source with a temperature near or above 250°C can be 

returned to provide refrigeration (T < 0°C), air cooling and heating, and food preparation heat (T > 200°C). In such a 

thermochemical energy storage system at fully charged state, the ammonia is stored in a tank, ready to vaporize once exposed 

to the low equilibrium pressure of the salt at ambient temperatures. Thus, upon the opening of a valve separating the 

ammonia tank from the salt complex, the temperature of the salt complex increases to an equilibrium temperature determined 

by vapor pressure of the ammonia from the tank.  

After this “start-up” period, the thermochemical battery performance will become limited by heat transfer in the salt 

matrix. This is exacerbated by the orders of magnitude drop in gas permeability as the salt becomes fully saturated with 

ammonia [2] restricting gas flows to locations where the salt is cooled. These elements lead to a design solution where the 

geometry of the salt and cooling method is chosen to minimize heat transfer resistance between the cooling fluid and the 

reaction zone where the heat is being generated by the vapor absorption. Cylindrical geometries, with uniform cooling of 

the exterior wall or by a tube on the axis carrying cooling fluids, have been found to be good choices for optimal design as 

long as sufficient axial gas permeabilities exist [1], [2], [8].  
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Numerical solutions have shown wave-like behaviour of the reaction front [1], [2], [9]–[11]. Figure 1 shows the profiles 

of reaction extent at various times for a case where the heat transfer was limited by the fluid-wall heat transfer coefficient 

on the axis (left boundary) of the domain. As observed from the advancement of the reaction front, and the computed 

temperatures on either side of the front, the reaction wave progresses at a rate determined by the heat transfer away from 

the front. Thus, a simplified analytical solution can be developed to generalize the predicted performance of thermochemical 

batteries given the properties of the absorbent, the dimensions of the reactor, and the driving temperature difference.  

Further, the recharge phase, where the desorption front moves in response to heating, can also be modelled in the same 

manner. In that application, the equilibrium temperature is set by the imposed ammonia vapor pressure, and the reactive 

complex is heated to a temperature above that equilibrium value on the outside or from an internal tube [1], [2]. For a 2-D 

condition where the desorbed ammonia flows through the matrix in an axial direction, one may assume insignificant radial 

velocities or axial temperature gradients. Thus, the energy transport equation reduces to radial conduction alone - the 

conditions modelled in this study. 

 

Figure 1 - Profiles of reaction progress (X) at milestones of global reaction progress (Xg). 

2. Theoretical Models 
In order to generalize the results of [1], the problem is cast as a moving reaction interface model with the time rate of 

change of the reaction zone radius is limited by the net heat transfer rate to the reaction interface. The pressure of the gas 

throughout the reactor is assumed constant at 𝑃 = 𝑃𝑠𝑢𝑝. This is achievable by the having a low-density reaction complex, 

or adding gas diffusion channels to the salt. It is further assumed that the sensible heat required to change the matrix 

temperature from the equilibrium value to the wall temperature is much less than the energy of absorption. Thus, the sensible 

energy of temperature transients is neglected. And lastly, the wall or tube temperature is assumed to remain constant during 

charging or discharging modes. Figure 2 shows the geometry of the reacting core models for the cases that the reactive 

complex is cooled from outer surface or an inner tube.  
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A) 

 

 

B) 

Figure 2 - The geometry of the reacting core model for (A) geometries cooled from the outside and (B) cooled from an internal tube. 

2.1. External Cooling or Heating 

For a long cylinder heated or cooled from the outside boundaries, the reaction front will propagate inwards from the 

surface. The flow of heat is assumed to occur in the radial direction only and the reaction zone, as shown by [1], [2], is 

assumed to be infinitesimally small occurring at the radius 𝑟𝑐.  

Neglecting the sensible heat loss or gain in either the fully saturated subcooled zone, or the completely desorbed matrix 

of the heated zone, the radial temperature distribution is that of the steady-state heat transfer in a cylindrical domain with 

the equilibrium temperature imposed at the reaction front and the wall temperature specified at the outer radius, Ro. 
Specifically, for cooling: 

 
(𝑇−𝑇𝑠)

(𝑇𝑒𝑞−𝑇𝑠)
=

ln(𝑅𝑜/𝑟)

ln(𝑅𝑜/𝑟𝑐)
 (1) 

And for heating: 

 
(𝑇−𝑇𝑒𝑞)

(𝑇𝑠−𝑇𝑒𝑞)
= 1 −

ln(𝑅𝑜/𝑟)

ln(𝑅𝑜/𝑟𝑐)
 (2) 

The scaled temperature profiles of Eq. (1) and (2) are illustrated in Figure 3 for conceptual purposes. Three profiles are 

shown for different times with the reaction front location being different as it propagates away from the surface. For heating, 

the scaled surface temperature is 1 while the scaled interface temperature is 0. For cooling, the scaled surface temperature 

is 0 and the scaled equilibrium temperature is 1. For either of these cases, the heat transfer from the reaction interface to the 

surface per, unit length is:  

 �̇� =
2𝜋𝜆(𝑇𝑒𝑞−𝑇𝑠)

ln(𝑅𝑜 𝑟𝑐⁄ )
 (3) 

The volumetric heat generation in the reaction zone is equal to 
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 𝑞 = 4�̅�𝑠𝑎𝑙𝑡Δ𝐻𝑟 (4) 

Δ𝐻𝑟 in Eq. (4) is the enthalpy of the reaction per mole of ammonia gas absorbed in kJ/kmole of gas, �̅�𝑠𝑎𝑙𝑡 is the molar 

density of salt, and a multiplier of 4 is required since one mole of salt absorbs 4 moles of ammonia gas. For the reaction 

front to move, this energy of reaction must be balanced by the heat transfer to (or from) the reaction front. Thus, the rate of 

the reaction front movement is directly related to the net energy conducted from (or to) the reaction front, or: 

 −4�̅�𝑠𝑎𝑙𝑡Δ𝐻𝑟 × 2𝜋𝑟𝑐 ×
𝑑𝑟𝑐

𝑑𝑡
=

2𝜋𝜆

ln(𝑅𝑜 𝑟𝑐⁄ )
(𝑇𝑒𝑞 − 𝑇∞) (5) 

In Eq. (5), 𝑟𝑐 is the radius of the reaction zone, 𝑅𝑜 is the inner radius of the reactor tube, 𝑇∞ is the temperature at the 

surface of the reactive complex, and λis the effective thermal conductivity of the reactive complex. 

 

 

A) 

 

 

B) 
Figure 3 - Scaled temperature fields for (A) External cooling, and (B) External heating 

Equation (5) can be rewritten as:  

 𝑟𝑐 ln
𝑟𝑐

𝑅𝑜
𝑑𝑟𝑐 =

𝜆

Δ𝐻𝑟×4�̅�𝑠𝑎𝑙𝑡
(𝑇𝑒𝑞 − 𝑇∞)𝑑𝑡 (6) 

Integrating both sides of Eq. (6) and applying the initial condition of 𝑟𝑐 = 𝑅𝑜 at 𝑡 = 0 gives:  

 (
𝑟2

2
(ln 𝑟 − ln 𝑅𝑜) −

𝑟2

4
)
𝑅𝑜

𝑟𝑐
=

𝜆

Δ𝐻𝑟×4�̅�𝑠𝑎𝑙𝑡
(𝑇𝑒𝑞 − 𝑇∞)𝑡 (7) 

The initial condition for the solution of Eq. (7) is set at the point that the reaction zone starts moving from the heat 

transfer boundary (roughly at 𝑋𝑔 = 0.2), and not the start of the absorption or desorption processes. During the initial 

absorption or desorption, the reaction is volumetrically uniform until the compound reaches the equilibrium temperature 

that corresponds to the applied vapor pressure. Therefore, the initial condition on the global absorption process becomes:  

 𝑋𝑔 = 0.2    at 𝑡 = 0 (8) 
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The relation between 𝑋𝑔 and the radius of the reaction zone (𝑟𝑐) is shown in Eq. (8). In order to normalize 𝑋𝑔 to the 

range between 𝑋𝑔 = 0.2and 𝑋𝑔 = 1, 𝑋𝑔𝑠 is defined as scaled reaction progress: 

 𝑋𝑔𝑠 =
𝑋𝑔−0.2

0.8
= 1 − (

𝑟𝑐

𝑅𝑜
)
2

 (9) 

Equation (7) becomes:  

 [
𝑟𝑐
2

2
ln

𝑟𝑐

𝑅𝑜
−

𝑟𝑐
2

4
− (

𝑅𝑜
2

2
(ln𝑅𝑜 − ln𝑅𝑜) −

𝑅𝑜
2

4
)] =

𝜆

Δ𝐻𝑟×4�̅�𝑠𝑎𝑙𝑡
(𝑇𝑒𝑞 − 𝑇∞)𝑡 (10) 

After simplifying the terms and dividing both sides by 𝑅𝑜
2, Eq. (10) can be written in a dimensionless form: 

 
1

4
(
𝑟𝑐
2

𝑅𝑜
2 ln

𝑟𝑐
2

𝑅𝑜
2 + (1 −

𝑟𝑐
2

𝑅𝑜
2)) =

𝜆
Δ𝐻𝑟

(𝑇𝑒𝑞−𝑇∞)
×4�̅�𝑠𝑎𝑙𝑡

𝑡

𝑅𝑜
2 = 𝐹𝑜𝑟 (11) 

The reaction Fourier number (𝐹𝑜𝑅) is based on the reaction enthalpy divided by the driving temperature difference 

rather than the traditional material heat capacity used in the traditional definition. One can also show that the reaction Fourier 

number is the normal Fourier number multiplied by reaction Jakob number (𝐽𝑎𝑟 = 𝑐�̅�(𝑇𝑒𝑞 − 𝑇∞) Δ𝐻𝑟⁄ ). Solving Eq. (9) for 

the ratio 𝑟𝑐/𝑅𝑜, and substituting it into Eq. (11), one can derive the following relationship for the reaction Fourier number 

and the global extent of the reaction. 

 
1

4
((1 − 𝑋𝑔𝑠) ln(1 − 𝑋𝑔𝑠) + 𝑋𝑔𝑠) = 𝐹𝑜𝑅 (12) 

The mass flow rate of ammonia for reactors with external cooling can be calculated from Eq. (4) directly:  

 �̇�𝑁𝐻3 = 4�̅�𝑠𝑎𝑙𝑡 ×𝑀𝑁𝐻3 × 2𝜋𝑟𝑐𝐿 ×
𝑑𝑟𝑐

𝑑𝑡
 (13) 

Since 

 4�̅�𝑠𝑎𝑙𝑡 × 2𝜋𝑟𝑐𝐿 ×
𝑑𝑟𝑐

𝑑𝑡
=

2𝜋𝐿𝜆(𝑇𝑒𝑞−𝑇∞)

ln(
𝑅𝑜
𝑟𝑐
)Δ�̅�𝑟

 (14) 

 �̇�𝑁𝐻3 = 𝑀𝑁𝐻3 
2𝜋𝐿𝜆(𝑇𝑒𝑞−𝑇∞)

Δ�̅�𝑟
×

1

ln(
𝑅𝑜
𝑟𝑐
)
 (15) 

Equation (12) can be used to calculate the mass flow of ammonia at different times knowing the radius of the reaction 

zone. Considering Eq. (8), the mass flow of ammonia can be written as:  

 �̇�𝑁𝐻3 = 𝑀𝑁𝐻3 
2𝜋𝐿𝜆(𝑇𝑒𝑞−𝑇∞)

Δ�̅�𝑟
×

2

ln(
1

1−𝑋𝑔𝑠
)
 (16) 

2.2. Cooling through an internal tube 
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For the case of cooling from an internal tube placed along the cylinder axis, the solution follows in a manner similar to 

that developed for outside cooling. The rate of heat released from the moving reaction front is directly proportional to the 

net heat transfer. 

An approximate analytical solution for cases with an internal cooling tube can also be obtained. It is assumed that the 

reaction is heat transfer limited and the pressure of the gas throughout the reactor is constant at 𝑃 = 𝑃𝑠𝑢𝑝. The reaction zone 

is assumed to be infinitesimally small and the heat transfer is assumed to be in the radial direction between the reaction zone 

and the cooling tube. The outer surface of the reactor is assumed to be insulated, and thus adiabatic boundary. Internal 

cooling: 

 
(𝑇−𝑇𝑠)

(𝑇𝑒𝑞−𝑇𝑠)
=

ln(𝑟/𝑅𝑡)

ln(𝑟𝑐/𝑅𝑡)
    for 𝑅𝑡 < 𝑟 < 𝑟𝑐  (17) 

And for internal heating: 

 

(𝑇−𝑇𝑒𝑞)

(𝑇𝑠−𝑇𝑒𝑞)
= 1 −

ln(𝑟/𝑅𝑡)

ln(𝑟𝑐/𝑅𝑡)
 (18) 

 𝑞′ =
2𝜋𝐿𝜆(𝑇𝑒𝑞−𝑇𝑠)

ln(𝑟𝑐 𝑅𝑡⁄ )
 (19) 

The heat flux to the reaction front is proportional to its velocity: 

 4 × �̅�𝑠𝑎𝑙𝑡Δ�̅�𝑟 × 2𝜋𝑟𝑐𝐿 ×
𝑑𝑟𝑐

𝑑𝑡
=

2𝜋𝜆𝐿

ln
𝑟𝑐
𝑅𝑡

(𝑇𝑒𝑞 − 𝑇∞) (20) 

In Eqs. (17) to (20) 𝑟𝑐 is the radius of the reaction zone (𝑅𝑡 < 𝑟𝑐 < 𝑅𝑜), and 𝑅𝑡 is the radius of the cooling tube. 

Rearranging Eq. (20), dividing both sides by 1 𝑅𝑜
2⁄ , integrating from 𝑅𝑡 to 𝑟𝑐, and applying the initial condition of 𝑟𝑐 = 𝑅𝑡 

at 𝑡 = 0 gives:  

 
1

4
[(

𝑟𝑐

𝑅𝑡
)
2

ln (
𝑟𝑐

𝑅𝑡
)
2

+ 1 −(
𝑟𝑐

𝑅𝑡
)
2

] =
𝜆𝑡

4×�̅�𝑠𝑎𝑙𝑡
Δ�̅�𝑟

(𝑇𝑒𝑞−𝑇∞)

1

𝑅𝑡
2 (21) 

 

 
1

4
[ln (

𝑅𝑜

𝑅𝑡

𝑟𝑐

𝑅𝑜
)
2

(
𝑟𝑐

𝑅𝑜
)
2

+ (
𝑅𝑡

𝑅𝑜
)
2

−(
𝑟𝑐

𝑅𝑜
)
2

] =  Fo𝑅 (22) 

The relation between the scaled reaction progress and the radii of the reaction zone and reactor can be written as: 

 𝑋𝑔𝑠 =
𝑋𝑔−0.2

0.8
=

𝑟𝑐
2−𝑅𝑡

2

𝑅𝑜
2−𝑅𝑡

2 =
(
𝑟𝑐
𝑅𝑜
)
2
−(

𝑟𝑡
𝑅𝑜
)
2

1−(
𝑅𝑡
𝑅𝑜
)
2 =

(
𝑟𝑐
𝑅𝑜
)
2
−𝑅𝑟

2

1−𝑅𝑟
2  (23) 

In Eq. (23), 𝑅𝑟 is simply defined as the ratio of the radius of the cooling tube to the radius of the reactor tube (𝑅𝑟 =
𝑅𝑡 𝑅𝑜⁄ ). Therefore:  

 (
𝑟𝑐

𝑅𝑜
)
2

= 𝑋𝑔𝑠(1 − 𝑅𝑟
2) + 𝑅𝑟

2 (24) 
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Equation (22) becomes: 

 
1

4
[ln (𝑋𝑔𝑠 (

1

𝑅𝑟
2 − 1) + 1) (𝑋𝑔𝑠(1 − 𝑅𝑟

2) + 𝑅𝑟
2) −𝑋𝑔𝑠(1 − 𝑅𝑟

2)] = 𝐹𝑜𝑅 (25) 

Although Eq. (25) has a more complex form than Eq. (22), the left-hand side of the equation is written as a function of 

the scaled reaction progress (𝑋𝑔𝑠) and the ratio of the cooling tube and the reactor tube radii such that the upper bound for 

Fourier number, defined by Eq. (11), can be obtained by setting 𝑋𝑔𝑠 = 1: 

 
1

4
[ln (

1

𝑅𝑟
2) − (1 − 𝑅𝑟

2)] = 𝐹𝑜𝑅|𝑋𝑔=1 =
𝜆

Δ𝐻𝑟
(𝑇𝑒𝑞−𝑇∞)

×4�̅�𝑠𝑎𝑙𝑡

1

𝑅𝑜
2 𝑡𝑋𝑔=1 (26) 

Equation (26) estimates the duration of the absorption process in reactors with an internal cooling tube of radius 𝑅𝑡 and 

reactor radius of 𝑅𝑜.  

Similar to the relationship specified for heating from at 𝑅𝑜, the mass flow rate of ammonia for reactors with internal 

cooling tubes can be calculated at different times knowing the radius of the reaction zone from:  

 �̇�𝑁𝐻3 = 𝑀𝑁𝐻3 
2𝜋𝐿𝜆(𝑇𝑒𝑞−𝑇∞)

Δ�̅�𝑟
×

1

ln(
𝑟𝑐
𝑅𝑡
)
 (27) 

By rearranging Eq. (19) and calculating 𝑟𝑐 𝑅𝑡⁄ , Eq. (20) can be written as:  

 �̇�𝑁𝐻3 = 𝑀𝑁𝐻3 
2𝜋𝐿𝜆(𝑇𝑒𝑞−𝑇∞)

Δ�̅�𝑟
×

2

ln(
Xgs

𝑅𝑟
2 −Xgs+1)

 (28) 

3. Results 
The theoretical model’s prediction of the absorption curves (global reaction progress) and mass flow rates are compared 

to simulations for both external and internal cooling. The mass flow rates predicted by the models are also compared to 

simulated values at a few different times and geometries in the following sections. 

3.1. External Cooling 
The predictions of the theoretical model of the extent of reaction scaled with the reaction Fourier number (Eq. (12)) are 

compared to seven different simulations of cooling from the outside surface in Figure 4 As is seen in this figure, the simple 

model reasonably captures the dominant heat transfer processes, both the overall rate of adsorption (time derivative of the 

extent of reaction) and a conservative time estimate for completion of the reaction as predicted by Eq. (12) (FoR,T =1/4).  

Mass fluxes predicted by Eq. (15) can also be compared with simulations for a specific geometry at specific times. 

Figure 5 compares the simulated mass fluxes and those obtained from the analytical model. The simulation models and 

comparison with the experiments are discussed in [1], [2]. Again, good agreement is found between the simulated mass 

fluxes and results of the simplified model, verifying the applicability of analytical models that track the reaction front 

through energy balances. Figure 5 shows that for the smaller reactor with the outer radius of 25mm, the numerical model has 

a better agreement with the analytical model than the larger reactor with outer radius of 125 mm. It is of note that in the 

numerical models the reactor has the length of L=200mm. Therefore, the cooling effect of the end surfaces of the reactor 

increase the absorption rate. This effect is larger in the larger reactor (Ro = 125mm), increasing the mass flow rate of the 

gas, and deviating from the numerical model.  
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Figure 4 - Absorption curves for outside cooling with normalized times. 

 

Figure 5 - Comparison of simulations with predicted mass flow rates of gas for cases with outside and radii ranging from 25mm to 

125mm. 
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3.2. Cooling from Inner Tube 

A comparison of the approximate analytical solution to the numerical simulation for various values of 𝑅𝑡 and constant 

tube to reactor radii ratios (𝑅𝑡/𝑅𝑜), replotted according to the dimensionless Fourier number, is shown in Figure 6. As shown, 

the absorption behaviours of all cases are similar when normalized. Further, the analytical model well represents the general 

behaviour of all simulations and specific behaviour of those simulations most closely matching the conditions of the model 

assumptions. It is worth mentioning that the larger reactors require longer absorption processes and the simulation time 

becomes too long. All reactors are simulated with equal durations, and when the absorption curves are normalized with 

respect to time, the reaction Fourier number becomes smaller and the length of the curves shown in Figure 6 becomes shorter.  

Figure 7 shows the mass flow rate of ammonia per unit length of the reactor for cases with a similar internal cooling 

tube. As Figure 7 shows, the absorption rate of ammonia settles to an asymptote value over time. This figure also shows that 

the absorption rate for reactors with an internal cooling tube mainly depend on the radius of the tube. Therefore, relatively 

constant mass flow rates of ammonia gas can be produced by utilizing reactors with internal cooling tubes with high 

convective heat transfer coefficients. 

During the absorption in a reactor cooled through an internal tube, both the thermal resistance between the reaction 

zone (at rc) and the cooling surface, and the area of the reaction zone increase. One can argue that these two effects balance 

each other and the reaction rate stays relatively constant.  

 

Figure 6 - The normalized absorption curves for reactors with internal cooling and identical reactor to cooling tube radius ratios. 
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Figure 7 - Mass flow rate of cases with an internal cooling tube of radius Rt=10mm, compared with the analytical solution.  

4. Discussion 
The simple models that describe of the dominant processes controlling the performance of cylindrical thermochemical 

reactive matrices, with the heat transfer surface either located on the exterior wall or a tube carrying heat transfer fluid 

located along the cylinder axis, have been shown to apply to the simulated cases for cooling a matrix comprised of 

MgCl2.2NH3, subjected to a specified ammonia gas pressure and boundary temperature. Through generalization and 

mathematical extrapolation, the theory was found to apply to the heating mode as well.  

 One difference exists between the heating and cooling modes, however. The thermal conductivity of the matrix, and 

its value (𝜆) used in defining the reaction Fourier number would be different for heating versus cooling. For the cooling 

case, heat is being transferred from the reaction front though fully saturated absorbent with a higher thermal conductivity 

than the case of heating, where the heat is being transferred through desaturated absorbent with a lower thermal conductivity. 

Those different thermal conductivities should be assigned appropriately to determine actual times from the reaction Fourier 

number for heating or cooling time estimates. 

5. Conclusion 
Analytical models were developed for the adsorption and desorption processes during the recharge and operational 

modes of a cylindrical thermochemical battery, heated or cooled from the external boundary or an internal cooling tube. 

The models were shown to represent the dominant processes observed in the absorption simulations presented before 

[1]. The models allow for the generalization of the simulation results to other absorbent/gas pairs [3], [11]–[15], and 

application to both operational and charging modes. It was found that for external heating or cooling from a surface at 

constant temperature, the reaction should near completion at a reaction Fourier number of 0.25 - 0.30. For internal 

heating, that value depends on the ratio of the outer to inner tube radii, and can be explicitly defined through that ratio. 

Thus, these models can be used to effectively design cylindrical thermochemical batteries or solid-state ammonia 

storage systems to meet specific heat transfer rates, gas absorption or release rates, operational temperatures, and energy 

storage capacities without the need for complex simulation packages. 
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