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Abstract 

This thesis aims to extend numerical modeling techniques for non-

equilibrium plasmas in order to simplify the study of complex plasma-chemical 

processes. In particular, it presents the development of a numerical solver for 

global models (SPPARK - Simulation Platform for Plasma Assisted Reactive 

Kinetics), based on the coupling of Cantera and Bolsig+, which provides an open-

source framework to represent complex phenomena such as electron kinetics in 

non-equilibrium plasmas, reaction thermodynamics, and the interactions between 

these two domains. The solver also includes the capability to model heterogeneous 

phase phenomena, allowing the incorporation of interaction mechanisms of a 

plasma phase with electrodes and gas ones. In this context, the thesis introduces 

a multizone approach for the representation of systems that are not strictly 

spatially homogeneous. This approach consists of defining a separate system of 

ordinary differential equation for each phase and introducing transport derived 

net source terms in such equations, thereby enabling separate results for different 

phases while maintaining their coupling through the representation of transport 

processes. The overall goal is to obtain simulation results from complex reaction 

schemes that are less constrained by the assumption of homogeneity. This 

approach can provide useful and more detailed inputs for the final aspect 

addressed in the thesis: the adoption of Analytically Reduced Chemistry 

techniques in plasma-chemistry modeling. These techniques allow for the 

reduction of the chemical complexity associated with the reaction schemes used in 

numerical models. The simplification of detailed reaction mechanisms, with 

arbitrary and controllable accuracy, enables their adoption within geometrically 

resolved simulations, while keeping the computational cost contained. The thesis 

ultimately presents a comprehensive chemistry reduction framework, combining 

established methodologies with new approaches, that can deal with the reduction 

of arbitrary complex chemistry sets for non-equilibrium plasmas. 

 



 

 

 

Preface 

In this thesis, I wish to recount the work I have carried out over the past three 

years during my doctoral studies. This journey has provided me with the 

opportunity to immerse myself in the field of numerical modeling of non-

equilibrium plasmas, particularly in the chemical fundamentals of this area. I 

consider the common thread of this work to be the attempt to establish a connection 

between different modeling domains, that may persist, in the form of a simulation 

framework, beyond the completion of my PhD. 

At the beginning of my doctoral research, I noticed a separation between the 

different branches contributing to the modeling of plasma-enhanced chemical 

processes. My work therefore aims, within my limits, to expand the modeling 

capabilities for processes that combine electronic non-equilibrium phenomena with 

thermochemical and thermodynamic effects, processes that require a careful 

balance between chemical detail and spatial non-uniformity, and that are often too 

complex to interpret a priori. 

For these reasons, during this journey I had the pleasure of developing a numerical 

solver for global models capable of coupling a detailed treatment of electron 

kinetics with an accurate representation of reaction thermodynamics. I 

subsequently extended it to represent, through a multizone approach, non-

homogeneous geometries with complex chemistries. Finally, I explored the 

possibility of adopting higher geometrical resolutions in these phenomena 

modeling, starting from reaction schemes that would otherwise be computationally 

prohibitive, by applying a structured and automated reduction. Throughout this 

process, I also found a great deal of enjoyment and personal satisfaction. 
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Chapter 1  

Introduction 

Non-equilibrium plasmas find applications in a wide range of engineering 

contexts, including materials science [1–4], environmental applications [5–8], 

aerospace engineering [9–11], biomedical applications [12–15], and the 

electrification of chemical processes [16–19]. Each of these applications, although 

exploiting different properties of partially ionized gases, is influenced by the 

chemical kinetics that develops within the plasma. The study of such kinetics is 

the subject of plasma chemistry. 

Due to their intrinsic thermodynamic non-equilibrium, non-thermal plasmas can 

sustain reaction pathways that would otherwise be unfavourable under global 

thermodynamic conditions. This behaviour is directly linked to the key role of 

electrons in the system: they gain energy from externally applied electromagnetic 

fields and transfer it to the other particles, thereby shifting, at constant 

macroscopic temperature, the gas composition away from equilibrium and 

producing ions, excited species, and radicals. The presence of these species is what 

drives the chemical reactivity of non-equilibrium plasmas. 

This feature, however, introduces additional complexity in the study of the 

elementary mechanisms that affect process efficiency. From both a fundamental 

and process-optimization perspective, the numerical modeling of non-equilibrium 

plasmas thus becomes a highly valuable tool. The present thesis is framed within 

this context. 

In continuum descriptions, depending on the level of accuracy required by the 

specific application, different mathematical models can be employed to represent 

a non-equilibrium plasma. When focusing exclusively on chemical interactions, 

global models are generally adopted. These numerical models are spatially 

homogeneous (zero-dimensional) that enable a detailed representation of chemical 

mechanisms through complex reaction schemes. Conversely, fluid models are 

spatially resolved numerical models that emphasize the dynamics of the species, 

including the possibility of representing the plasma source and its electromagnetic 

coupling with the plasma phase (self-consistent fluid models). These models also 

rely on the adoption of a chemical reaction scheme in order to incorporate source 

terms in the species continuity equations. However, due to computational cost 
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limitations, the chemical schemes employed in fluid models are generally required 

to be less detailed than those that can be used in global models. 

The main objective of this thesis is to contribute to the current state-of-the-art 

modeling capabilities by introducing a new and generalized tool for plasma 

chemistry. More specifically, the tool is based on a novel and generalized global 

model solver for plasma chemistry (SPPARK – Simulation Platform for Plasma 

Assisted Reactive Kinetics), designed to accurately capture the chemical 

phenomena occurring in plasmas under applications where the gas temperature 

spans wide ranges. 

To achieve this, SPPARK has been developed by coupling Bolsig+ [20] and Cantera 

[21], in such a way as to combine the accurate treatment of electron kinetics 

(through Bolsig+) with the detailed description of species thermodynamic 

properties and, consequently, of reaction thermodynamics (through Cantera). In 

this sense SPPARK was built as a Python package on the Cantera extensible 

backend, handling external calls to Bolsig+ at runtime. Furthermore, the adoption 

of Cantera enables the introduction of a multi-zone modeling approach within 

global modeling of plasmas, thereby partially relaxing the assumption of spatial 

homogeneity that is typically inherent to such models. 

In addition to the solver, this thesis also introduces an algorithm for chemical 

complexity reduction, with the goal of providing a framework that allows starting 

from detailed reaction mechanisms (as characteristic of global models) to simplify 

and adapt them for use within fluid models. 

In this thesis, it is shown how the combination of SPPARK with the reduction 

algorithm, within a unified framework, constitutes a useful contribution to plasma 

modeling, enabling more accurate and flexible simulations, particularly for gas 

mixtures for which only limited prior information is available. 

The thesis is organized as follows: 

− Chapter 2 - Plasma chemistry – an overview, where an overview of the 

theoretical concepts, mathematical formulations and numerical 

representation of plasma-chemistry is introduced. 

− Chapter 3 – A Generalized Global Model Solver for Plasma Chemistry, 

where the rationale behind the development of SPPARK is presented 

together with validation cases. 
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− Chapter 4 – Multizone Global Modeling of Plasmas, where the use of 

SPPARK for multi-zone simulations of global models is described in greater 

detail. 

− Chapter 5 – Analytically Reduced Chemistry for Non-Equilibrium Plasmas, 

where the automatic algorithm for reaction mechanism reduction is 

introduced. 
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Chapter 2   

Plasma-chemistry: an overview 

2.1 Introduction 

Non-equilibrium plasmas could be defined as a globally neutral ionized gas 

populated by free highly energetic electrons and ions immersed in a background 

gas medium. As mentioned before, the high energy of electrons can be 

engineeringly used to sustain valuable chemical processes by employing plasma-

chemical kinetics. 

The founding mechanism of such phenomena involves a free electron placed within 

an electromagnetic field which experiences a Lorentz force: 

𝐹⃗ = −𝑒(𝐸⃗⃗ + 𝑣⃗ × 𝐵⃗⃗) (2.1) 

where 𝑒 is the electron charge, 𝐸⃗⃗ is the electric field, 𝑣⃗ is the electron velocity, and 

𝐵⃗⃗ is the magnetic flux density. 

Under this force, the electron accelerates, gaining energy, and moves through 

space. If along its trajectory it encounters another particle (i.e., it comes sufficiently 

close to the target particle), an interaction between the two particles may occur, in 

which the electron (being more energetic) can transfer energy to the second body. 

If the particle is different from another electron (i.e., a heavy particle), either 

elastic collisions (in which the total momentum of the binary system is conserved) 

or inelastic collisions (in which the second body absorbs part of the electron’s 

energy during the collision getting promoted to an excited state) can take place [1]. 

Among inelastic collisions, the following can be distinguished: 

• Electronic excitations, in which the valence electron of the target particle is 

excited during the collision to a higher-energy orbital. 

• Vibrational excitations, possible in the case of a molecular target, in which 

the bond between atoms is excited, increasing the relative motion of the 

nuclei. 

• Rotational excitations, also possible only for molecular targets, in which the 

molecule is set into rotation by the electron impact. 
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• Dissociations, in which the molecular bond is broken by the electron impact, 

releasing radicals. 

• Ionization, in which the valence electron receives enough energy to escape 

from the collision target, thus producing an ion. 

• Combinations of the above processes. 

In addition to the processes listed above, super-elastic collisions may also occur. In 

addition to the processes listed above, super-elastic collisions may also occur. In 

these processes, which feature excited or metastable particles, the electron gains 

energy from the collision, leading to de-excitation and, more generally, to 

associative or recombination processes involving the target particles. 

Extending the discussion to a collection (population) of electrons, in a system at 

thermodynamic equilibrium (i.e., a system in which a sufficiently long time has 

elapsed since the previous perturbation to allow it to reach its most stable and 

probable configuration), the application of an electromagnetic field represents a 

perturbation of the system’s state. Through the interaction mechanisms previously 

described, electrons subjected to the external forcing mediate the redistribution of 

the externally supplied energy among the plasma constituents, driving the heavy-

particle system state away from global thermodynamic equilibrium. At the 

microscopic level, the particles interactions act as relaxation mechanisms tending 

to restore local thermal equilibrium; however, at a macroscopic scale it sustains 

non-equilibrium conditions. As a result, energy is conveyed by electrons both to a 

direct transfer of kinetic energy - temperature (via elastic collisions) - and to an 

imbalance in the chemical composition (i.e., the introduction of radicals) as well as 

in the distribution of excited states of its components (via inelastic collisions). The 

perturbed system will naturally tend to restore equilibrium through relaxation 

processes (i.e., photon emissions, vibrational-to-translational relaxations, 

vibrational-to-vibrational relaxations), which may favour the conversion of 

potential energy acquired by the collision targets into kinetic energy (this time of 

the heavy-particle system) and chemical recombinations. 

2.2 Mathematical formulations for plasma-chemistry 

For a system of 𝑁 particles, the qualitative description given so far can be 

translated, at a microscopic scale, into a system of deterministic equations 

describing the trajectory of the system in the 6𝑁-dimensional phase space (for each 

particle we introduce 3 variables for the coordinates in geometric space and 3 

variables for the velocity-space coordinates) via the Hamiltonian formulation. 

𝐻(𝑞⃗1, … , 𝑞⃗𝑛, 𝑝⃗1, … 𝑝⃗𝑛) = 𝑇 + 𝑉 
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𝐻(𝑞⃗1, … , 𝑞⃗𝑛, 𝑝⃗1, … 𝑝⃗𝑛) =∑
‖𝑝𝑖‖

2

2𝑚𝑖
+ 𝑉ext(𝑞⃗1, … , 𝑞⃗𝑛) +∑ 𝑈𝑖𝑗(𝑞⃗𝑖 − 𝑞⃗𝑗)

𝑗>𝑖

𝑁

𝑖=1

(2.2) 

where 𝐻 is the system’s Hamiltonian, 𝑞⃗𝑖 is the 𝑖-th particle generalized coordinates’ 

vector, 𝑝⃗𝑖 is the 𝑖-th particle momentum, 𝑇 is the system’s kinetic energy, 𝑉 is the 

total potential, 𝑚𝑖 is the 𝑖-th particle mass, 𝑉ext is the external potential, and 𝑈𝑖𝑗 is 

the interaction potential between the 𝑖-th and 𝑗-th particle dependant on the two 

particles characteristics (i.e. the particles charges). This leads to the canonical 

equations: 

{
 
 

 
 

𝑑𝑞⃗𝑖  

𝑑𝑡
=
𝜕𝐻

𝜕𝑝⃗𝑖
=
𝑝⃗𝑖
𝑚𝑖

𝑑𝑝⃗𝑖 

𝑑𝑡
= −

𝜕𝐻

𝜕𝑞⃗𝑖
= −

𝜕𝑉ext
𝜕𝑞⃗𝑖

−∑
𝜕𝑈𝑖𝑗(𝑞⃗𝑖 − 𝑞⃗𝑗)

𝜕𝑞⃗𝑖
𝑗≠𝑖

 

(2.3) 

However, studying a complex system (with a large number of particles) at the 

microscopic scale is excessively demanding (one must solve a system of 6𝑁 

equations to obtain a complete description of the system’s kinetics). For this 

reason, by means of the Liouville equation and the Bogoliubov–Born–Green–

Kirkwood–Yvon (BBGKY) hierarchy [2], and by introducing the hypothesis that 

particles interact only during collisions (assumed approximatively instantaneous) 

and of “molecular chaos” (i.e., the assumption of uncorrelated particle velocities 

prior to collisions), it is possible to approximate the problem and represent it by 

stochastic integro-differential equations (Boltzmann equations), thus introducing 

the mesoscale description of the phenomena. These equations describe the particle 

population through a single-particle distribution function representing the fraction 

of particles occupying a subset of geometric space (𝑥⃗, 𝑥⃗ + 𝑑𝑥⃗) and velocity space 

(𝑣⃗, 𝑣⃗ + 𝑑𝑣⃗). Focusing on the electronic population, the Boltzmann equation for 

electrons (EBE) can be written as follows: 

𝜕𝑓𝑒
𝜕𝑡
+ 𝑣⃗ ⋅ ∇𝑓𝑒 −

𝑒

𝑚𝑒
(𝐸⃗⃗ + 𝑣⃗ × 𝐵⃗⃗) ⋅ ∇𝑣𝑓𝑒 = 𝐶 (2.4) 

where 𝑓𝑒 is the single-particle distribution function for the electrons, 𝑚𝑒 is the 

electron mass, ∇ represents the gradient operator in the geometrical space, ∇𝑣 

represents the gradient operator in the velocity space, and 𝐶 represents the 

integral term considering the collisional processes faced by the electrons. Through 

the EBE it is possible to represent the whole electron population in a six-

dimensional space in a single equation. 

Nevertheless, the level of detail achieved by the mesoscale formulation is often 

unnecessary to describe the macroscopic behaviour of the system. In fact, for any 
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particle population - whether electrons or heavy species - the macroscopic 

quantities describing the thermodynamic state of the system can be obtained by 

solving partial differential equations (PDEs) derived from velocity-space moments 

of the Boltzmann equation. Specifically, the mass (or particle number), 

momentum, and energy balance equations can be obtained as the zeroth, first, and 

second moments of the Boltzmann equation, respectively as follows [3]: 

∫ [
𝜕𝑓𝑒
𝜕𝑡
+ 𝑣⃗ ⋅ ∇𝑓𝑒 −

𝑒

𝑚𝑒
(𝐸⃗⃗ + 𝑣⃗ × 𝐵⃗⃗) ⋅ ∇𝑣𝑓𝑒] 𝐹(𝑣⃗)𝑑3𝑣

Ω𝑣

= ∫ 𝐶 ⋅ 𝐹(𝑣⃗)𝑑3𝑣
Ω𝑣

(2.5) 

where Ω𝑣 is the velocity domain, 𝑑3𝑣 is a compact notation representing the three 

velocity coordinates (𝑑3𝑣 = 𝑑𝑣𝑥𝑑𝑣𝑦𝑑𝑣𝑧), and 𝐹(𝑣⃗) is a function of the velocity 

variable which selects the moments of the distribution [3]: 

𝐹(𝑣⃗) = 1 ⇒ 𝑛𝑒(𝑥⃗, 𝑡) = ∫ 𝑓𝑒𝑑3𝑣
Ω𝑣

(2.6) 

𝐹(𝑣⃗) = 𝑣⃗ ⇒ 𝑛𝑒 𝑢⃗⃗ = ∫ 𝑣⃗𝑓𝑒𝑑3𝑣
Ω𝑣

(2.7) 

𝐹(𝑣⃗) =
1

2
𝑚𝑒𝑣

2 ⇒ 𝑤 =
3

2
𝑛𝑒𝑘𝑏𝑇𝑒 +

1

2
𝑚𝑒𝑢

2𝑛𝑒 =
1

2
𝑚𝑒∫ 𝑣2𝑓𝑒𝑑3𝑣

Ω𝑣

(2.8) 

where 𝑛𝑒 is the electron particle (or number) density, 𝑢⃗⃗ is the electrons mean 

velocity, and 𝑤 is the particle kinetic energy per unit volume (with 
3

2
𝑛𝑒𝑘𝑏𝑇𝑒 internal 

energy and 
1

2
𝑚𝑒𝑢

2𝑛𝑒 flow of energy density, with 𝑘𝑏 the Boltzmann constant and 

𝑇𝑒 is the electron temperature). 

Integrating the EBE, it is possible to obtain the following macroscopic conservation 

equations: 

𝜕𝑛𝑒
𝜕𝑡
+ ∇ ⋅ (𝑛𝑒 𝑢⃗⃗) = 𝑆𝑒 (2.9) 

𝑚𝑒𝑛𝑒 [
𝜕𝑢⃗⃗

𝜕𝑡
+ (𝑢⃗⃗ ⋅ ∇)𝑢⃗⃗] = −𝑒𝑛𝑒(𝐸⃗⃗ + 𝑢⃗⃗ × 𝐵⃗⃗) − ∇ ⋅ Π̂ + 𝑓|𝑐

(2.10) 

𝜕

𝜕𝑡
(
3

2
𝑝𝑒) + ∇ ⋅

3

2
(𝑝𝑒 𝑢⃗⃗) + 𝑝𝑒∇ ⋅ 𝑢⃗⃗ + ∇ ⋅ 𝑞⃗ =

𝜕

𝜕𝑡
(
3

2
𝑝𝑒)|

𝑐

(2.11) 

where 𝑛 is the electron number density, 𝑢⃗⃗ is the electron mean velocity, and 𝑝𝑒 =

𝑛𝑒𝑘𝑏𝑇𝑒. 
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Some additional terms are also present in the equations: 

𝑆𝑖 =∑𝜈𝑖,𝑗
𝑛𝑒𝑡 [𝑘𝑗

𝑓
∏ 𝑛𝑞

𝜈𝑞,𝑗
𝑓𝑆

𝑞=1
− 𝑘𝑗

𝑟∏ 𝑛𝑞
𝜈𝑞,𝑗
𝑟𝑆

𝑞=1
 ]

𝑁

𝑗=1

(2.12) 

Π̂ = (
Π11 Π12 Π13
Π21 Π22 Π23
Π31 Π32 Π33

):  Π𝑖𝑗 = 𝑚𝑒𝑛𝑒⟨(𝑣𝑖 − 𝑢)(𝑣𝑗 − 𝑢)⟩𝑣
(2.13) 

𝑞⃗ = −𝜅𝑇∇𝑇𝑒 (2.14) 

where 𝜈𝑖,𝑗
𝑓

, 𝜈𝑖,𝑗
𝑟 , 𝜈𝑖,𝑗

𝑛𝑒𝑡 are the forward, reverse and net stoichiometric coefficients of 

the 𝑖-th species in the 𝑗-th reaction, 𝑘𝑗
𝑓
 and 𝑘𝑗

𝑟 are the forward and reverse rate 

coefficients of the 𝑗-th reaction (collision), 𝑛𝑞 is the 𝑞-th species density, 𝑣𝑖 is the 

single electron velocity magnitude in the 𝑖-th direction, 𝑢 is the mean velocity 

magnitude, ⟨⋅⟩𝑣 represents the averaging operator in the velocity space weighted 

on 𝑓𝑒, and 𝜅𝑇 is the thermal conductivity. The further parameters included in 

equations 2.10 and 2.11 (𝑓|
𝑐
 and 

𝜕

𝜕𝑡
(
3

2
𝑝𝑒)|

𝑐
) represent the effect of the collisional 

term 𝐶 in the momentum and energy conservation equations [3]. 

These equations introduce terms that are inherently linked to the mesoscale (e.g., 

reaction rate coefficients or thermal conductivity or the collisional terms), thus 

leading to a closure problem for the system. This problem can be addressed either 

by assuming a specific energy distribution for each particle family or by formally 

determining it directly from the Boltzmann equation.  

For heavy particles, such distribution assumption is generally well justified. In 

this case (except for ions), the forcing term is negligible. By considering a 

sufficiently homogeneous spatial region and modeling interactions between 

particles as binary collisions of hard spheres (i.e., neglecting effects on the energy 

distribution resulting from collisions not captured by this idealization), each 

population of heavy particles can be described analytically by a Maxwell–

Boltzmann distribution. This assumption allows the kinetic and transport 

parameters of these particles to be derived in closed form. For example, reaction 

rate constants for interactions between heavy particles can be approximated in the 

Arrhenius form [4]: 

𝑘𝑗 = 𝐴𝑗 exp(−
𝐸𝑎𝑗
𝑅𝑇
) (2.15) 
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with 𝐴𝑗 the preexponential factor, 𝐸𝑎𝑗 the activation energy of the reaction, 𝑇 the 

particle population temperature, and 𝑅 the ideal gas constant (𝑅 = 𝑘𝑏𝑁𝑎 with 𝑁𝑎 

the Avogadro constant). 

The Maxwellian distribution assumption, however, is generally not valid for 

electrons in low-temperature, weakly ionized plasma. In this case, electron-

electron collisions are relatively infrequent compared to the electron-heavy particle 

interactions. In such regimes, modeling electron kinetics through a predefined 

equilibrium distribution would lead overly restrictive approximations. As a result, 

the Boltzmann equation for electrons must be solved at least in the energy space 

to ensure a reliable approximation of the kinetic and transport coefficients 

required for the closure of the system of equations.  

2.3 Numerical modeling of plasma-chemistry 

So far, the mathematical formulations useful for studying plasma-chemical 

processes have been introduced at three different scales: microscopic (equation 

2.3), mesoscopic (equation 2.4), and macroscopic (equations 2.9 − 2.11). It has also 

been discussed how these three scales are closely interconnected and can be 

derived from one another through successive approximations. In this context, it is 

worth noting that the most suitable mathematical formulation depends on the 

scale required by the study of the phenomena of interest. 

In practical cases, the equations discussed above are solved through numerical 

simulation. Each scale introduces different mathematical formulations and 

therefore requires the adoption of distinct solution techniques. Among the main 

methodologies commonly employed in the numerical simulation of non-equilibrium 

plasmas are [5]: 

• Particle In Cell (PIC): this method is aimed at simulating the behaviour of 

a non-equilibrium plasma at the microscale (with good accuracy). A hybrid 

approach is often adopted. A discrete number of macro-particles is 

introduced (each representing a large number of real particles, to reduce 

computational cost) whose equations of motion are solved under the action 

of electromagnetic forces (equation 2. 1). These forces are computed from 

Maxwell’s equations on a computational grid discretizing the geometrical 

space in which particles move. In this framework, interactions between 

particles occur only through the electromagnetic fields which are directly 

affected by the charged particles. In other words, the plasma is formally 

modelled as collision-less (mathematically represented through the Vlasov 

kinetic equation). 
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• PIC-Monte Carlo (PIC-MC): This method represents a variant of the 

previously described PIC approach, designed to account for collisional 

interactions between particles (typically electrons and neutrals). The Monte 

Carlo methodology is added to the PIC framework to statistically estimate 

the occurrence of collisions between a macro-particle and the background 

gas and to identify their type based on input cross-section data. The energy 

and direction of motion of each particle selected as a collider are then 

modified according to the conservation laws of energy and momentum 

during the impact. This method enables the self-consistent determination of 

transport coefficients, reaction rates, and the electron energy distribution 

function, albeit at a higher computational cost and generally requiring a 

larger number of macro-particles compared to the PIC methodology. 

• Kinetic models: This type of method refers to the mesoscale and involves 

solving the EBE (equation 2.4) directly. More precisely, it approximates the 

EBE by focusing only on the distribution in energy space. In this context, 

one of the most known approaches (see for example Hagelaar et al. [6]), 

which is based on a series expansion in spherical harmonics of the single-

particle distribution function. In this method, the expansion is truncated at 

the second term (𝑓𝑒 ≈ 𝑓0 + cos(𝜃) 𝑓1, valid approximation for low electric field 

values), and the dependence on spatial and temporal variables is assigned 

solely to the electron density. This allows the introduction of the electron 

energy distribution function (EEDF) and the anisotropy of the distribution 

as unknowns, both functions of the electron kinetic energy only. By doing 

so, it is possible to obtain two ordinary differential equations for these two 

unknowns, which can be solved numerically as boundary value problems. 

Also in this case, it is possible to obtain the kinetic and transport parameters 

of the electron population by means of the EEDF. For example: 

𝑘𝑗 = 𝛾∫ 𝜀𝜎𝑗(𝜀)
∞

𝜀=0

𝐹0(𝜀)𝑑𝜀 (2.16) 

 with 𝛾 = √2𝑒/𝑚𝑒, 𝜀 the colliding electron energy (𝑒𝑉), 𝜎𝑗 the 𝑗-th collision 

cross section (𝑚2), and 𝐹0 the EEDF (𝑒𝑉−
3

2). 

• Fluid Models: this type of model refers to the macroscopic scale (equations 

2.9 to 2.11). The system is thus studied through local average quantities as 

functions of time and geometric space. As mentioned earlier, to ensure 

closure of the mathematical problem, it is necessary to provide input data, 

typically related to the reaction rate constants and the transport parameters 

of the particle populations (especially for the electron population). In this 
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context, estimates of these parameters can generally be obtained from 

literature data or from previous simulations at a smaller dimensional scale. 

A widely used example of a fluid model concerns drift-diffusion models, in 

which the solution of the momentum balance equation to determine the 

average velocity is avoided. Instead, the particle flux is approximated as 

resulting from electron mobility (𝜇𝑒) and diffusion (𝐷𝑒) coefficients 

according to the following equation (valid for electrostatic fields): 

𝑛𝑒 𝑢⃗⃗ = −𝜇𝑒𝑛𝑒 𝐸⃗⃗ − 𝐷𝑒∇𝑛𝑒 (2.17) 

having equation 2.9 become: 

𝜕𝑛𝑒
𝜕𝑡
= ∇ ⋅ (𝜇𝑒𝑛𝑒 𝐸⃗⃗ + 𝐷𝑒∇𝑛𝑒) + 𝑆𝑒(𝑘𝑗) (2.18) 

The electric field (𝐸⃗⃗) is usually coupled with the continuity equation by 

means of the Gauss law. 

In this context, the kinetic parameters (𝜇𝑒, 𝐷𝑒, 𝑘𝑗) have to be defined prior to 

the simulation execution. These parameters can be considered (with 

reasonable approximation) as functions of the mean electron energy (⟨𝜀⟩). 

The drift-diffusion model can then be extended by means of the local mean 

energy approximation (LEA) with the following equation [5]: 

𝜕(𝑛𝑒⟨𝜀⟩)

𝜕𝑡
+ ∇ ⋅ Γ⃗𝜀 = 𝑆𝜀 (2.19) 

where Γ⃗𝜀 is the mean electron energy flux, and 𝑆𝜀 represents an energy 

source (involving collisions and fields), which approximates equation 2.11. 

It is worth noting that both Γ⃗𝜀 and 𝑆𝜀 are determined by electron kinetic 

parameters (such as the energy mobility and diffusion coefficients), 

functions of the mean electron energy ⟨𝜀⟩. 

A common practice to ensure a good representation of the kinetic aspects of 

a plasma is to precompute the values of the needed kinetic parameters by 

means of a mesoscale approach and to tabulate them as functions of the 

mean energy, relying on interpolating estimations in the simulation’s 

runtime. 

• Global models: belonging to the macroscopic class, these models represent 

the computationally lightest among those described so far. They focus on 

solving and representing the system only in terms of time (i.e., they are zero-
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dimensional - 0D). Although this approximation significantly simplifies the 

dynamics of the processes, it allows this type of model to be applied for rapid, 

high-level simulations of extremely complex systems in terms of the number 

of chemical species involved. The associated mathematical modeling can be 

obtained by imposing spatial uniformity on the equations previously 

introduced for a drift-diffusion model under the LEA: 

𝜕𝑛𝑒
𝜕𝑡
= 𝑆𝑒(𝑘𝑗) (2.20) 

𝜕(𝑛𝑒⟨𝜀⟩)

𝜕𝑡
= 𝑆𝜀 (2.21) 

As mentioned before, also in this case electron kinetic parameters are 

required for the problem closure. 

• Hybrid models: these represent models obtained by coupling of the 

previously described techniques [7]. For example, due to their low 

computational demands, the majority of global models are coupled with 

kinetic models by default.  

In this context, the thesis focuses on an advanced global model development and 

application together with a batch coupling technique between global and fluid 

models based on Analytically Reduced Chemistry, a set of systematic approaches 

aimed at reducing the chemical complexity of detailed kinetic mechanisms by 

constructing simplified representations that retain the dominant kinetic pathways 

relevant to the conditions of interest, while significantly lowering the 

computational cost. 
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Chapter 3   

A Generalized Global Model Solver for 

Plasma Chemistry 

This chapter is based on the article: A. Marchetti, et al., “SPPARK – a novel 

generalized simulation tool for non-equilibrium plasma chemistry”, Journal of 

Physics D: Applied Physics, Vol. 58, pp. 315204, 2025, © The Author(s). Published 

by IOP Publishing Ltd. Reproduced with permission from the publisher. 

3.1 Preface 

This chapter introduces the rationale and methodology followed in the 

development of a simulation software for global models in non-equilibrium plasma 

chemistry (SPPARK - Simulation Platform for Plasma Assisted Reactive Kinetics), 

as described in the presentation paper of the solver – A. Marchetti, et al., “SPPARK 

– a novel generalized simulation tool for non-equilibrium plasma chemistry”, 

Journal of Physics D: Applied Physics, Vol. 58, p. 315204, 2025. The software is 

based on the coupling between Bolsig+ (for which a Python wrapper has been 

developed) and Cantera, ensuring an accurate resolution of the electron Boltzmann 

equation and a robust representation of the reaction thermodynamics linked to 

thermochemistry. The solver is also benchmarked for validation against the state-

of-the-art solver ZDPlasKin, both to demonstrate its accuracy in case studies that 

can likewise be handled by ZDPlasKin, and to highlight its capability to address 

scenarios that ZDPlasKin cannot manage with the same level of detail (e.g., 

reaction thermodynamics dependent on the gas temperature). 

Within the context of this thesis, the solver introduced here is the one employed 

for every simulation subsequently reported. Since it is built upon Cantera, it 

readily supports the multizone approach (here described in Section 3.4.3.2) that 

constitutes the focus of Chapter 4. Moreover, the plasma chemistry reduction 

methodology introduced in Chapter 5 is directly based on the results and classes 

provided by the solver and is implemented as an additional module integrated into 

the software. 
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3.2 Abbreviations 

GHG: Greenhouse gas 

ODE: Ordinary Differential Equation 

EBE: Electrons Boltzmann Equation 

EEDF: Electron Energy Distribution Function 

LFA: Local Field Approximation 

LEA: Local mean Energy Approximation 

PSR: Perfectly Stirred Reactor 
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3.3 Introduction 

In the context of global climate crisis, the interest towards environmental 

sustainability of chemical processes is arising. To reduce the industry impact on 

greenhouse gasses (GHGs) production, plasma technologies have demonstrated to 

be a possible path for the chemical industry electrification, inducing a large 

interest in the scientific community. Some examples of the most studied plasma-

chemical processes are: methane pyrolysis to split CH4 and produce hydrogen and 

various carbon allotropic forms and nanostructures [1–7], low temperature 

methane oxidation to decrease the GHGs emissions [8–11]; methane coupling with 

the aim of C2 and C3 hydrocarbons production [12–17], nitrogen fixation for 

ammonia and fertilizers synthesis [18–25], carbon dioxide splitting [26–33], 

ammonia cracking [34–37] and carbon dioxide hydrogenation [38–43]. 

In a plasma, electrical power is coupled with the gas particles thanks to the 

charged particles susceptibility to electro-magnetic fields. Due to their low inertia, 

most of the energy is acquired by electrons and part of it is ceded to the gas (heavy) 

particles through collisions. Whenever the number of collisions per unit time is not 

high enough to thermally equilibrate electrons and heavy particles, the plasma is 

in non-equilibrium (i.e. a single temperature is not sufficient to describe the 

energies in the system). This characteristic is particularly interesting in chemical 

processes. In fact, it allows new reaction pathways to occur that otherwise would 

not be relevant at equal gas temperatures [44]. Moreover, plasma-chemical 

processes may present fast gas temperature raises as the system proceeds toward 

equilibrium [45,46].  

On the other hand, these characteristics grant plasma-chemical interaction 

mechanisms high complexity: a large number of reactive species are coexisting in 

the system; the chemical kinetics is characterized by multiple timescales; the 

phenomena are presenting a multiphysics nature. This often leads to the need of 

numerical models to achieve insights on the founding mechanisms of the process. 

In this context, a plasma chemistry solver is a numerical solver focusing on the 

zero-dimensional (0D) time-dependent evolution of the chemical system. Its 

general structure includes an ordinary differential equation (ODE) solver coupled 

with a Boltzmann solver, which is a numerical solver for the electron Boltzmann 

equation (EBE). The purpose of the ODE solver is to determine the time evolution 

of variables of interest. Concurrently, the Boltzmann solver computes the kinetic 

energy distribution of the electron population (Electron Energy Distribution 

Function - EEDF). This distribution is used to determine the electron population 

properties that are influencing the overall chemical kinetics. Among the available 

Boltzmann solvers, Bolsig+ [47] is one of the most used, granting high 

customization of the hypothesis influencing electron kinetic modeling. Bolsig+ is 
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actively coupled with different ODE solvers in most of the plasma-chemistry 

solvers [48–52] through embedded versions limiting the model customizability.  

Some of the models, for example the one adopted by ZDPlasKin [48] and Plasimo 

[49], are more focused on the pure non-equilibrium plasma phenomena description. 

In fact, they allow users to include non-equilibrium reaction rate constants (i.e. 

dependent on the temperature, drift velocity or diffusivity of electrons), to use 

signals of electrical power densities coupled to the plasma directly as an electron 

solicitation (through power coupling models) for the EBE solution and to decouple 

the collisions utilized in the Boltzmann solver from the ones included as chemical 

reactions in the ODE solver. On the other hand, these kinds of solvers lack 

chemical model customizability as they are generally limited to Perfectly Stirred 

Reactor models with a poor description of the reaction thermodynamics of the 

system as they may require users to define a constant value of reaction enthalpy 

for each reaction. 

On the other hand, some plasma-chemistry solvers are being developed based on 

more complex thermochemical solvers [50,51]. One of the most used is Cantera 

[53], a free-ware open-source code highly used in the chemistry modeling 

community, making use of its rigorous system thermodynamic modeling and 

customizability. From the reaction thermodynamics perspective, Cantera offers 

the possibility to include species thermodynamic properties as functions of the gas 

temperature, thus influencing the heat release (or absorbtion) from reactions 

during the computations. The plasma-chemistry solvers based on Cantera include 

a Boltzmann solver, e.g. BOLOS [50] and its C++ version CppBOLOS [51], to 

manage the electron collisional processes but are not including custom defined non-

equilibrium reactions nor power coupling models to input power density signals to 

the EBE solver. 

To enlarge the physical representativeness of plasma-chemistry models, a novel 

solver, SPPARK (Simulation Platform for Plasma Assisted Reactive Kinetics), has 

been developed by the Authors based on a Cantera - Bolsig+ coupling. The coupling 

aim is granting chemical rigorousness and flexibility of application together with 

full customizability of the physical hypothesis influencing the EBE solution with 

the objective of filling the gaps between the two families of plasma-chemistry 

solvers, providing researchers with an open-source environment to simulate 

complex plasma-chemical processes. In this sense, SPPARK is able to: include 

electron collision processes in Cantera chemistry sets; include non-equilibrium 

reactions with arbitrary complex reaction rate constants; make use of power 

coupling models or electric circuit schemes to extract the electron solicitation to 

feed Bolsig+ with; deal with eterogeneous plasma-gas mixtures; include multizone 
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modeling of plasma sources; use the formulations available in Cantera to represent 

the species thermodynamic properties as a function of gas temperature. 

The present work describes the SPPARK solver, the plasma-chemistry models 

currently included, and the methodology adopted for Cantera-Bolsig+ coupling. A 

validation of the software is also presented comparing SPPARK computations 

against data obtained with the widely adopted ZDPlaskin [48] code using reaction 

mechanisms describing a N2 plasma and an Ar plasma under multiple operating 

conditions. Moreover a simple CH4 splitting model is included to further argue on 

the necessity including a rigorous thermodynamic representation of the system for 

applications with large ranges of temperature variability.  

3.4 Model description 

A plasma-chemistry model aims to the detailed representation of the chemical 

mechanisms that occur in a plasma. The goal can be reached by describing the 

phenomena existing in the plasma discharge and the effects that these have on the 

state of the gas. First of all, electron collisions should be included in the model as 

they allow energy to be transferred from electrons to heavy particles. These 

collisions, together with the electromagnetic field intensity, are responsible for the 

overall behaviour of the electron population as a swarm of particles (i.e. their mean 

energy ⟨𝜀⟩, their diffusion coefficient 𝐷𝑒, their mobility coefficient μ etc.). Through 

collisions, which are considered as chemical reactions, electrons can drive energy 

to the mean kinetic energy of the gas particles (their temperature) or to their 

internal energy (i.e. exciting their electronic state). Species produced by electron 

collisions are reacting in the gas system. As these particles state is shifted from 

the macroscopic equilibrium (i.e. the equilibrium state defined by the gas 

temperature in low ionization plasmas), the rates of the reactions they are involved 

in are generally a function of the overall plasma state (i.e. are also dependant on 

the electron swarm coefficients) and so cannot be analytically expressed through 

simple Arrhenius rate constants. All of these aspects are addressed in SPPARK 

through the Cantera-Bolsig+ coupling rationale schematically represented in 

Figure 3.4.1. 
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Figure 3.4.1 Cantera-Bolsig+ coupling conceptual scheme. Boxed are represented the specific 

tasks attributed to each solver. Arrows indicate the data transfer between the two: the system 

thermodynamic state and electron solicitation from Cantera to Bolsig+ and the electron swarm 

parameters from Bolsig+ to Cantera. 

The coupling involves Bolsig+ to solve the EBE, obtaining the EEDF from which 

the electron collisions rates (𝑘𝑗) and the kinetics parameters can be derived, and 

Cantera to compute the electron solicitation for Bolsig+ through power coupling 

models and to time integrate the ODEs to obtain the new plasma state (its 

temperature 𝑇, pressure 𝑝, molar fraction 𝑥𝑗 and electron density 𝑁𝑒,𝑝) at each 

timestep. 

In this section, the theoretical model representing electron collisions, non-

equilibrium processes, power coupling models, electron effects on gas temperature 

and heterogeneous plasma interactions are described. Furthermore, the adopted 

strategies to include electron collisions and non-equilibrium reactions in objects 

derived from Cantera classes together with the methodology of synchronized 

coupling of Bolsig+ during the time integration are introduced. 

3.4.1 Plasma chemical kinetics 

Electron collisions are the driving force of the non-equilibrium chemical 

processes taking place in a plasma. In general, electron collisions are considered 

as binary reactions with the heavy species being targeted by the impact assumed 

to be stationary [54]. By convention, collisions can be classified as: elastic when the 

energy ceded by the colliding electron is conveyed in the kinetic energy of the heavy 

target particles; inelastic when the energy transfer from the electron results in a 

variation of the internal energy of the target particle. Macroscopically, elastic 

collisions lead directly to a raise of the gas temperature whilst the inelastic 

collisions in the production of new chemical compounds (generally unstable); these 

can be electronically excited states of a species, rovibrationally excited states of 
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molecules, ions and radicals. Each of the produced species will then interact with 

the whole system of particles resulting in a superposition of thermochemical, 

electron kinetics and non-equilibrium mechanisms. The last two reaction 

mechanisms require the definition of rate constants (𝑘𝑗).  

Electron collisions rate constants are obtained directly from their cross-section by 

the following integral formulation: 

𝑘𝑗
𝑐𝑜𝑙𝑙,𝑓

= 𝛾∫ 𝜀
∞

0

𝜎𝑗(𝜀)𝐹(𝜀) 𝑑𝜀 (3.1) 

where, 𝜎𝑗(𝜀) (𝑚
2) represents the cross-section of the j-th collision, 𝐹(𝜀) (𝑒𝑉−3/2)  the 

EEDF, 𝜀 (𝑒𝑉) the kinetic energy of the colliding electron and 𝛾 = (
2𝑒

𝑚𝑒
)
1/2

 a constant 

with 𝑒 (𝐶) and 𝑚𝑒 (𝑘𝑔) electron charge and mass respectively. In case of super-

elastic collisions (i.e., collisions in which energy is transferred from excited or 

metastable particles back to the electrons, consistent with microscopic 

reversibility), the inverse rate constant is determined through the following 

expression [47] from the direct (excitation) collision cross-section (𝜎𝑗). 

  

𝑘𝑗
𝑐𝑜𝑙𝑙,𝑖 =

𝑔ℎ
𝑔𝑙
⋅ 𝛾 ∫ (𝜀 − 𝑈𝑗)

∞

0

𝜎𝑗(𝜀 − 𝑈𝑗)𝐹(𝜀) 𝑑𝜀 (3.2) 

where 
𝑔ℎ

𝑔𝑙
 is the statistical weight ratio between the forward collision products (𝑔ℎ) 

and the forward collision reactants (𝑔𝑙) and  𝑈𝑗  (𝑒𝑉) is the threshold energy of the 

excitation collision. 

The EEDF can be obtained by solving the electron Boltzmann equation [47] (a more 

detailed description is provided in Section 2.2): 

𝜕𝑓

𝜕𝑡
+ 𝑣⃗ ⋅ ∇𝑓 −

𝑒

𝑚𝑒
𝐸⃗⃗ ⋅ ∇𝑣𝑓 = 𝐶 (3.3) 

where 𝑓 is the electron distribution in the six-dimensional phase space, 𝑥⃗ and 𝑣⃗ are 

respectively the vector of space and velocity coordinates, 𝐸⃗⃗ is the electric field and 

𝐶 is the collision integral term of the equation. 

On the other hand, the non-equilibrium reactions rate constants are usually 

expressed in analytical formulations depending on both the gas overall 

thermodynamic state and electron kinetic parameters (i.e. electron temperature, 

mobility and diffusion coefficients) also obtained from the EEDF [47]: 
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𝑘𝑗
𝑛𝑒𝑞 = 𝑘𝑗

𝑛𝑒𝑞(𝑇𝑔𝑎𝑠, 𝑇𝑒 , 𝜇𝑒 , 𝐷𝑒 , … ) (3.4) 

3.4.2 Power coupling models 

As described in [47], the external solicitation required for the EEDF equation 

solution is the reduced electric field 𝐸/𝑁 (with 𝐸 electric field magnitude and 𝑁 

heavy particles number density). In general, the reduced electric field is 

laboriously measured, thus, to extend experimental data availability, deposited 

power density values are more often used as the electron solicitation [3,55,56]. For 

this reason, to solve the EEDF equation, which explicitly depends on the reduced 

electric field value [47], using the deposited power density, a correspondence 

between power densities and reduced electric fields values is required. This is 

obtained through power coupling models. Among the available ones, two are here 

described. The first algebraic model utilizes the Local Field Approximation (LFA) 

[54] to obtain 𝐸/𝑁 (𝑇𝑑) directly from the deposited power density: 

𝐸

𝑁
=
1

𝑁
√

𝑃𝑝̃

𝑁𝑒,𝑝𝑒𝜇𝑒
 ⋅ 1021 (3.5) 

where 𝑁 is the heavy particles number density (𝑚−3), 𝑃𝑝̃ is the deposited power 

density in the plasma (𝑊/𝑚3), 𝑁𝑒,𝑝 is the electron number density (𝑚−3) in the 

plasma and 𝜇𝑒 is the electron mobility (𝑚2/(𝑉 ⋅ 𝑠) ). This relation is obtained by the 

Joule heating equation: 

𝑃𝑝̃ = 𝜎𝐸
2 (3.6) 

where the approximation 𝜎 ≈ 𝑁𝑒,𝑝𝑒𝜇𝑒 is introduced making the whole power 

coupling model hold for low excitation frequencies [54]. 

The second model is generally more accurate as it relies on the homogeneous Local 

mean Energy Approximation (LEA) [57] (see Section 2.3) from which the following 

equation can be obtained and solved to compute the mean electron energy (⟨𝜀⟩ −

 𝑒𝑉): 

𝑑⟨𝜀⟩

𝑑𝑡
=
1

𝑁𝑒,𝑝
(
𝑃𝑝̃

𝑒
− 𝑄𝑒𝑙 − 𝑄𝑖𝑛 − ⟨𝜀⟩

𝑑𝑁𝑒,𝑝

𝑑𝑡
) (3.7) 

where 𝑄𝑒𝑙 and 𝑄𝑖𝑛 are the powers deposited (lost) by electrons respectively in elastic 

and inelastic collisions (𝑒𝑉/𝑠). Both 𝑄𝑒𝑙 and 𝑄𝑖𝑛 can be computed from the EEDF 

[47] as follows: 
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𝑄𝑒𝑙 = 𝑁𝑒,𝑝𝑁 ∑ 𝛾𝑥𝑗
2𝑚𝑒
𝑀𝑗

∫ [𝜎𝑗 (𝜀
2𝐹 +

𝐾𝑏𝑇

𝑒

𝜕𝐹

𝜕𝜀
)] 𝑑𝜀

∞

0

 

𝑗=𝑒𝑙𝑎𝑠𝑡𝑖𝑐

(3.8) 

𝑄𝑖𝑛 = 𝑁𝑒,𝑝𝑁 ∑ 𝑈𝑗𝑥𝑗(𝑦𝑗
𝑙𝑜𝑤𝑘𝑗

𝑐𝑜𝑙𝑙,𝑓
− 𝑦𝑗

𝑢𝑝𝑘𝑗
𝑐𝑜𝑙𝑙,𝑖)

𝑗=𝑖𝑛𝑒𝑙

(3.9) 

Where 𝑥𝑗 and 𝑀𝑗 are respecitvely the molar fraction (considering just the heavy 

particles) and the mass (𝑘𝑔) of the chemical species involved in the j-the collision, 

𝐾𝑏 the Boltzmann constant (𝐽/𝐾), 𝑇 the gas temperature, 𝑈𝑗 the energy threshold 

of the j-th collision (i.e. the chemical bond energy for a dissociation, the energy gap 

between two electronic shells, etc…) and 𝑦𝑗
𝑙𝑜𝑤 and 𝑦𝑗

𝑢𝑝
 the population fractions in 

the lower and upper excited states. The 𝐸/𝑁 value is then obtained by matching 

mean electron energy obtained by equation 3.7 with the one obtained by [47]: 

⟨𝜀⟩ = ∫ 𝜀
3
2

∞

0

𝐹(𝜀) ⅆ𝜀 (3.10) 

with 𝐹 being obtained by the solution of the EEDF equation with the target 𝐸/𝑁 

value as an input.  

3.4.3  Heterogeneous phase plasma interactions 

In many systems the generated plasma phase is in contact with electrodes 

and reactor walls. For this reason, including heterogeneous phase plasma-solid 

interaction is fundamental to comprise the additional charged particles losses. 

Moreover, many plasma discharges cannot be considered to be homogeneous, being 

characterized by an admixture of gas and plasma phases (Figure 3.4.2). The 

plasma-boundary interactions and plasma-gas mixtures models adopted by the 

Authors are here described.  
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Figure 3.4.2 Abstract representation of a plasma reactor including walls, electrodes and plasma-

gas interfaces 

3.4.3.1 Plasma-boundary interactions. 

Heterogeneous plasma-solid interactions can be described by means of 

surface interactions at the interfaces between the plasma and the solid phases. 

These interfaces can be represented as catalytic solid interfaces being 

characterized by an area (𝐴) and a density of active sites (𝑆𝑑). In addition, the loss 

mechanisms can be included as surface reactions occurring on the surface of the 

catalyst. The here presented model refers to two types of plasma-solid interfaces: 

Walls and Electrodes. Wall interfaces allow species to stick to their surfaces 

introducing additional loss terms for the species interacting with them. On the 

other hand, Electrode interfaces are characterized by permeability to electrons. A 

solid phase must then be included to function as a reservoir of solid electrons to be 

ceded (in a cathode electrode) or to be extracted (in an anode electrode) from the 

Electrode interfaces. The plasma solid interactions are particularly relevant to 

include charged particles losses to the system boundaries. The model adopted by 

the Authors allows to consider these losses through the definition of a transport 

loss frequencies (𝜈𝐿) and to determine the loss rate constant; in the following 

example, a general mechanism of electron loss to an anode interface (represented 

by an anode active site 𝐴(𝑆)) is presented. 

{
 
 

 
 𝑒− + 𝐴(𝑆)

𝑘0
⇒  𝐴(𝑆)−

𝑘1
⇒𝐴(𝑆) + 𝑒𝑎𝑛𝑜𝑑𝑒

−

𝑘0 = 𝜈𝐿 ⋅
𝑉

𝐴
⋅
1

𝑆𝑑
𝑘1 = 𝑘1 ≫ 𝑘0

(3.11) 
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In the above expression 𝑘0 represents the plasma-to-surface loss mechanism rate 

constant, whilst 𝑘1 represents the anode restoration rate constant with 𝑉 being the 

plasma volume. The 𝑘1 constant is arbitrarily chosen to be much greater than 𝑘0 

to ensure the instantaneous restoration of the active sites of the electrode. 

Many expressions to include charged particles transport losses 𝜈𝐿 in 0D plasma-

chemistry modeling have been presented by Alves et al. depending on the dominant 

discharge phenomena [58]. 

3.4.3.2 Plasma-gas mixtures. 

To extend the applicability of the model to non-homogeneous plasma 

discharges two approaches are here introduced. The first one makes use of the 

same principle used for plasma-solid interactions. If a plasma-gas interface can be 

properly defined, the transport of species between the two phases can be modelled 

introducing a fictitious surface of voids (𝑉(𝑆)). Doing so, a transport frequency (𝜈𝜏) 

can be used to model the exchanges between the two phases as in the following 

example: 

{
  
 

  
 𝑋

(𝑝) + 𝑉(𝑆)
𝑘0
⇔
𝑘1
 𝑉(𝑆) + 𝑋(𝑔)

𝑘0 = 𝜈𝜏
(𝑝) ⋅

𝑉𝑝
𝐴
⋅
1

𝑆𝑑

𝑘1 = 𝜈𝜏
(𝑔)
⋅
𝑉𝑔

𝐴
⋅
1

𝑆𝑑

(3.12) 

 with 𝑘0 being the plasma-to-gas transport rate constat, 𝑘1 the gas-to-plasma one 

and 𝑋(𝑝), 𝑋(𝑔) referring to the same 𝑋 species considered in the plasma and gas 

phase respectively. 𝑉𝑝 and 𝑉𝑔 here represent the plasma and gas phases volumes 

respectively whilst 𝜈𝜏
(𝑝)

 and 𝜈𝜏
(𝑔)

 the plasma-to-gas and gas-to-plasma transport 

frequencies. 

If the plasma-gas interface cannot be easily defined (i.e. the two phases are 

strongly mixed), a second approach can be used by introducing a volume weighted 

approximation. Assuming that free electrons are present only in the homogeneous 

plasma phase, the EBE can be solved by considering a higher density electron 

population obtained by the global (mean) electron density as: 

𝑁𝑒,𝑝 =
𝑁𝑒
𝜑

(3.13) 

where 𝑁𝑒 is the electron number density in the whole volume and the term 𝜑 =
𝑉𝑝

𝑉𝑡𝑜𝑡
, 

with 𝑉𝑝 the plasma volume and 𝑉𝑡𝑜𝑡 the total volume, is the plasma to total volume 
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ratio. Under this approximation, the collisions rate constants and electron kinetic 

parameters are calculated as in a pure-plasma homogeneous system, but their 

overall effect is downscaled by considering an available population of 𝑁𝑒 particles 

to be able to support the non-equilibrium processes. 

3.4.4 Implementation in Cantera 

The previous sections highlighted the need of a closed coupling between 

Cantera and Bolsig as summarized in Figure 3.4.3.  

 

Figure 3.4.3 Single time-step Cantera-Bolsig+ coupling algorithm. At the beginning of the time-

step the Bolsig+ gas state is synchronized (1) accordingly with the results obtained by Cantera in 

the ODE time integration together with the reduced electric field value relative to the simulation 

time (either imposed or computed by the power coupling model of choice). Bolsig+ is then called (2) 

to solve the electron Boltzmann equation and extract the electron transport and kinetic parameters 

which are parsed and fed back to the PlasmaSolution object (3) to update the rate reaction 

constants. Ultimately, the time integration of the ODEs at the current simulation time is 

effectuated (4) providing the results necessary for the new time-step 

Bolsig+ is freely available as an executable file. Its command line operated version 

elaborates the user requests delivered in a text file. The input file contains the 

hypothesis on the electron kinetics model, the path to the cross-section data file 

and the path to the output text file. To couple Cantera and Bolsig+ in a python 

environment, a python wrapper to write the inputs, execute the simulation and 

read the results has been developed. To ensure the consistency of the electron 
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kinetic simulation with the plasma-gas system state the wrapper consists of a 

system of python classes representing species, reactions and the whole particles 

system which allows the runtime coupling of the two codes. 

In SPPARK the single timestep operations are executed as follows and 

summarized in Figure 3.4.3: at first a synchronization of the Bolsig+ hypothesis to 

a PlasmaSolution (the SPPARK Solution class inheriting its attributes and 

methods from the Cantera Solution class) state is performed; secondly, a call of 

Bolsig+ computes the electron collisions rates and the electron kinetics parameters 

for the non-equilibrium reaction rates, which are parsed from the Bolsig+ output 

text file; non-equilibrium rates are computed and the numerical values of electron 

collisions and non-equilibrium rate constants are updated in the PlasmaSolution 

object; afterwards the time integration in Cantera is carried out obtaining a new 

state for the PlasmaSolution object allowing the next timestep to occur. The 

runtime coupling of the two solvers is obtained through the ExtensibleReactor 

classes available in Cantera by modifying the constitutive equations to consider 

the plasma effects on the system. 

Depending on the application, users can select the ExtensibleReactor of choice and 

apply the same coupling procedure previously described. 

To further clarify the procedures required to consider electron collisions and non-

equilibrium reactions in Cantera, represented by point (3) in Figure 3.4.3, Figure 

3.4.4 provides an in-depth scheme of the rate constants update. These operations 

are executed in the after_get_state method of the ExtensibleReactor class before the 

evaluation of the ODEs terms is performed in its after_eval method. 
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Figure 3.4.4 Detailed description of the Bolsig+ results coupling to reaction rate constants. The 

terms highlighted in red are results directly parsed from the Bolsig+ output files which are used in 

the after_get_state method of the ExtensibleReactor class of Cantera to modify the rate constants of 

electron collisions and non-equilibrium reactions. 

3.4.4.1 Plasma chemical kinetics  

The electron collision rate constants computation requires the integration of 

the cross-section of the reaction weighted on the EEDF, as described in equation 

3. 1. Concurrently, non-equilibrium reactions are strongly dependent on the 

electron kinetic parameters. In Cantera the definition of user defined rate 

constants is implemented by the use of CustomRate and ExtensibleRate classes. 

The first one presents a strong limitation since it allows the definition of a custom 

function for the rate computation only dependent on the gas temperature. The 

other can take all the thermodynamic data from a Solution object and use it to 

evaluate the rate. Although the latter is a positive feature, the implementation of 

a new rate requires a new class definition for each additional reaction, which is not 

suitable for large chemistry sets. By virtue of these considerations, two different 

approaches have been applied for electron collisions and non-equilibrium 

reactions. The first are treated as constant Arrhenius rates whose values are 

updated each timestep using the results obtained from Bolsig+. For this reason, 

the reactions are first defined through the cross-section data in the Bolsig+ input 

text file and then coupled to Cantera Reaction objects. Additionally, users can 

selectively choose which subset of the electron collisions used in Bolsig+ to compute 

the EEDF to include in the ODE time integration. For the second type of reactions, 

the customized class CustomPlasmaReaction is introduced. This class takes the 
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reaction equation, a reaction order and a python function as inputs. The python 

function is user defined and returns the rate constant value. Each instance of this 

class is then associated with a Cantera Reaction object in a PlasmaSolution object 

whose rate is updated at each timestep. Furthermore, electron inelastic collisions 

and some non-equilibrium reactions (i.e. some radiative relaxations of 

electronically excited species) should not directly influence the gas temperature 

computation. For this reason, all the inelastic collisions and the subset of 

CustomPlasmaReaction objects are extracted in the PlasmaSolution class as no-

heat reactions, whose reaction enthalpy will not be considered in the heat equation. 

3.4.4.2 Power coupling models.  

To include the two power coupling models (equations 3.5 and 3.7) in the 

runtime coupling, they have been introduced in two ExtensibleReactor classes. The 

LFA model (equation 3.5) is simply included in the after_get_state method of the 

class whilst the LEA model (equation 3. 7) is included in its after_eval method. 

3.4.4.3 Heterogeneous plasma interactions.  

To ensure the maximum freedom in modeling transport phenomena, an 

additional PlasmaInterface class (inheriting from the Cantera Interface class) has 

been introduced. The class has the possibility of including CustomPlasmaReaction 

objects defining the rate constants of transport losses or gains of the adjacent 

phases. Regarding the Electrode boundaries the PlasmaInterface is coupling the 

ExtensibleReactor containing the PlasmaSolution with a 

ConstPressureMoleReactor containing a fixed-stoichiometry phase representing the 

solid electrode phase. On the other hand, the gas-plasma interface for plasma-gas 

mixtures modeling can be represented by a PlasmaInterface as well connecting two 

ExtensibleReactors for the two PlasmaSolutions. Even if it does not include 

charged particles, the choice of representing the gas through a PlasmaSolution 

allows the inclusion non-equilibrium reactions that may occur between the 

transported species. 

3.5 Validation Results 

The code validation has been performed against the ZDPlasKin solver [48] on 

three chemistries. To ensure the comparability of the results, the same conditions 

available in the model adopted by ZDPlasKin were replicated in SPPARK. The first 

chemistry refers to an N2 discharge under a simple custom power pulse solicitation. 

The second chemistry refers to an Ar plasma ignited under a continuous (DC) 

voltage signal, coupled to the chemistry through a simple circuit model, 

considering a multicomponent EBE solution and charged species losses due to 

ambipolar diffusion. The third chemistry, referring to a CH4 discharge, is 

ultimately presented to introduce an example to further discuss on the potential 
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differences in non-isothermal plasma-chemistry simulations when adopting a 

rigorous gas thermodynamic approach. 

3.5.1 N2 discharge 

A homogeneous (𝜑 = 1), closed Perfectly Stirred Reactor (PSR) with a volume 

of 1 𝑚3 was chosen to represent the discharge domain. The adopted chemistry set 

represents a N2 discharge at 1 bar and is freely available in the ZDPlasKin website. 

The gas temperature was set constant at 298.15 K. The electron solicitation was 

provided as deposited power density (Figure 3.5.1) under the LFA model as 

additional ODEs cannot be included in the ZDPlasKin equation system. 

In Figure 3.5.2 the results on the electron density and reduced electric field 

computed by SPPARK are shown against the same values obtained by ZDPlasKin. 

Figure 3.5.3 shows the computations of both solvers on heavy species number 

densities. The results show a good agreement between the two solvers 

computations. The maximum relative errors between the two have been calculated 

and are shown in Figure 3.5.4 proving the almost exact equivalence in the two 

different solvers. Replicating the same approach, the code has been tested on 

multiple cases with varying power signals, pressure and temperatures showing a 

good agreement between results (Figure 3.5.5, Figure 3.5.6 and Figure 3.5.7). Since 

SPPARK employs an adaptive time-stepping scheme both for computation and for 

storing results, while ZDPlasKin restricts output to user-defined time instants, a 

time interpolation of the SPPARK simulation results was performed to enable a 

direct comparison at the same output times. It is worth noting that the minor 

discrepancies observed between the results may be attributed to this interpolation 

procedure. The SPPARK executions took an average of 3 minutes and 31.12 

seconds whilst the ZDPlasKin executions took 1 minute and 2.81 seconds.  
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Figure 3.5.1 Power density signal provided to the simulation 

 

Figure 3.5.2 Electron number density (blue) and reduced electric field (red) results comparison 

between ZDPlasKin (continuous line) and SPPARK (dots) simulations for a pure N2 plasma at a 

constant temperature of 298.15 K and 1 bar of pressure 
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Figure 3.5.3 Heavy particles number densities results comparison between ZDPlasKin 

(continuous line) and SPPARK (dots) simulations for a pure N2 plasma at a constant temperature 

of 298.15 K and 1 bar of pressure. 
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Figure 3.5.4 Maximum relative error (in percent) between the SPPARK and ZDPlasKin 

computation 

 

Figure 3.5.5 Electron number density (blue) and reduced electric field (red) results comparison 

between ZDPlasKin (continuous line) and SPPARK (dots) simulations for a pure N2 plasma at: (a) 

a constant temperature of 298.15 K, 2 bar of pressure and 104 W/cm3 of peak deposited power 

density; (b) a constant temperature of 500 K, 1 bar of pressure and 104 W/cm3 of peak deposited 

power density; (c) a constant temperature of 298.15 K, 1 bar of pressure and 7.5 ⋅ 103 W/cm3 of peak 

deposited power density. 
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Figure 3.5.6 Heavy particles number densities results comparison between ZDPlasKin 

(continuous line) and SPPARK (dots) simulations for a pure N2 plasma at: (a) a constant 

temperature of 298.15 K, 2 bar of pressure and 104 W/cm3 of peak deposited power density; (b) a 

constant temperature of 500 K, 1 bar of pressure and 104 W/cm3 of peak deposited power density; 

(c) a constant temperature of 298.15 K, 1 bar of pressure and 7.5 ⋅ 103 W/cm3 of peak deposited 

power density. 
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Figure 3.5.7 Maximum relative error (in percent) between the SPPARK and ZDPlasKin 

computations at: (a) a constant temperature of 298.15 K, 2 bar of pressure and 104 W/cm3 of peak 

deposited power density; (b) a constant temperature of 500 K, 1 bar of pressure and 104 W/cm3 of 

peak deposited power density; (c) a constant temperature of 298.15 K, 1 bar of pressure and 7.5 ⋅ 
103 W/cm3 of peak deposited power density. 

3.5.2 Ar discharge 

A plasma chemistry set comprising charged particles transport loss 

mechanisms due to ambipolar diffusion in an Ar plasma is available for 

ZDPlasKin. The considered plasma system represents a homogeneous Ar plasma 

at a pressure of 100 torr and a constant temperature of 300 K in a cylindrical 

reactor having a radius (𝑟) of 4 mm and a gap (𝑑) between electrodes of 4 mm. The 

electron solicitation was provided in the form of reduced electric field values by 

coupling a simple circuit model composed of a DC voltage generator and a series of 

a ballast resistor and a plasma resistance representing the discharge, while 

neglecting the voltage drop across the sheaths, to the plasma-chemistry model. 

Even if the circuit model might not be the best representation of a plasma-electrical 

behaviour, it has been implemented to further compare SPPARK computations 

against ZDPlasKin. The DC voltage signal (𝑈) was set at 1 𝑘𝑉 with a ballast 

resistor (𝑅) of 1 𝑘Ω. The plasma resistance was calculated through the plasma 

conductivity (𝜎 ≈ 𝑁𝑒,𝑝𝑒𝜇𝑒) accordingly with the time-evolving electron density and 

mobility. In SPPARK, the circuit is coupled with the chemistry by providing the 

circuit net to an ExtensibleIdealGasMoleReactor object from Cantera, adapted to 

explicitly solve the circuit voltage and current equations and the reduced electric 

field has been computed from the voltage drop across the plasma resistance. This 
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feature allows to generalize the applicability of the approach to an arbitrary circuit 

net which is automatically translated from its components and circuit nodes 

definition to the constitutive circuit equations. To ensure a smooth evolution of the 

plasma conductivity in time, the time step has been limited to a maximum of 1 𝑛𝑠. 

In ZDPlasKin the coupling has been performed as implemented in the in the 

reference example as expressed in equation 3.14. 

{
  
 

  
 

𝐽 = 𝑒(𝜋𝑟2)𝑁𝑒𝑣𝑑

(
𝐸

𝑁
)
test
=
1

𝑁

𝑈

𝑑 +
𝑅𝐽

10−17𝐸(𝜏) + 10−99

𝐸

𝑁

(𝜏+1)

= 0.5 [(
𝐸

𝑁
)
test
+ |(

𝐸

𝑁
)
test
|]

(3.14) 

 

where 𝐽 is the electron current (𝐴), 𝑒 is the electron charge (𝐶), 𝑁𝑒 is the electron 

number density (𝑐𝑚−3), 𝑣𝑑 is the electron drift velocity, 𝑁 is the neutral particles 

density (𝑐𝑚−3), 𝑟 and 𝑑 are respectively the discharge radius and diameter (𝑐𝑚), 

𝐸(𝜏) and 𝐸(𝜏+1) are respectively the electric field at the current time-step (𝜏) and at 

the next time-step (
𝑉

𝑐𝑚
). 

The ambipolar diffusion losses were included using two different approaches for 

ZDPlasKin and SPPARK. The ZDPlasKin model treats these as homogeneous 

phase reactions leading to the production of wall-attached species. In SPPARK 

they were included as plasma-boundary interactions (described in Section 3.4.3.1), 

considering the whole external surface of the plasma phase as available for the 

charged species losses. To better clarify how such reactions are included in 

SPPARK the example for the ambipolar diffusion losses is provided (equation 

3.15). 

{
  
 

  
 Λ = (

2.405

𝑟
)
2

+ (
3.1410

𝑑
)
2

𝜈 = 1.52
760

𝑝

𝑇𝑔

273.15

𝑇𝑒
11600

Λ

𝑘(𝑇𝑔, 𝑇𝑒 , 𝑝) = 𝜈
𝑉

𝐴

103

𝑆𝑑𝑁𝑎

(3.15) 

where 𝑉 is the reactor volume (𝑚3), 𝐴 is the total external surface (𝑚2), 𝑆𝑑 is the 

surface active-sites density (𝑘𝑚𝑜𝑙/𝑚2), 𝑁𝑎 is the Avogadro constant, 𝑇𝑔 is the gas 

temperature (𝐾), 𝑇𝑒 is the electron temperature (𝐾), 𝑝 is the gas pressure (𝑇𝑜𝑟𝑟) 

and 𝑘 is the rate constant for the ambipolar diffusion losses (𝑐𝑚3/𝑠). This 

expression can be directly implemented in a Python function giving the 𝑘 value as 
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a return to be passed as an argument to the PlasmaCustomReaction object 

representative of the ambipolar diffusion loss reaction. 

To ensure the full comparability of the models, a two-step of comparison was 

performed. The first step concerned a homogeneous phase model, obtained by 

neglecting the transport losses by ambipolar diffusion. In the second one, the 

ambipolar diffusion loss mechanisms were included to evaluate the equivalence of 

the two approaches.  

In Figure 3.5.8 and Figure 3.5.9 the computed electron density together with the 

reduced electric field values and the heavy species number densities obtained in 

the two simulations (A – no-ambipolar diffusion losses and B – including the 

ambipolar diffusion losses) are respectively shown. In both cases, the results show 

a good agreement (Figure 3.5.10) between ZDPlasKin and SPPARK with the 

discrepancies possibly due to the time interpolation of the results in SPPARK (as 

in Section 3.5.1) and to the different approach in the circuit to chemistry coupling. 

The simulation in SPPARK took 4 minutes and 49.13 seconds to execute for the 

case without ambipolar diffusion losses and 5 minutes and 24.41 seconds for the 

case including ambipolar diffusion losses whilst in ZDPlasKin tool 18.78 seconds 

and 27.51 seconds respectively.  

 

Figure 3.5.8 Electron number density (blue) and reduced electric field (red) results comparison 

between ZDPlasKin (continuous line) and SPPARK (dots) simulations for a pure Ar plasma at a 

constant temperature of 300 K and 100 torr of pressure, neglecting (a) and including (b) ambipolar 

losses in the chemistry set 
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Figure 3.5.9 Heavy particles number densities results comparison between ZDPlasKin 

(continuous line) and SPPARK (dots) simulations for a pure Ar plasma at a constant temperature 

of 300 K and 100 torr of pressure, neglecting (a) and including (b) ambipolar losses in the chemistry 

set. 

 

Figure 3.5.10 Maximum relative error (in percent) between the SPPARK and ZDPlasKin 

computations at a constant temperature of 300 K and 100 torr of pressure, neglecting (a) and 

including (b) ambipolar losses in the chemistry set. 
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3.5.3 CH4 discharge 

In this example, a homogeneous PSR with free-to-variate temperature is used 

to simulate the dissociation of methane in a plasma discharge. A power density of 

75 W/mm3 having the same shape of the signal in Figure 3.5.1 is used as electron 

solicitation in a pure methane mixture at 298.15 K and 1 bar. The adopted 

chemistry set is composed of 5 species (e-, CH4, CH3, H and CH4
+) reacting through 

the reactions described in Table 3.5.1. Being the chemistry set so approximate, the 

simulation purpose is not to present accurate results on methane dissociation in a 

plasma discharge, but rather to highlight the need of a proper species 

thermodynamic description for temperature-evolving systems.  

In both the SPPARK and ZDPlasKin models, the species thermodynamic data has 

been obtained from NASA7 polynomials as provided by the GRI-Mech 3.0 

mechanism [59]. Being based on Cantera, SPPARK can directly accept the 

polynomials coefficients in its configuration file. The ZDPlasKin model has been 

featured with user-defined functions to use the NASA7 polynomials data to 

compute the ratio of specific heats of the evolving gas mixture. 

 

Id Equation Rate constant 

1 𝑒− + 𝐶𝐻4 ⇒ 2𝑒
− + 𝐶𝐻4

+ 𝑓(𝜎) [60] 

2 𝑒− + 𝐶𝐻4 ⇒ 𝑒
− + 𝐶𝐻3 + 𝐻 𝑓(𝜎) [61] 

3 𝑒− + 𝐶𝐻4
+ ⇒ 𝐶𝐻3 + 𝐻 𝑓(𝜎) [62] 

4 𝐶𝐻3 + 𝐻 ⇒ 𝐶𝐻4 𝑘𝑇𝑟𝑜𝑒(𝑇𝑔) [59] 

Table 3.5.1  Chemical reactions included in the methane chemistry set. The rate constants are 

expressed in cm3/s with 𝑓(𝜎) being obtained through the Bolsig+ EEDF computation and 𝑇𝑔 being 

the gas temperature expressed in K 

In Table 3.5.1, 𝑘𝑇𝑟𝑜𝑒 is defined as in equation 3.16:  
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 𝑘∞ = 2.31 ⋅ 10

−8𝑇𝑔
−0.534 exp (−

269.75

𝑇𝑔
)

𝑘0 = 1.44 ⋅ 10
−14𝑇𝑔

−4.74 exp (−
1227.98

𝑇𝑔
)

𝐹𝑐 = (1 − 𝐴) exp (−
𝑇𝑔

𝑇3
) + 𝐴 exp (−

𝑇𝑔

𝑇1
) + exp (−

𝑇2

𝑇𝑔
)

𝐶 = −0.4 − 0.67 log10 𝐹𝑐
𝑁 = 0.75 − 1.27 log10 𝐹𝑐

𝑃𝑟 =
𝑘𝑜[𝑀]

𝑘∞

𝑓1 =
log10 𝑃𝑟+𝐶

𝑁−0.14(log10 𝑃𝑟+𝐶)

𝐹(𝑇𝑔, 𝑃𝑟) = 10
log10 𝐹𝑐

1+𝑓1
2

𝑘𝑇𝑟𝑜𝑒 = 𝑘∞ (
𝑃𝑟

1+𝑃𝑟
)𝐹(𝑇𝑔, 𝑃𝑟)

(3.16)  

where 𝐴 = 0.783, 𝑇1 =  2941 𝐾, 𝑇2 =  6964 𝐾, 𝑇3 =  74 𝐾, [𝑀] is the sum of number 

densities of any neutral species such that 𝑘0[𝑀] and 𝑘∞ are respectively the low-

pressure and the high-pressure limits of the rate constant (
𝑐𝑚3

𝑠
). 

To ensure the equivalence of the two solvers implementation of gas heating due to 

electron-neutral elastic collisions, a first simulation neglecting reaction enthalpies 

has been performed. The agreement between the two approaches begins to 

diminish as the energy contribution of reaction 4 of table (1) is considered in the 

model. In fact, to the best of Authors’ knowledge, the enthalpy of reaction must be 

provided as a constant value to the ZDPlasKin chemistry set input file, whilst it 

should be changing across the gas temperature spectrum accordingly with the 

enthalpy of formation of the species it features. This represents an approximation 

when dealing with large gas temperature ranges in the simulation. To better 

clarify this concept the values of internal energy of reaction for each CH3 and H 

recombination to CH4 occurring is presented in Figure 3.5.11. In Figure 3.5.12 the 

two simulations relative differences in the gas temperature computation are 

presented together with the gas temperature change in time due to reaction 4. 

From Figure 3.5.12 it is noticeable how the ZDPlasKin and SPPARK discrepancy 

is related to the introduction of the heat released by reaction 4. It is worth noticing 

that the discrepancy would increase with a larger number of temperature 

influencing reactions. For the 2 comparisons the average computation time for 

SPPARK is registered to be of 4 minutes and 2.1 seconds whilst the ZDPlasKin 

execution took 8 minutes and 22.80 seconds. 
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Figure 3.5.11 Internal energy of reaction for CH3 and H recombination to CH4. 

 

 
Figure 3.5.12 Comparison of the gas temperature time-evolution in the two simulations having 

the internal energy of reaction 4 excluded (blue) and included (red) in the simulation together with 

the heat release of reaction 4 (black). 

 

3.6 Conclusions 

Due to their potential to enhance the environmental sustainability of 

chemical process, non-equilibrium plasmas are gaining increasing interest in this 

technological field. Being characterized by multi-physical complex mechanisms, 

the study of plasma-chemistry processes often requires the application of 

numerical models to gain detailed insights into their founding principles. In this 

context, zero-dimensional plasma-chemistry solvers allow to focus on detailed 
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chemistries limiting the simulations computational time. To ensure full 

customisation and flexibility of application of a plasma-chemistry solver, it should 

be able to accurately consider both the electronic and thermochemical effects. 

SPPARK (Simulation Platform for Plasma Assisted Reactive Kinetics), a novel 

plasma chemistry solver based on Cantera and Bolsig+, has been developed. The 

solver makes use of the formalism and robustness of Cantera’s models in thermo-

chemical simulations together with the completeness of the description of the 

electronic kinetics of the Bolsig+ model, coupling them through many state-of-the-

art models for the numerical representation of plasma effects in a plasma-gaseous 

system allowing users to represent many different plasma-chemical processes. The 

validity of the code has also been proven by comparison of its simulations results 

against the simulations obtained through the state-of-the-art solver ZDPlasKin on 

two different chemistry-sets on multiple validation cases. In addition, a test case 

on a simple methane splitting chemistry has been presented to extend the 

comparison of the two solvers to models characterized by time-evolving gas 

temperatures. Due to the different approaches in species and reactions 

thermodynamics representations, the results show relevant differences in the gas 

temperature results which could rapidly build up when implementing more 

complex reaction schemes. In conclusion, SPPARK’s performance requires a brief 

discussion. Profiling the code revealed that the overall longer execution time of 

SPPARK compared to ZDPlasKin primarily derives from a non-optimized call of 

Bolsig+, which involves the writing of a configuration file, an external call to the 

Bolsig+ executable, and the reading of a result file at runtime. The input/output 

overhead is currently mitigated by triggering Bolsig+ execution only at the time 

steps where significant changes occur in the gas thermodynamic state, electron 

density or reduced electric field relative to a previous call. A complete resolution of 

this inefficiency could be achieved by the adoption in SPPARK of a dedicated 

Boltzmann solver that fully replicates the Bolsig+ model. 
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Chapter 4   

Multizone global modeling of plasmas 

This chapter is based on the article: A. Marchetti, et al., “A Multizone Global Model 

for the Analysis of Ozone Transport in Surface DBD Systems”, Plasma Medicine, 

Vol. 15, Issue 2, pp. 49-61, 2025, © Begell House. Reproduced with permission from 

the publisher under the copyright agreement. 

4.1 Preface 

This chapter presents in greater detail an application case study of the 

multizone global modeling technique applied to plasma chemistry. Specifically, it 

reports the modeling-experimental analysis published in A. Marchetti, et al., “A 

Multizone Global Model for the Analysis of Ozone Transport in Surface DBD 

Systems”, Plasma Medicine, Vol. 15, Issue 2, pp. 49–61, 2025. The objective is to 

numerically represent ozone production in large-area surface dielectric barrier 

discharges, investigating the extent of transport phenomena from the plasma 

generation zone to the gas-phase measurement zone, while keeping the bulk 

chemical kinetics of the two regions separate. From the comparison with 

experimental measurements, it is concluded that - given the considered chemistry 

- purely diffusive transport is not sufficient to accurately predict ozone migration 

from the plasma zone to the gas zone, thus requiring a forced convection 

mechanism whose magnitude is estimated. 

In the context of the thesis, this chapter highlights the extended modeling 

capabilities that SPPARK enables through the multizone approach, while still 

relying on a comprehensive reaction set. This approach can improve, at a relatively 

low computational cost, the pseudo-spatial accuracy of a simulation by including 

approximations of species migration phenomena that would otherwise be entirely 

neglected in a single-zone framework. The results thus obtained can also be 

employed to ensure a greater precision in the chemical complexity reduction 

algorithm introduced in Chapter 5. 
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4.2 Abbreviations 

CAP: Cold Atmospheric pressure Plasma 

DBD: Dielectric Barrier Discharge 

SDBD: Surface Dielectric Barrier Discharge 

RONS: Reactive Oxygen and Nitrogen Species 

SCFM: Self Consistent Fluid Model 

GM: Global Model 

MGM: Multizone Global Model 

LA-SDBD: Large Area - Surface Dielectric Barrier Discharge 

ODE: Ordinary Differential Equation 

LFA: Local Field Approximation 

OAS: Optical Absorption Spectroscopy 
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4.3 Introduction 

Cold atmospheric pressure plasma (CAP) sources have emerged as versatile 

tools in biomedical applications, ranging from surface sterilisation to wound 

healing and airborne pathogen inactivation [1–3]. Among these, Dielectric Barrier 

Discharge (DBD) and Surface Dielectric Barrier Discharge (SDBD) plasma sources 

represent some of the most promising technologies for large areas objects 

treatment [4–6], albeit with some differences. In fact, DBD plasma sources are 

composed of two electrodes, between which a dielectric barrier and a gas gap, with 

a width ranging from 0.1 to several centimetres, are interposed, having the whole 

gas volume in the gap acting as a treatment chamber. This characteristic, although 

granting a superposition of possibly positive agents (i.e. long and short living 

reactive species, UV radiation, electric fields) [7–12] to concur in sustaining the 

inactivation process, limits the applicability of DBD sources to relatively small 

objects (i.e. the gap width and the object thickness must be compatible) at 

atmospheric pressure. In the case of SDBDs, the constitutive scheme differs from 

the DBD sources as the inter-electrode gap is not present. In fact, the ground 

electrode is usually composed of a metallic mesh, allowing the plasma generation 

to occur directly on the dielectric surface through the holes of such electrode. Thus, 

the plasma generation and treatment regions are separated. Typically, a treatment 

chamber is attached to the SDBD source, allowing for reactive species, such as 

long-living reactive oxygen and nitrogen species (RONS), to be conveyed to the 

objects to be treated. 

In this context, ozone (O3) is one of the most relevant reactive chemical compounds 

produced by CAPs ignited in humid air [13]. The typical lifetimes in air (tens of 

seconds to minutes) of such molecule allows it to efficiently exert its antimicrobial 

effects on the treatment sample surfaces. In a humid air plasma, the ozone 

production is mostly achieved by first splitting an oxygen molecule via electron 

collisions, obtaining atomic oxygen, that, reacting with another oxygen molecule 

and a third body, recombines into O3 (𝑂 + 𝑂2 +𝑀 ⇔ 𝑂3 +𝑀). In a SDBD, most of 

the ozone is produced in the plasma phase, where free electrons are sufficiently 

dense and energetic to split the oxygen molecules and initiate the reaction chain 

to produce the ozone molecule. The O3 in the plasma phase is then conveyed to the 

treatment chamber through diffusive and advective transport mechanisms.  

Nonetheless, CAP treatments involve a complex interplay of fundamental 

phenomena, making it challenging to control and optimize the overall process. In 

this context, numerical plasma modeling serves as a powerful tool for gaining a 

deeper understanding of the underlying mechanisms. It helps clarify the 

relationship between the desired outcomes and the operating parameters, thereby 

enabling the fine-tuning of these parameters to enhance process efficiency. To 
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represent the ozone formation and transport from the plasma region, 

multidimensional self-consistent fluid models (SCFM) [14] could be a valuable 

solution as they include the continuity, momentum, and energy balances coupled 

with the time-dependent solution for the electric field in the discharge domain. 

Unfortunately, SCFMs are usually computationally demanding, especially when 

including large plasma-chemistry sets as the humid air one [15]. To focus on the 

pure chemical accuracy, dealing with reaction schemes composed of hundreds of 

species and reactions, plasma global models (GMs) are often preferred [14]. In fact, 

GMs are built to track the time evolution of chemical species concentrations and 

temperatures in a homogeneous (i.e. spatially averaged) domain, allowing the 

computational costs to be kept low when dealing with large chemistry sets. 

Nonetheless, the hypothesis of complete homogeneity of the spatial domain could 

be excessively approximative to model an SDBD plasma source, as the plasma 

generation region and the treatment chamber are usually well distinct and could 

have volumes differing by orders of magnitude. For this reason, the adoption of a 

Multizone Global Model (MGM), capable of representing the plasma and the gas 

(acting as the treatment chamber) phases as separate while approximating the 

species transport between the two, is preferable. Sakiyama et al. [15] used an 

example of MGM to simulate a SDBD humid air plasma. In that work, the species 

transport between the two phases was modelled as purely diffusive, and the model 

was qualitatively validated against in situ Fourier transform infrared absorption 

spectroscopy measurements. Nonetheless, it is known that in SDBD sources, 

forced transport mechanisms, like ionic winds or heat-driven advection, are also 

involved in the species migration [16–18]. 

In this work, we explore the adoption of an MGM to simulate a Large Area SDBD 

(LA-SDBD). The MGM was implemented in the SPPARK plasma chemistry solver 

[19] to study the influence of different species transport models on the gas-phase 

ozone concentration predicted by the simulations. In particular, the focus of this 

study is to determine whether the experimentally observed O3 dynamics in a closed 

chamber can be reproduced by considering a diffusive migration alone, or if 

additional transfer mechanisms, such as forced advection, should be introduced in 

the model. 

4.4 Model description 

The MGM involves the solution of two separate ordinary differential 

equations (ODE) systems representing the species moles time evolution (i.e. 

continuity equations) under the ideal gas hypothesis in a plasma and a gas phase 

(Figure 4.4.1).  
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Figure 4.4.1 Multizone Global Model schematics. The LA-SDBD is modelled through two 

separate phases: a plasma phase and a gas phase. The two volumes are connected with a fictitious 

plasma-gas interface where the species exchange between the two phases is modelled. 

The two ODE systems are coupled employing shared terms in the continuity 

equations representing the species transport between the plasma and the gas 

phase. For reference, the i-th species continuity equation is shown in equations 4.1 

– 4.4. 

𝑑𝑛𝑖
(𝜑)

𝑑𝑡
= 𝑉(𝜑) ⋅ 𝜔𝑖

(𝜑)
+ Τ𝑖

(𝜑)
+ 𝑛̇𝑖(Δ𝑝) (4.1) 

𝜔𝑖
(𝜑)
=∑(𝜈𝑖,𝑗

𝑝 − 𝜈𝑖,𝑗
𝑟 ) [𝑟𝑗,𝑓

(𝜑)
− 𝑟𝑗,𝑟

(𝜑)
]

𝑁𝑅

𝑗=1

(4.2) 

𝑟𝑗,𝑓
(𝜑)
= 𝑘𝑗,𝑓 

(𝜑)
∏(𝑐𝑞

(𝜑)
)
𝜈𝑞,𝑗
𝑟

𝑁𝑠

𝑞=1

(4.3) 

𝑟𝑗,𝑟
(𝜑)
= 𝑘𝑗,𝑟 

(𝜑)
∏(𝑐𝑞

(𝜑)
)
𝜈𝑞,𝑗
𝑝

𝑁𝑠

𝑞=1

(4.4) 

where 𝑡 is the time (𝑠), 𝜑 is the phase index (i.e. 𝑝 for the plasma phase and 𝑔 for 

the gas phase), 𝑛𝑖
(𝜑)

 is the i-th species number of moles (𝑘𝑚𝑜𝑙) in the 𝜑 phase, 𝑉(𝜑) 

is the 𝜑 phase zone volume (𝑚3), 𝜔𝑖
(𝜑)

 is the volumetric net production rate of the 

i-th species (
𝑘𝑚𝑜𝑙

𝑚3𝑠
), Τ𝑖

(𝜑)
 is the i-th species net transport term towards phase 𝜑 

(
𝑘𝑚𝑜𝑙

𝑠
), 𝜈𝑖,𝑗

𝑝
 and 𝜈𝑖,𝑗

𝑟  are respectively the product and reactant stoichiometric 

Plasma phase

Gas phase

Plasma-Gas interface
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coefficients of the i-th species in the j-th reaction, 𝑟𝑗,𝑓
(𝜑)

 and 𝑟𝑗,𝑟
(𝜑)

 are the j-th forward 

and reverse reaction rates evaluated in the 𝜑 phase (
𝑘𝑚𝑜𝑙

𝑚3𝑠
), 𝑘𝑗,𝑓 

(𝜑)
 is the forward rate 

constant of the j-th reaction in the 𝜑 phase (
𝑚
3(∑ 𝜈𝑞,𝑗

𝑟𝑁𝑠
𝑞=1 −1)

𝑠⋅𝑘𝑚𝑜𝑙
(∑ 𝜈𝑞,𝑗

𝑟𝑁𝑠
𝑞=1 −1)

), 𝑘𝑗,𝑟 
(𝜑)

 is the reverse 

rate constant of the j-th reaction in the 𝜑 phase (
𝑚
3(∑ 𝜈

𝑞,𝑗
𝑝𝑁𝑠

𝑞=1 −1)

𝑠⋅𝑘𝑚𝑜𝑙
(∑ 𝜈

𝑞,𝑗
𝑝𝑁𝑠

𝑞=1 −1)
), 𝑐𝑞

(𝜑)
 is the q-th 

species concentration in the 𝜑 phase (
𝑘𝑚𝑜𝑙

𝑚3
), 𝑁𝑅 is the total number of reactions, 

and 𝑁𝑠 is the total number of species. 𝑛̇𝑖(Δ𝑝) is an additional term, proportional to 

the difference in pressure between the two phases (Δ𝑝), representing the transport 

of species to equilibrate such pressure mismatch (
𝑘𝑚𝑜𝑙

𝑠
). The latter term is 

included, in the continuity equations, by connecting the two phases with a Valve 

object in the network of reactors in SPPARK’s Cantera [20] backend. The species 

and reactions involved in the model are defined by means of a chemistry-set and 

thus continuity equations (equation 4.1) are solved for each species thereby 

included for both phases but, in the case of the gas phase, the charged species are 

not considered in the system of equations. 

The species transport term (Τ𝑖) is implemented to represent the superposition of a 

diffusive effect moving particles between the two phases and a phenomenological 

forced effect advecting species from the plasma to the gas phase. By including a 

fictitious boundary surface between the two phases, this term can be considered in 

the model through a surface reaction, as reported in Marchetti et al. [19], for each 

species and phase. A generic fictious surface reaction of this type has an equation 

defined as described in equation 4. 5. 

𝐼(𝜑1) + Voiⅆ(𝑆)
𝜎𝑖
(𝜑1)

⇔  
𝜎
𝑖

(𝜑2)
𝐼(𝜑2) + Voiⅆ(𝑆) (4.5) 

where 𝐼(𝜑𝑗) is the i-th species belonging to the 𝜑𝑗 phase, Voiⅆ(𝑆) is a “void” active-

site of the fictitious surface between the two phases, and 𝜎
𝑖

(𝜑𝑗)
 is the surface 

reaction rate constant defined for the generic 𝜑𝑗 phase (
𝑚3

𝑠⋅𝑘𝑚𝑜𝑙
). Making use of such 

reactions, the Τ𝑖 term can be expressed as follows: 

Τ𝑖
(𝜑1) = 𝐴 ⋅ (𝜎𝑖

(𝜑2)𝑐𝑖
(𝜑2)𝑆𝑑 − 𝜎𝑖

(𝜑1)𝑐𝑖
(𝜑1)𝑆𝑑) (4.6) 

where 𝑆𝑑 is the surface active-site density (
𝑘𝑚𝑜𝑙

𝑚2
), and 𝐴 is the surface area (𝑚2). 

For the plasma phase, the surface reaction rate constant 𝜎𝑖
(𝑝)

 is defined as: 
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𝜎𝑖
(𝑝) = [

𝐷𝑖
1
2 (𝑑𝑝 + 𝑑𝑔)

+ 𝑣] ⋅
1

𝑆𝑑
(4.7) 

where 𝐷𝑖 is the diffusion coefficient of the i-th species (
𝑚2

𝑠
), 𝑑𝑝 =

𝑉(𝑝)

𝐴
 is the plasma 

phase thickness (𝑚), 𝑑𝑔 =
𝑉(𝑔)

𝐴
 is the gas phase thickness (𝑚), and 𝑣 is the forced 

advection term velocity (
𝑚

𝑠
). For the gas phase the surface reaction rate constant 

𝜎𝑖
(𝑔)

 is defined similarly, neglecting the forced term (𝑣) as described in equation 

4.8. 

𝜎𝑖
(𝑔)
= [

𝐷𝑖
1
2 (𝑑𝑝 + 𝑑𝑔)

] ⋅
1

𝑆𝑑
(4.8) 

Using the definition of the surface reaction rate constants in equation 4.7 and 4.8, 

the Τ𝑖
(𝜑)

 transport term defined in equation 4.6 becomes independent of the 𝑆𝑑 

active-site density. 

The reaction set adopted in the model is the one described by Sakiyama et al. [15]. 

In this reaction set, some of the non-equilibrium induced reactions (i.e. electron 

collisions and charged species recombinations) are defined as a function of the 

electron temperature. In order to speed up calculation times, an approximation has 

been carried out in the model. Assuming the electron kinetics to be faster than the 

considered timescales, the reduced electric field solicitation, responsible for 

sustaining the temperature of the electrons, has been derived from a comparison 

of the mean power supplied to the plasma source against the power ceded to the 

gas particles by electron collisions calculated through Bolsig+ [21]. The value of 

reduced electric field granting the equilibrium between the supplied and ceded 

power is then used, in Bolsig+, to compute the electron temperature. Subsequently, 

a constant value of electron density has been obtained through the Local Field 

Approximation (LFA): 

𝑁𝑒 =
𝑃̃

(
𝐸
𝑁 10

−21)
2

⋅ 𝑁2𝜇𝑒𝑒

(4.9) 

where 𝑁𝑒 is the electron number density (𝑚−3), 
𝐸

𝑁
 is the reduced electric field (𝑇𝑑) 

obtained through the Bolsig+ power comparison, 𝑃̃ is the deposited power density 

(
𝑊

𝑚3
), 𝑁 =

𝑝

𝑘𝑏𝑇𝑔
 is the neutral number density (𝑚−3) with 𝑝 the gas pressure (𝑃𝑎), 
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𝑘𝑏 the Boltzmann constant (
𝐽

𝐾
) and 𝑇𝑔 the macroscopic gas temperature (𝐾), 𝜇𝑒 is 

the electron mobility (
𝑚2

𝑉𝑠
) obtained in Bolsig+, and 𝑒 is the elementary charge (𝐶). 

4.5 Simulation set-up 

The gas initial conditions are set to represent a humid air mixture at a 

constant temperature of 300𝐾, a pressure of 1𝑎𝑡𝑚 and relative humidity of 60%. 

From the experimental electrical characterization of the plasma, an average power 

per period of 27.363 𝑊 is measured as described by Maccaferri et al. [22–24], which 

corresponds to a power density of 1.204
𝑊

𝑐𝑚3
 considering a plasma phase volume of 

22.72 𝑐𝑚3. This power density value is used to estimate the steady-state reduced 

electric field value, which is found to be equal to 108 𝑇𝑑, corresponding to an 

average electron energy of 2.5 𝑒𝑉. From the LFA electron density computation 

(equation 4.9), the electron density is set to 2.761 ⋅ 107 𝑐𝑚−3.  

The gas phase volume is set to 14.34 𝐿, representing the whole box volume of the 

LA-SDBD [22–24]. The surface interposed between the plasma and the gas phase 

(equation  4.5) is defined with an area of 151.47 𝑐𝑚2. For clarity, all the parameters 

relevant to the simulation are summarized in Table 4.5.1. 
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Parameter Value 

Gas temperature - 𝑇𝑔 (𝐾) 300 

Gas pressure - 𝑝 (𝑎𝑡𝑚) 1 

Relative humidity (%) 60 

Average power (𝑊) 27.363 

Average power density - 𝑃̃ (
𝑊

𝑐𝑚3
) 1.204 

Plasma volume – 𝑉(𝑝)(𝑐𝑚3) 22.72 

Gas volume – 𝑉(𝑔)(𝑐𝑚3) 14.34 ⋅ 103 

Fictious interface area – 𝐴 (𝑐𝑚2) 151.47 

Reduced electric field – 
𝐸

𝑁
 (𝑇𝑑) 108 

Mean electron energy (𝑒𝑉) 2.5 

Electron density – 𝑁𝑒 (𝑐𝑚
−3) 2.761 ⋅ 107 

Table 4.5.1 List of the relevant parameters for the simulation setup. 

For the forcing term in equation 4.7 (𝑣), a parametric analysis is performed at first 

with a purely diffusive transport (𝑣 = 0
𝑚

𝑠
) and subsequently ranging its values 

from 0.1
𝑚

𝑠
 to 0.5

𝑚

𝑠
. Quantitative experimental measurements of ozone 

concentrations are sampled at discrete spatial points throughout the treatment 

chamber, as described in Maccaferri et al. [22] (Figure 4.8.2). These measurements 

were then spatially averaged and used as a reference for the simulations in order 

to identify the transport rate that most closely aligns the model predictions with 

experimental data; both experimental measurements and simulations refer to a 

discharge time of 30 minutes. The results presented in the next section refer 

exclusively to the gas phase, as its reactive species concentrations are the ones 
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exerting the antimicrobial effect on the treatment sample, and thus are the most 

relevant for the process. 

 

Figure 4.5.1 Time evolution of the ozone gas concentration experimentally measured in 

Maccaferri et al. [22]. In the graph, the dashed line represents the spatially averaged value across 

all measurements, and the shaded area represents the measurements’ standard deviation 

4.6 Results 

In the case of pure diffusive transport (𝑣 = 0
𝑚

𝑠
), the model is not able to 

replicate the experimental Optical Absorption Spectroscopy (OAS) measurements, 

reaching, after 30 min of discharge time, an ozone concentration in the gas phase 

of approximately 2.76 𝑝𝑝𝑚 (Figure 4.6.1) in contrast with the final concentration 

of ≈ 736.28 ± 91.82 𝑝𝑝𝑚 measured in the experiments. This result suggests that, 

considering a purely diffusive plasma-to-gas reaction rate constant (𝜎𝑖
(𝑝)) in 

equation 4.6 is insufficient to reproduce the ozone transported in the gas phase, 

thereby highlighting the necessity of including the additional phenomenological 

forced transport term in equation 4. 7. 
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Figure 4.6.1 Simulation results for the time evolution of ozone in the gas phase with a purely 

diffusive migration from the plasma phase. 

An array of 5 additional simulations is performed in order to identify the influence 

of forced transport on the O3 concentration in the gas phase. The results produced 

by the simulations are summarized in Figure 4.6.2. To further characterize the 

effect of the forced transport term on the O3 concentration, in Figure 4.6.3, the 

trend for the maximum (i.e. final) ozone concentration against the forced transport 

magnitude is presented. From the comparison of Figure 4.6.2 and Figure 4.6.3, it 

is possible to highlight a different dynamic behaviour in the 6 simulations. For 

simulations with 𝑣 ∈ [0.3, 0.4, 0.5]
𝑚

𝑠
, in the last minutes of the simulation, the ozone 

source term in the gas region (i.e. the plasma to gas transport) decreases as the 

concentration of the molecule slowly approaches the steady-state. This is also 

reflected in Figure 4.6.3, where the slope of the maximum ozone concentration as 

a function of the forcing velocity decreases in the upper range of the velocity 

domain.  
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Figure 4.6.2 Simulation results for the time evolution of ozone in the gas phase varying the 

phenomenological forced transport magnitude. 

 

Figure 4.6.3 Trend of the maximum (final) ozone concentration against the forced transport 

velocity. 
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From the final ozone concentration trends in Figure 4.6.3, it is possible to identify 

the necessary phenomenological velocity value to reach the final experimental 

ozone density in the gas phase. This velocity is estimated to be 𝑣 = 0.2498
𝑚

𝑠
. The 

methodology followed by the Authors to find its value is described in the Appendix. 

By performing a simulation with the newly identified forcing velocity value, the 

following results (Figure 4.6.4) are obtained. 

 

Figure 4.6.4 Comparison between the experimental and simulated ozone concentration time 

evolution considering a phenomenological forced transport velocity of 0.2498
𝑚

𝑠
 

As the results suggest, the ozone onset trend in the gas phase is well reproduced 

by the model; thus, the additional forcing term 𝑣 helps to represent the species 

transport from the plasma to the gas region. By its order of magnitude, this term 

can be related to a superposition of multiple phenomena, such as ionic wind and 

thermal advection, that are not directly tracked in the model [18].  

4.7 Conclusions 

In the context of biomedical and industrial applications of plasmas, the SDBD 

plasma sources allow the separation of the plasma generation region from the 

treatment region, relying mostly on gas phase chemistry to sustain the process. 

Numerical modeling of such sources may increase the understanding of the key 

physical and chemical mechanisms in the treatment sustainment. As the complete 

representation of all the possible mechanisms occurring in the process would be 

computationally unaffordable, the adoption of an MGM allows for focusing on the 
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chemical effects involved in the plasma treatment while approximating the 

transport phenomena from the plasma region to the afterglow. In this study, an 

MGM was implemented in the SPPARK solver to understand the role of transport 

processes in the O3 onset in a closed chamber placed underneath a LA-SDBD 

source. The results obtained in the simulations highlight how purely diffusive 

transport is insufficient to reproduce experimental results, thus requiring the 

adoption of a phenomenological constant forced transport term. In the model, the 

forced transport term has been included through a parametric study, resulting in 

a simulation that closely follows the experimental O3 trend. This result supports 

the hypothesis that, in the analysed humid-air LA-SDBD plasma, additional 

transport mechanisms, similar in magnitude to ionic wind and thermally induced 

advection, play a significant role in the post-discharge species distribution. Future 

work should explore more refined transport models and the inclusion of dynamic 

feedback mechanisms to further enhance and generalise the model’s predictive 

capabilities. 

4.8 Appendix 

4.8.1 Experimental procedure 

The investigated plasma source is a large-area Surface Dielectric Barrier 

Discharge (LA-SDBD, AlmaPlasma s.r.l., Bologna, Italy), composed of 4 high 

voltage electrodes (internally cooled by a liquid flow), a thin dielectric layer, and a 

grounded perforated plate Figure 4.8.1). The source is operated at atmospheric 

pressure and is integrated into a PVC treatment chamber (14.34 L) to create a 

confined environment.  

 

Figure 4.8.1 Experimental setup schematics. The plasma source is composed of high-voltage 

electrodes, a dielectric layer, and a grounded electrode. The (red) voltage probe and the (green) 

current probe are employed for electrical characterization, while the LED, the lenses, the 

spectrometer, and the photo-multiplier tube are key components for measuring the chemical 

kinetics. 
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Ground electrode
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The LA-SDBD is connected to a commercial high voltage generator (AlmaPulse, 

Almaplasma s.r.l, Bologna, Italy). Electrical characterization is performed by 

monitoring voltage and current waveforms with high-voltage (P6015A, 1000×, 

Rp = 100 MΩ, Tektronix, USA) and current probes (Current Monitor 6585, Pearson 

Electronics, USA) placed respectively on high-voltage and ground cables and 

connected to an oscilloscope (MSO46, Tektronix, USA), from which average power 

is calculated by applying the Ohm’s law and then specific power density is derived 

by dividing the power by the discharge volume. 

Ozone kinetics are quantified through OAS, using UV/visible LEDs (emitting at 

253 nm), a spectrometer (Acton SP2500i, Princeton Instruments), and a 

photomultiplier tube (PMT—PD439, Princeton Instruments) for fast detection. 

The light beam is collimated with lenses and measured before and after passing 

through the treatment chamber (thanks to quartz optical windows on the walls). 

Then Lambert–Beer’s law is applied to determine concentrations along a 25 cm 

optical path as a function of the reduction of the light beam intensity. As reported 

in Figure 4.8.2, nine different optical paths are chosen to ensure a representative 

and reliable average value over the whole treatment volume. 

The gas temperature inside the chamber is simultaneously monitored with fiber-

optic probes. 

 

Figure 4.8.2 Optical paths. The nine circles represent the nine positions in which the kinetics 

are measured, allowing insights into the whole volume, under the hypothesis of symmetry of the 

discharge with respect to the central axis (orange dotted line). 
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4.8.2 Forcing term optimization 

The identification of the best sitting forcing term 𝑣 = 0.2498
𝑚

𝑠
 has been 

performed by fitting the final ozone computed concentrations obtained in each 

simulation, varying the forcing term 𝑣, to the second-degree polynomial (Figure 

4.8.3). 

𝐹(𝑣) = 𝐴 + 𝐵𝑣 + 𝐶𝑣2 = 8.038 + 3.356 ⋅ 103𝑣 − 1.762 ⋅ 103𝑣2 

 

 

Figure 4.8.3 Fitting of the maximum ozone concentration against forced velocity magnitude 

trend with a second-degree polynomial (red line). 

The adjusted 𝑅2 (𝑅adj
2 ) value for the polynomial fit has been calculated as follows: 

𝑅2 = 1 −
∑ (𝑦𝑖 − 𝐹(𝑣𝑖))

2𝑛
𝑖=1

∑ (𝑦𝑖 − ⟨𝑦⟩)2
𝑛
𝑖=1

 

𝑅adj
2 = 1 −

(1 − 𝑅2)(𝑛 − 1)

(𝑛 − 𝑝 − 1)
=  0.99879 

where 𝑛 is the total number of samples (𝑛 = 6 for 𝑣 ∈ [0.0, 0.1, 0.2, 0.3, 0.4, 0.5]
𝑚

𝑠
 ), 𝑦𝑖 

is the i-th computed value of final ozone concentration, 𝐹(𝑣𝑖) is the value of ozone 

concentration predicted by the 𝐹(𝑣) function considering the i-th velocity, ⟨𝑦⟩ 

represents the average value of the ozone concentration obtained from the 
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computations, and 𝑝 is the number of free parameters in the 𝐹(𝑣) expression (𝑝 =

3 for the second-order polynomial 𝐹(𝑣) = 𝐴 + 𝐵𝑣 + 𝐶𝑣2). 

By minimizing the error between the experimental Optical Absorption 

Spectroscopy final value (736.28 𝑝𝑝𝑚) and the 𝐹(𝑣) prediction, the 𝑣best = 0.2498
𝑚

𝑠
 

has been obtained. 
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Chapter 5   

Analytically Reduced Chemistry for 

non-equilibrium plasmas 

5.1 Preface 

This chapter addresses the application of Analytically Reduced Chemistry 

(ARC) techniques to non-equilibrium plasmas. In order to limit the computational 

cost associated with solving multidimensional numerical models, one possible 

strategy is to simplify the chemical complexity, thereby reducing both the stiffness 

of the numerical problem and the number of continuity equations to be solved. To 

this end, several ARC techniques - some well-established in the combustion 

research community and here adapted to the plasma context, and others newly 

developed - have been combined into a single comprehensive algorithm. Based on 

the simulation of an arbitrary number of case studies within a global model, this 

algorithm automatically and deterministically simplifies a given input reaction 

mechanism. 

Within the context of this thesis, this represents the final step of a framework that, 

starting from a detailed reaction scheme, enables simulations that account for both 

electron kinetics and thermochemistry, incorporates the scheme into non–zone-

averaged simulations through a multizone approach - thus providing more detailed 

insights into the chemical mechanisms of each phase - and derives from it a new 

reduced reaction mechanism tailored to the requirements of multidimensional 

numerical models. 
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5.2 Abbreviations 

ARC: Analytically Reduced Chemistry 

DRG: Directed Relation Graph 

ILDM: Intrinsic Low Dimensional Manifold 

ARCANE: Analytically Reduced Chemistry Nice and Efficient 

DRGEP: Directed Relation Graph with Error Propagation 

QSS: Quasi Steady-State 

DIC: Direct Interaction Coefficient 

EBE: Electron Boltzmann Equation 

EEDF: Electron Energy Distribution Function 
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5.3 Introduction 

One of the main advantages of non-equilibrium plasma applications in 

chemistry lies in the non-equilibrium gas composition induced by electron-impact 

processes. In the two-temperature multifluid approximation, electrons, driven by 

an external electromagnetic field, acquire a higher mean kinetic energy (i.e., 

temperature) compared to the neutral background species. Through collisions with 

these species, electrons shift the gas composition away from equilibrium. From a 

kinetic perspective, the non-equilibrium induced by electron collisions can be 

interpreted as an instability in the system, which naturally tends to relax back 

toward a stable configuration through particle-particle interactions. Part of these 

relaxation processes will result in an increase in the gas temperature, while 

another part will force changes in the gas chemical composition, leading to an 

overall enhancement of the chemical kinetics within the system (Figure 5.3.1). 

From a chemical standpoint, this probabilistic mechanism leads to the 

establishment of new reaction pathways involving excited states, ions, and 

radicals. 

 

Figure 5.3.1 Conceptual pathway linking electron solicitation to chemical kinetics enhancement. 

In the numerical modeling of plasma-chemical processes, which relies on a reaction 

set describing the interactions among the different species, the non-equilibrium 

induced by electron collisions results in an increased complexity of the chemistry 

sets in terms of both the number of species and the number of reactions. This 

represents a major challenge from a numerical perspective. Indeed, a larger 

number of species entails a larger number of continuity equations to be solved, 

while the number of reactions - especially those characterized by high rate 

constants - directly affects the numerical stiffness of the system. This limitation 

becomes particularly critical when, due to the geometric complexity of the 

application under study or to the need for an accurate spatial description of the 
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phenomena, multidimensional models (i.e., fluid models) are required. In such 

cases, chemistry sets comprising only a few tens of species and several hundred 

reactions already become prohibitively complex to enable simulations at an 

affordable computational cost. 

A possible solution to this issue lies in relaxing the requirement of maximum 

accuracy in the description of the chemical interactions within the system, in 

favour of a weighted approximation of the phenomena of interest in the specific 

case under study. To this end, Analytically Reduced Chemistry (ARC) techniques 

can be employed. Originally developed in the field of combustion modeling, these 

techniques can be broadly classified into three main families: skeletal reduction 

techniques [1–6] dealing with the reduction of chemical complexity by removing 

the chemistry set’s components which are less relevant in the computation of 

control (output) quantities in the simulation; lumping techniques [7,8] which group 

together species with similar behaviour under a fictitious representative which is 

included in the chemistry set in place of the original species; time-scale analysis 

techniques [9,10] which approximate high rate reactions as partial equilibrium 

reactions and highly reactive species as quasi-steady state species.  

In the plasma-chemistry field, several simplified approaches have been proposed 

to reduce the simulation cost of complex chemistries models and here a few 

examples are listed. Sakai et al. [1] used a graph-based approach, where species 

are introduced as nodes and reactions as directed edges, to analyse a plasma 

chemistry set for methane obtaining qualitative insights on the chemistry based 

on the graph geometry. Sun et al. [2] used the Directed Relation Graph (DRG) 

method by Lu and Law [3] for the CO2 chemical kinetics in a gliding arc plasma. 

Obrusník et al [4] used a sensitivity analysis to determine the dominant processes 

in air plasmas. Hanicinec et al. [5] applied several skeletal reduction techniques 

on six chemistry sets under varying operative conditions. Berthelot et al [7] used 

the vibrational distribution function of vibrationally excited CO2 states to lump 

together vibrational levels. Rehman et al. [9] applied the Intrinsic Low 

Dimensional Manifold (ILDM) technique to separate the fast (assumed in steady-

state) and slow mechanisms in an argon plasma thus considering only the slow 

timescales in the chemical kinetics description. 

Using a combination of three techniques, each belonging to a different family of 

techniques, a fully automatic procedure for the reduction of complex combustion 

chemistry sets to obtain computational fluid dynamics-ready chemistries, 

Analytically Reduced Chemistry Automatic Nice and Efficient (ARCANE), has 

been developed by Cazères et al. [11]. In particular, they used a combination of the 

Directed Relation Graph with Error Propagation (DRGEP) [6] as the skeletal 

technique targeting both species and reactions, a lumping step [8] based on the 
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thermodynamic similarity of isomers and the quasi-steady-state (QSS) [10] 

approximation as time-scale-based routine. 

In this chapter, an adaptation of the skeletal and lumping steps from the ARCANE 

algorithm to non-equilibrium plasmas is proposed, providing an automatic and 

generalized procedure to effectively reduce the complexity of plasma chemistry-

sets while controlling the error induced in the approximations. 
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5.4 Skeletal reduction 

As previously mentioned, the focus of skeletal reduction techniques is to 

simplify an input chemistry set by rigidly removing groups of its constituents so 

that, in a simulation, the results produced by adopting the original (full) reaction 

set are similar to the ones obtained by adopting the reduced chemistry set. The 

procedure implies that a subset of the chemistry set constituents is irrelevant to 

the simulation results, which is only true if the full reaction set is sufficiently 

generalized. In other words, a skeletal reduction technique is effective and, thus, 

should be applied when, in a specific simulation, some of the theoretically possible 

chemical mechanisms have negligible effects on the desired results, and therefore, 

a reduced chemistry can be crafted to include only the relevant processes for the 

simulated cases.  

In this context, how to identify a chemistry set component as irrelevant is the key 

to the algorithm's performance. In fact, according to the previous description and 

not accounting for the procedure’s effectiveness, a chemistry set could be reduced 

simply by randomly selecting species and reactions, removing them, running a new 

simulation, and evaluating the effect of their deletion. To avoid inefficient 

randomness and optimize the reduction, a better approach would be to create a 

ranking of similar chemistry set components (reducing species and reactions 

separately) based on their influence on the desired simulation outputs. Under 

these circumstances, the skeletal techniques differentiate based on whether they 

focus on species (species-oriented techniques) or reactions (reaction-oriented 

techniques) removal, and on the specific metrics used to define the component 

importance in the simulation.  

Lastly, it is worth mentioning that the reduction procedure effects cannot be 

known a priori, and the implications of the component removal must be evaluated 

on the new simulation. This entails that the component ranking procedure cannot 

directly provide the extent of the reduction, and thus the number of components to 

be removed in a batch. For these reasons, the reduction procedure with a skeletal 

reduction technique should proceed iteratively by progressively removing 

components and evaluating the induced error in the reduced chemistry by such 

deletion at each iteration, until a user-defined condition on such error is met. 

Among the skeletal reduction techniques, the DRGEP was chosen as the skeletal 

method of use for non-equilibrium plasma chemistry, as it can be aimed at the 

removal of both species and reactions. An overview of the reduction algorithm 

characteristics is provided in the next sections. 
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5.4.1 DRGEP species-oriented 

The purpose of a species-oriented skeletal reduction technique is to simplify 

an input chemistry set by iteratively removing the less relevant species in the 

desired (under examination) subgroup of phenomena. Moreover, the key point of 

the whole algorithm is how the species ranking is performed. 

The DRGEP species-oriented algorithm adopts a strategy based on the chemistry 

set representation through a directed graph. In the graph, the species are 

represented by the graph nodes, and the directed edges represent the influence of 

the tail species in the production (or consumption) of the head species; the longer 

the edge, the less relevant the tail species is for the head species. 

5.4.1.1 Directed graph construction algorithm 

The first step to build the chemistry set directed graph representation is to 

include the species as graph nodes. The nodes will be characterized by: a name (the 

species name), an initial random position (which is not fixed and will be modified 

afterwards) in the graph system of coordinates, and a list of directed edges 

connected to it (empty at this stage). Once all the species have been included, the 

edges can be initiated. A directed edge is defined through: a tail node (the node 

from which the edge departs), a head node (the node to which the edge is directed), 

and a length. To initialize the edges, the DRGEP algorithm involves assigning the 

length of an edge by means of the Direct Interaction Coefficient (DIC). For the 

species-oriented algorithm, the DIC definition is obtained as follows: 

𝑟𝐴𝐵(t) =
|∑ 𝜈𝐴,𝑗

𝑛 𝜔𝑗̇(𝑡)𝛿𝐵
𝑗

𝑗=1,𝑅 |

max(𝑃𝐴(𝑡), 𝐶𝐴(𝑡))
(5.1) 

where 𝐴 is the head species, 𝐵 is the tail species, 𝑗 is the reaction index (thus, the 

sum extends to all the 𝑅 reactions in the chemistry set), 𝜈𝐴,𝑗
𝑛  is the net 

stoichiometric coefficient of species 𝐴 in the reaction 𝑗, 𝜔𝑗̇ is the reaction rate (
𝑘𝑚𝑜𝑙

𝑚3 𝑠
), 

𝑃𝐴 is the species 𝐴 rate of production (
𝑘𝑚𝑜𝑙

𝑚3 𝑠
), 𝐶𝐴 is the species 𝐴 rate of consumption 

(
𝑘𝑚𝑜𝑙

𝑚3 𝑠
) and 𝛿𝐵

𝑗
 is a function to check if the species 𝐵 is involved in the reaction 𝑗, 

defined as follows: 

𝛿𝐵
𝑗
= {
1, 𝑖𝑓 𝐵 ∈ Reac(𝑗) ∨ 𝐵 ∈ Proⅆ(𝑗)
0, 𝑒𝑙𝑠𝑒

 

with Reac(𝑗) and Proⅆ(𝑗) representing respectively the list of reactants and the list 

of products of the reaction 𝑗. 
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It is worth noting that 𝑟𝐴𝐵(t) does not represent the DIC coefficient yet, as it is a 

function of time (i.e., computing the 𝐵 → 𝐴 edge’s length by means of this coefficient 

would imply building a directed graph for each time instant). Moreover, the 

notation should be extended to include multiple cases of interest (multiple 

simulations), thus using 𝑟𝐴𝐵
(𝜅)(𝑡) to represent the 𝜅-th simulation case. The case and 

time-independent DIC coefficients are then obtained by taking: 

𝑟𝐴𝐵 = max
𝑡,𝜅
𝑟𝐴𝐵
(𝜅)(𝑡) (5.2) 

The 𝐵 → 𝐴 edge’s length can be obtained from 𝑟𝐴𝐵 by taking its inverse: 

𝜆𝐵→𝐴 =
1

𝑟𝐴𝐵
(5.3) 

Supposing that a group of simulations of the complete (initial) chemistry set for 

the case studies of interest has already been performed, the procedure can use the 

simulations’ results (𝜔𝑗̇, 𝑃𝐴 and 𝐶𝐴) in the time domain (𝑡) for each case (𝜅).  

The last point that needs to be addressed is the position of the nodes in the graph. 

This aspect is rather secondary for the reduction, as the ranking and reduction 

steps only rely on the 𝜆𝐵→𝐴 length. Nonetheless, to allow the graph representation, 

it is worth mentioning that the position of the nodes can be unambiguously 

identified only if, starting from a random reference node, all the inter-node 

distances are satisfied. This criterion is observed by allowing the graph edges to be 

curves rather than only straight lines. In this sense, the shortest edges’ lengths 

uniquely determine the relative positions of the nodes.  

An idealized representation of a possible graph produced by this approach is shown 

in Figure 5.4.1. 
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Figure 5.4.1 Idealized representation of a directed graph representing a chemistry set 

5.4.1.2 Species ranking 

It has to be noted that until now, the procedure has been independent of the 

chemistry set optimization to accurately account for only the subset of phenomena 

of interest. Thus, in principle, it can be used to rank the species for any phenomena 

captured by the original chemistry set. 

In order to simplify the reaction set, it is first necessary to identify which species 

(hereafter referred to as target species) are the most relevant for the phenomena 

of interest. These chemical compounds (which have to be defined by the user and 

obtained by previous analysis of the simulations’ results) will be the ones that will 

stir the reduction procedures and whose concentrations’ results will be the most 

consistent throughout the whole chemistry set ensemble.  

In this context, the chemistry set species ranking will be obtained by means of the 

graph’s edges length pointing from each species to any of the target species nodes.  

The most simplistic approach to compute the species importance ranking in the 

chemistry set would be to consider the length of all the edges having any of the 

target species as head nodes. Subsequently, the overall importance of a given 

species is obtained by the shortest of the edges departing from its representative 

node towards the complete list of target species. In other words, the species' 

importance is determined by: 

Υ𝑞 = min 𝜆𝑞→𝑇𝑖 , ∀𝑇𝑖 ∈ 𝑇⃗⃗ (5.4) 

where 𝑇𝑖 represents the 𝑖-th target species, 𝑇⃗⃗ represents the ensemble of target 

species and Υ𝑞 represents the importance score of the 𝑞-th non-target species. By 
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considering the scores in descending order, the species ranking is obtained. The 

last species in the ranking is then removed from the chemistry set. 

Nonetheless, this first approach neglects the effect of indirect interactions between 

species. For example, when considering an idealized case with four species (three 

non-target species - 𝑆1, 𝑆2 and 𝑆3 - and a target species - 𝑇) as represented in Figure 

5.4.2. 

 

Figure 5.4.2 Example case: three chemical species connected to a target one. Discussion on how 

the edge’s length ranking is limiting. 

According to equation (5.4), ΥS2 → ∞ which implies that 𝑆2 registers the lowest 

position in the species ranking and should be removed from the set. Nonetheless, 

by removing 𝑆2 a large error in the 𝑆1 concentration would be induced, which then 

would reflect on the 𝑇 concentration as 𝑆1 is the most impactful species on 𝑇. This 

simplistic example highlights the shortcomings of the previously described 

approach. Constraining the importance score evaluation based only on the direct 

connections between nodes is often too approximate.  

For these reasons, a better approach would be to reformulate equation 5.4 to adopt 

as the 𝜆𝑞→𝑇𝑖 distance the shortest possible path connecting the 𝑞-th species to the 

𝑖-th target (𝜓𝑞→𝑇𝑖), even if it includes additional nodes. The importance score 

definition then becomes: 

Υ𝑞 = min𝜓𝑞→𝑇𝑖 , ∀𝑇𝑖 ∈ 𝑇⃗⃗ (5.5) 

It has to be mentioned that this approach increases the computational cost of the 

reduction algorithm as it requires the adoption (and execution) of an additional 

shortest path finding algorithm coupled with the species-oriented DRGEP. In the 
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ARC module implementation in SPPARK, Dijkstra's algorithm [12] was adopted 

to identify the shortest path, here diverging from the approach suggested in 

ARCANE [11]. 

5.4.1.3 Induced error evaluation 

 The reduced chemistry set can be crafted once the species ranking has been 

obtained. The last species in the ranking is removed from the reaction set. As it no 

longer exists in the set, the species deletion implies that also all the reactions 

involving the removed species have to be erased. The obtained reduced chemistry 

set can now be used to perform all the case study simulations of interest. As the 

reduced reaction set accuracy is shifted towards the computation of the target 

species concentrations, the error induced by the reduction should be evaluated only 

on these species. 

The target species discrepancy can be computed as follows: 

𝜉𝑇𝑖 = max𝑡,κ
|
𝑛𝑇𝑖
(𝜅)(𝑡) − 𝑛0,𝑇𝑖

(𝜅) (𝑡)

𝑛0,𝑇𝑖
(𝜅) (𝑡)

| (5.6) 

where 𝑛𝑇𝑖
(𝜅)(𝑡) represents the concentration of species 𝑇𝑖 at time 𝑡 for case 𝜅 

calculated using the reduced chemistry set and 𝑛0,𝑇𝑖
(𝜅) (𝑡) represents the 

concentration of species 𝑇𝑖 at time 𝑡 for case 𝜅 calculated using the original 

(complete) one. 

Finally, the overall discrepancy between the reduced and complete set can be 

defined as: 

Ξ = max
Ti
𝜉𝑇𝑖 (5.7) 

5.4.1.4 Algorithm convergence 

The reduction algorithm, as described in the previous paragraphs, refers to a 

single reduction step. As mentioned in Section 5.4, the procedure needs to be 

iterative as the exact effect of the chemistry set modification cannot be easily 

predicted. In the iterative approach, if the user-imposed tolerance isn’t satisfied by 

equation 5.7 at the first iteration, the graph and species ranking (equations 5.1 to 

5.4) need to be re-evaluated based on the results of the reduced chemistry set 

obtained at the previous iteration. To further clarify this aspect, the equation 5.1 

is here reported for a generic 𝜏 reduction step (i.e., algorithm iteration). 
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[𝑟𝐴𝐵
(𝜅)(𝑡)]

𝜏

=
|∑ 𝜈𝐴,𝑗

𝑛 [𝜔̇𝑗
(𝜅)
]
𝜏−1
𝛿𝐵
𝑗

𝑗=1,[𝑅]𝜏−1 |

max ([𝑃𝐴
(𝜅)]

𝜏−1

, [𝐶𝐴
(𝜅)]

𝜏−1
)
, ∀𝜏 = 1,2, … (5.1𝑎) 

where [𝑅]𝜏−1 represents the number of reactions included in the chemistry set 

obtained at the previous iteration, and [𝜔̇𝑗
(𝜅)]

𝜏−1

, [𝑃𝐴
(𝜅)]

𝜏−1

 and [𝐶𝐴
(𝜅)]

𝜏−1

 are obtained 

through the simulation of the previous iteration reaction set. Once the graph is 

obtained, the algorithm can continue with the same steps of the first iteration. 

By iteratively reducing the chemistry set complexity, the error Ξ (always computed 

by referring to the original reaction set results) progressively increases until the 

user-imposed convergence criterion is met. 

Defining the 𝜏∗ iteration such that Ξ𝜏
∗
≥  Tol, the final reduced chemistry set will 

be characterized by a number of species 𝑆𝜏
∗
= 𝑆0 − 𝜏∗ and a number of reactions 

𝑅𝜏
∗
. 

5.4.1.5 Algorithm control 

Some remarks about the DRGEP species-oriented method control can finally 

be stated.  

A first observation can be made about the meaning of the error induced in the 

target species. As mentioned above, the target species are chosen by the user as 

identifiers of a peculiar phenomenon of interest. Building a chemistry set that 

induces an error in these species computation could seem detrimental, but it only 

reflects the effect of the removal of minor phenomena on the targets. In other 

words, inducing an error in the target species computations forces the algorithm 

to remove the less relevant phenomena from the chemistry set, thus, the extent of 

the reduction and tailoring of the reaction set to the desired subset of mechanisms 

can be controlled by the magnitude of the convergence parameter specified by the 

user. 

A second consideration concerns the extent of the reduction based on the number 

of test cases (𝜅) included in the DIC computation. In this context, considering a 

larger number of test cases widens the validity domain of the chemistry set. Taking 

into account only one test case (i.e., a specific initial thermodynamic state and 

power signal) will make the chemistry set formally valid only for the examined 

conditions as it won’t consider the nuances of the phenomena in the DIC 

computation, thus reducing the probability for an edge to be sufficiently short as 

suggested by equation 5.2. For these reasons, the chemistry set obtained by 

considering only the necessary test cases will be the most reduced as possible. 
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Furthermore, a third remark on the amount of target species (i.e., multitude of 

phenomena of interest).  Similarly to the previous point, as expressed in equation 

5.5, a large amount of target species affects negatively the reduction because it 

becomes increasingly probable that a non-target species will have some interesting 

effect on at least one of the targets. Furthermore, from equations 5.6 and 5.7, it 

becomes likelier that at least one of the errors induced in the target species’ 

computations will excide the user-imposed convergence error threshold. 

Summarizing, the larger the number of interesting phenomena for the chemistry 

set usage is, the larger 𝑆𝜏
∗
 can be. 

Lastly, a consideration on the effect of the considered time domain. From the 

reduction algorithm perspective, it is not necessary to share the same time domain 

in both the simulations and the DIC evaluation in equation 5.2. In fact, once the 

simulation results have been obtained in the complete time domain, a subdomain 

of arbitrary time samples can be used to affect the reduction outcomes. For 

example, if the phenomena of interest mostly occur in the early stages of the 

simulation, the reduction algorithm can be forced to consider only the first few time 

samples (with an arbitrary time-step). Doing so, the chemistry set produced by the 

algorithm can be adjusted to account mostly for the shorter phenomena. 

5.4.1.6 Pseudocode algorithm summary 

The following pseudocode is provided to summarize the algorithm structure. 

A. Directed graph construction  
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Inputs: Chemistry set, previous simulations’ results and reduction 

times samples (𝑡) 

Algorithm: 

a.  Create an empty directed graph object 

b. Add a node in the directed graph for each species in the 

chemistry set 

c. For each node in the directed graph (becomes the tail node 

- 𝐵), pick a second node (the head node - 𝐴) 

i. Compute 𝑟𝐴𝐵
(𝜅)(𝑡) the 𝐴𝐵 couple for each case and 

each instant in time (considering all the 

reactions) from the previous simulations’ 

results 

ii. Compute 𝑟𝐴𝐵 = 𝑚𝑎𝑥
𝑡,𝜅

𝑟𝐴𝐵
(𝜅)(𝑡) 

iii. Get 𝜆𝐵→𝐴 =
1

𝑟𝐴𝐵
 

iv. Add the node 𝐵 → 𝐴 to the directed graph 

Outputs: Directed graph representative of the chemistry set 

B. Species ranking 

Inputs: Directed graph representative of the chemistry set & a list 

of target species 

Algorithm: 

a. For each species (𝑇𝑖) in the target group and for each species 

(𝑞) not in the target group compute the 𝜓𝑞→𝑇𝑖 path length through 

the Dijkstra’s algorithm 

b. Compute 𝛶𝑞 = 𝑚𝑖𝑛𝜓𝑞→𝑇𝑖 , ∀𝑇𝑖 ∈ 𝑇⃗⃗ 

c. Remove the 𝑞∗ species characterized by 𝛶𝑞∗ = 𝑚𝑎𝑥
𝑞
𝛶𝑞 and all the 

reactions involving the 𝑞∗ species 

Outputs: Reduced chemistry set 
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C. Induced error evaluation & convergence 

Inputs: Reduced chemistry set, list of simulations, list of target 

species & convergence criteria (𝑇𝑜𝑙) 

Algorithm: 

a. For each case (𝜅) in the list of simulations, simulate the 

reduced chemistry set. 

b. Evaluate 𝜉𝑇𝑖 = 𝑚𝑎𝑥𝑡,𝜅
ቤ
𝑛𝑇𝑖
(𝜅)(𝑡)−𝑛0,𝑇𝑖

(𝜅) (𝑡)

𝑛0,𝑇𝑖
(𝜅) (𝑡)

ቤ for each target species (𝑇𝑖) 

c. Evaluate 𝛯 = 𝑚𝑎𝑥
𝑇𝑖
𝜉𝑇𝑖 

d. Evaluate if 𝛯 ≥  𝑇𝑜𝑙 

Case: True 

Stop the loop 

Case: False 

Reduced chemistry set is new input of the Directed 

graph construction 

Outputs: Reduced chemistry set 

5.4.2 DRGEP reaction-oriented 

In a reaction-oriented skeletal reduction technique, chemical reactions are the 

chemistry set’s components to be ranked and removed.  

The DRGEP reaction-oriented algorithm is structured similarly to the species-

oriented one as it shares the strategy of the chemistry set representation through 

a directed graph, but with some constitutive differences. In fact, in this case, not 

only the species are represented as graph nodes, but also the reactions. The first 

will act only as head nodes whilst the latter as tail nodes. In contrast with the 

species-oriented case, the edges of such graph will represent the influence of the 

single reaction node on the production (or consumption) of the species node. As in 

the previous case, the longer the edge, the less relevant the tail reaction is for the 

head species. Once the reactions have been classified based on their weight in the 

chemistry set, the lowest scoring one can be removed and its effect evaluated on 

the simulation cases. 
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5.4.2.1 Directed graph construction algorithm 

Similarly to the species-oriented algorithm, the first step of the method is to build 

the directed graph. As mentioned before, in this case both the species and reactions 

are represented by means of the graph nodes. As in the species-oriented algorithm, 

each node will be characterized by a name, and a list of edges that connect to it. To 

complete the graph, the edges need to be included by means of a tail node, a head 

node, and a length. Also in this case, the edges length is defined thorough the DIC 

of the tail reaction and the head species. 

𝑟𝐴𝑗(𝑡) =
|𝜈𝐴,𝑗
𝑛 𝜔𝑗̇(𝑡)|

max(𝑃𝐴(𝑡), 𝐶𝐴(𝑡))
(5.8) 

where 𝑟𝐴𝑗 represents the influence of the 𝑗-th reaction on the species 𝐴, 𝜈𝐴,𝑗
𝑛  

represents the net stoichiometric coefficient of the species 𝐴 in the 𝑗-th reaction, 𝜔𝑗̇ 

is the reaction rate (
𝑘𝑚𝑜𝑙

𝑚3 𝑠
), 𝑃𝐴 is the 𝐴 species rate of production (

𝑘𝑚𝑜𝑙

𝑚3 𝑠
), and 𝐶𝐴 is 

the 𝐴 species rate of consumption (
𝑘𝑚𝑜𝑙

𝑚3 𝑠
). 

Extending the notation to multiple simulation cases, it is possible to compute the 

time and case independent DIC as: 

𝑟𝐴𝑗 = max
𝑡,𝜅
𝑟𝐴𝑗
(𝜅)(𝑡) (5.9) 

where 𝑟𝐴𝑗 represents the DIC value and 𝜅 is the simulation case’s index. 

The 𝑗 → 𝐴 edges length can be obtained, as in the species-oriented method, by the 

inverse of the DIC value: 

𝜆𝑗→𝐴 =
1

𝑟𝐴𝑗
(5.10) 

Also in this case, an illustrative representation of the directed graph is provided in 

Figure 5.4.3. 
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Figure 5.4.3 DRGEP reactions-oriented directed graph example. In the example three species 

(𝑆1, 𝑆2 and 𝑆3) and three reactions (𝑅1, 𝑅2 and 𝑅3) are included in the graph. 

5.4.2.2 Reactions ranking 

The fundamental difference between the species and reactions-oriented 

algorithms arises in the reactions ranking step for two major reasons. The first one 

concerns the structure of the directed graph. In fact, this is characterized by the 

impossibility of accounting for non-direct interactions between nodes (i.e., no 

reaction node can be a head node for an edge). This aspect affects the reactions 

ranking as it implies that the importance score of the reactions must be computed 

using the edges length directly as a more complex path is non-existent. The second 

basis of difference with respect to the species-oriented mechanism comes from the 

nature of the reduction target of the algorithm. In fact, in this case, the method 

focuses on removing single reactions form the chemistry set. Ranking the reactions 

by considering only their importance with respect to the target species would result 

in an equivalent score for all the reactions that are not affecting mole balance of 

such species (i.e., reactions characterized by a stoichiometric balancing of 

production and consumption of target species moles and reactions not involving 

the target species at all). This aspect would destabilize the method effectiveness in 

controlling the error induced by the reduction, which is only granted by the 

presence of a sorted ranking of components that are safe to remove. To avoid this 

issue, the reactions ranking must be weighted on all the species present in the 

chemistry set. 

In light of these considerations, the reactions’ importance score is defined as 

follows: 

Υ𝑗 = min
𝐴∈𝑆

𝜆𝑗→𝐴 , (5.11) 
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where the minimum evaluation has been extended to all the species (𝑆) in the 

chemistry set. 

This reaction ranking procedure implies that the reactions will be removed from 

the reaction set based on their global relevance in the multitude of phenomena 

involved in the graph construction. Thus, the chemistry set targeting towards the 

representation of just the desired subset of phenomena is not granted by default 

by the algorithm but can only be controlled by the iterative procedure of the 

induced error in the target species computation estimation. Furthermore, as the 

simplification is non-specific, the same phenomena accurately represented by the 

initial chemistry set will be approximately considered just as effectively in the 

reduced set, making the use of a pre-targeted reaction set as input to the algorithm 

interesting. 

5.4.2.3 Induced error evaluation and algorithm convergence 

The error evaluation of the reaction-oriented algorithm closely follows the 

same principles expressed in Section 5.4.1.3. In fact, also in this case the error 

induced by the reactions’ removal on the target species computations and the 

overall discrepancy between the reduced and complete set can be defined computed 

by equations 5.6 and 5.7 respectively. 

Analogously, the algorithm iteration procedure is largely shared with the species-

oriented algorithm (Section 5.4.1.4). In this case it is also possible to use the 

simulations results obtained from previous iterations’ reactions sets to calculate 

the time and case dependent DIC coefficients: 

[𝑟𝐴𝑗
(𝜅)(𝑡)]

𝜏

=
|𝜈𝐴,𝑗
𝑛 [𝜔̇𝑗

(𝜅)]
𝜏−1
|

max ([𝑃𝐴
(𝜅)]

𝜏−1

, [𝐶𝐴
(𝜅)]

𝜏−1
)
, ∀𝜏 = 1,2, … (5.8𝑎) 

with 𝜏 being the iteration index.  

Also in this case, the 𝜏∗ iteration will be defined such that Ξ𝜏
∗
≥  Tol (with Tol 

representing the user-defined tolerance). At the end of the algorithm, the final 

reduced chemistry set will be characterized by a number of reactions 𝑅𝜏
∗
= 𝑅0 − 𝜏∗ 

and a number of species 𝑆𝜏
∗
. For completeness, it’s worth mentioning that, in 

contrast with the species-oriented algorithm, in this case the number of species 𝑆𝜏
∗
 

will most likely remain unchanged during the algorithm execution as a species 

should be removed only in the occurrence of it not being involved in any reaction. 

5.4.2.4 Pseudocode algorithm summary 

The following pseudocode is provided to summarize the algorithm structure. 
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A. Directed graph construction  

Inputs: Chemistry set, previous simulations’ results and reduction 

times samples (𝑡) 

Algorithm: 

a.  Create an empty directed graph object 

b. Add a node in the directed graph for each reaction and for 

each species in the chemistry set 

c. For each reaction node in the directed graph (becomes the 

tail node - 𝑗), pick a species node (the head node - 𝐴) 

i. Compute 𝑟𝐴𝑗
(𝜅)(𝑡) for the 𝐴𝑗 couple for each case and each 

instant in time from the previous simulations’ results 

ii. Compute 𝑟𝐴𝑗 = 𝑚𝑎𝑥
𝑡,𝜅

𝑟𝐴𝑗
(𝜅)(𝑡) 

iii. Get 𝜆𝑗→𝐴 =
1

𝑟𝐴𝑗
 

iv. Add the node 𝐵 → 𝐴 to the directed graph 

Outputs: Directed graph representative of the chemistry set 

B. Species ranking 

Inputs: Directed graph representative of the chemistry set 

Algorithm: 

a. For each reaction (𝑗) in the chemistry set compute 𝛶𝑗 = 𝑚𝑖𝑛
𝐴∈𝑆

𝜆𝑗→𝐴 

b. Remove the 𝑗∗ reaction characterized by 𝛶𝑗∗ = 𝑚𝑎𝑥
𝑗
𝛶𝑗 and all 

the species not involved in any reaction 

Outputs: Reduced chemistry set 
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C. Induced error evaluation & convergence 

Inputs: Reduced chemistry set, list of simulations, list of target 

species & convergence criteria (𝑇𝑜𝑙) 

Algorithm: 

a. For each case (𝜅) in the list of simulations, simulate the 

reduced chemistry set. 

b. Evaluate 𝜉𝑇𝑖 = 𝑚𝑎𝑥𝑡,𝜅
ቤ
𝑛𝑇𝑖
(𝜅)(𝑡)−𝑛0,𝑇𝑖

(𝜅) (𝑡)

𝑛0,𝑇𝑖
(𝜅) (𝑡)

ቤ for each target species (𝑇𝑖) 

c. Evaluate 𝛯 = 𝑚𝑎𝑥
𝑇𝑖
𝜉𝑇𝑖 

d. Evaluate if 𝛯 ≥  𝑇𝑜𝑙 

Case: True 

Stop the loop 

Case: False 

Reduced chemistry set is new input of the Directed 

graph construction 

Outputs: Reduced chemistry set 
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5.5 Chemistry Lumping 

The family of chemistry lumping techniques entails simplifying an initial 

chemistry set through a structural reformulation of the set to an approximately 

equivalent one. Specifically, the objective of the techniques is to reduce the number 

of species and reactions necessary to represent the phenomena involved in the 

initial chemistry set, but with an approach intrinsically different from the one 

adopted by the skeletal reductions. In greater detail, these techniques rely on 

grouping similar species and reactions under surrogate representatives that 

inherit the thermodynamic and kinetic properties of their constituents. Through 

this approach, it is possible to obtain reaction sets globally behaving similarly to 

their predecessors (i.e., all the phenomena considered in the original chemistry set 

will approximately be accounted for also in the reduced one) with a much less 

intricate and dense scheme.  

The chemistry lumping techniques have been mostly developed for pure 

thermochemical (i.e., combustion) models where isomer species can be grouped 

together in the reaction set, as their common composition won’t affect the mole 

balance of the reactions. For this reason, especially in state-to-state reaction sets, 

the reduction supported by a lumping technique could be extremely beneficial for 

non-equilibrium plasma chemistry as, in addition to isomers, also the excited 

states of chemical species could potentially be grouped together under a single 

representative. 

In this section, a novel lumping technique for non-equilibrium plasma chemistry 

developed during this PhD will be presented. 

5.5.1 A novel lumping technique for plasma chemistry 

5.5.1.1 Lumping technique overview 

As mentioned above, the scope of a lumping technique is to simplify an initial 

chemistry set by replacing groups of its components with fictious representatives. 

The lumping technique here discussed will focus on species lumping through the 

introduction of a lump representative species (𝐿𝛾) that will need to be defined both 

thermodynamically and kinetically (i.e., a reaction subset involving the 

representatives requires the definition of new reactions). The number of lump 

representative species depends on the number of identified groupings of species. 

In fact, not only multiple isomers and state manifolds could be present in a 

chemistry set, but the selection of species to be grouped together can also be refined 

from the simple composition sharing criteria considering further similarities 

between the species. For example, in ARCANE [11] the authors describe a 

rationale, designed for thermochemical reaction sets, to identify different 
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subgroups in isomeric species based on their thermodynamic properties. Similarly 

for non-equilibrium plasma chemistry, multiple criteria could be used, grouping 

species based on their composition and subsequently by thermodynamic similarity, 

excitation type, and further restrictive conditions. 

Once the lumping groups have been identified, the lump representative species can 

be defined. To ensure that the reaction set obtained from the lumping procedure 

will be equally valid with respect to the original chemistry set, the novel species 

characteristic (i.e., thermodynamic properties and reaction kinetics role) should be 

inherited from the single component of the lump. Furthermore, as the relevance of 

species in a chemistry set is not uniform, each characteristic of the original species 

should be considered with different weights for the definition of the lumped 

representative. For these reasons, it is useful to introduce the species-to-lump 

fraction parameter: 

𝐷𝑖,𝐿𝛾 =
𝑛𝑖

∑ 𝑛𝑞𝑞∈𝐿̂𝛾

(5.12) 

where 𝑛𝑖 represents the 𝑖-th species concentration, 𝐿̂𝛾 the 𝛾-th lumping group, 𝐿𝛾 

the 𝛾-th lump representative species, and 𝐷𝑖,𝐿𝛾 the species-to-lump fraction of the 

𝑖-th species with respect to the 𝛾-th lump. In this expression, is worth noting that 

the ∑ 𝑛𝑞(𝑡)𝑞∈𝐿̂𝛾
 summation term represents the overall lump concentration (i.e., the 

𝛾-th lump representative species concentration). 

Starting from the thermodynamic properties’ definition of the lumped species, the 

generic 𝑦𝐿𝛾 attribute of the 𝛾-th lump representative species (i.e., molar heat at 

constant pressure - 𝑐̂𝑝, molar enthalpy of formation - ℎ̂ or molar entropy of 

formation - 𝑠̂) can be defined as: 

𝑦𝐿𝛾(𝑇𝑔) = ∑ 𝐷𝑞,𝐿𝛾 ⋅ 𝑦𝑞(𝑇𝑔)

𝑞∈𝐿̂𝛾

(5.13) 

where 𝑦𝑞 refers to the 𝑞-th species belonging to the 𝐿̂𝛾 lumping group and 𝑇𝑔 

represents the gas temperature.  

On the other hand, the lumped species contribution to reactions’ kinetics can be 

expressed through the definition of new lumped reactions rate constants such that 

the mole balance of the lumped representative species is consistent with the mole 

balances of each lump constituent. This implies that: 
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𝑑𝑛𝐿𝛾
𝑑𝑡

= ∑
𝑑𝑛𝑞

𝑑𝑡
𝑞∈𝐿̂𝛾

(5.14𝑎) 

Expanding equation 5.14𝑎 the following expression can be obtained: 

𝑑𝑛𝐿𝛾
𝑑𝑡

= ∑∑𝜈𝑞,𝑗
𝑛 (𝑘𝑗

𝑓
∏𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑆

𝑧=1

− 𝑘𝑗
𝑟∏𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑆

𝑧=1

)

𝑅

𝑗=1𝑞∈𝐿̂𝛾

(5.14𝑏) 

 

where 𝜈𝑞,𝑗
𝑛 , 𝜈𝑞,𝑗

𝑓
 and 𝜈𝑞,𝑗

𝑟  represent the 𝑞-th species net, forward and reverse 

stoichiometric coefficient in the 𝑗-th reaction (𝜈𝑞,𝑗
𝑛 = 𝜈𝑞,𝑗

𝑟 − 𝜈𝑞,𝑗
𝑓
), 𝑘𝑗

𝑓
 and 𝑘𝑗

𝑟 the 𝑗-th 

reaction forward and reverse rate coefficients, 𝑅 is the initial chemistry set number 

of reactions, and 𝑆 is the initial chemistry set number of species. 

Introducing the 𝐷𝑖,𝐿𝛾 coefficients in equation 5.14𝑏 the definition of the lumped 

reactions (i.e., reactions where the 𝐿𝛾 lump representative species is involved) 

coefficients can be obtained (see Section 5.9.1): 

{
  
 

  
 
𝑘̃𝑗
𝑓
= ∑ (𝑘𝜂

𝑓
∏∏𝐷𝑞,𝐿𝛾

𝜈𝑞,𝜂
𝑓

𝑞∈𝐿̂𝛾𝐿̂𝛾∈Λ

)

𝜂∈𝑅:𝜂∼𝑗

𝑘̃𝑗
𝑟 = ∑ (𝑘𝜂

𝑟∏∏𝐷𝑞,𝐿𝛾
𝜈𝑞,𝜂
𝑟

𝑞∈𝐿̂𝛾𝐿̂𝛾∈Λ

)

𝜂∈𝑅:𝜂∼𝑗

(5.15) 

where the expressions have been extended to multiple lumping groups (Λ) and the 

notation of reaction similarity (𝜂 ∼ 𝑗) has been introduced. The condition for two 

reactions to be similar is that, once the all the lumps’ representative species have 

been substituted, different reactions’ equations become overlapping. In other 

words, if two reactions’ equations involve species belonging to the same lump with 

the same stoichiometric coefficients, the two reactions can be considered as similar 

(thus their respective effects can be summed in the lumped chemistry set). 

Following this definition, it is worth noting that the stoichiometric coefficients 𝜈𝑞,𝜂 

are invariant for all the 𝑞 species in the 𝐿̂𝛾 lump and all the reactions 𝜂 similar to 

𝑗, which implies that they could be substituted in the expression with a common 

stoichiometric coefficient 𝜈𝐿𝛾,𝑗. 

In summary, the lumping technique consists in identifying Λ groups of species 

based on a shared chemical composition and, secondarily, on their thermodynamic 

similarity and excitation type. These species are then removed from the chemistry 
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set and replaced by a representative species whose thermodynamic properties are 

weighted according to the relevance of each individual species within the lump 

expressed through the 𝐷𝑖,𝐿𝛾 ratio (equation 5.13). Furthermore, the lump 

representative must replace the original species in all reactions, with similar 

reactions being merged, and new reaction rate constants must be defined based on 

the original ones (also weighted by the 𝐷𝑖,𝐿𝛾 ratios), as expressed by equation 5.15. 

5.5.1.2 Species-to-lump ratios computations 

Equations 5.13 and 5.15 explicit the dependence of the thermodynamic and kinetic 

aspects of the lumped chemistry set on the species-to-lump ratios (𝐷𝑖,𝐿𝛾). For this 

reason, it becomes evident that the accuracy of the reduction procedure relies on 

their expressions’ determination. 

In general, 𝐷𝑖,𝐿𝛾 ratios will be functions of the state vector based on the initial 

chemistry set Γ0⃗⃗⃗⃗⃗ = {𝑇𝑔, 𝑝, 𝑉, 𝑛⃗⃗𝑞 , 𝑛⃗⃗𝑢, 𝑡, 𝑇𝑒 ,
𝐸

𝑁
, … } (with 𝑛⃗⃗𝑢 being the concentrations of 

the subgroup of species that are not interested by the lumping procedure) as the 

species in the lumping group only exist in such space. On the contrary, during their 

usage in equations 5.13 and 5.15, such ratios determination must rely on the 

lumped chemistry set state vector (Γ𝐿⃗⃗⃗⃗⃗ = {𝑇𝑔, 𝑝, 𝑉, 𝑛⃗⃗𝐿𝛾 , 𝑛⃗⃗𝑢, 𝑡, 𝑇𝑒 ,
𝐸

𝑁
, … }) only. 

For example, the rate constants defined in equation 5.15 must be quantifiable 

based just on the plasma state to be used in a simulation. Such plasma state can 

only extend to the variables known at the time of the simulation. This implies that 

the 𝐷𝑖,𝐿𝛾 ratios must be dependent on the state vector based on the lumped reaction 

set.  

The 𝐷𝑖,𝐿𝛾 requirement of bridging the initial and lumped chemistry sets domains 

leads to the conclusion that only the common terms of both state vectors can ever 

determine the values of the ratios (Γ0⃗⃗⃗⃗⃗ ∩ Γ𝐿⃗⃗⃗⃗⃗ = {𝑇𝑔, 𝑝, 𝑉, 𝑛⃗⃗𝑢, 𝑡, 𝑇𝑒 ,
𝐸

𝑁
, … }). Furthermore, 

for the rate constants introduced in equation 5.15 to be properly defined, the 𝐷𝑖,𝐿𝛾 

functions should be independent also of time and of the common species densities, 

allowing only for the gas and electrons kinetic parameters to be used as arguments. 

On the other hand, equation 5.13 would need the species-to-lump ratios to be 

dependent on the gas temperature only, but this aspect will prove to be too limiting, 

thus requiring the expression in 5.13 to be revised. 

Using equation 5.12, the 𝐷𝑖,𝐿𝛾 ratios can be used to express the mole balance of a 

generic species 𝑖 in the 𝐿̂𝛾 lumping group in terms of the total lump representative 

species mole balance: 
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𝑑𝑛𝑖
𝑑𝑡
= 𝐷𝑖,𝐿𝛾

𝑑𝑛𝐿𝛾
𝑑𝑡
  

which, from equation 5.14𝑏 can lead to a definition of the species-to-lump ratio in 

terms of the system’s chemical kinetics: 

𝐷𝑖,𝐿𝛾 =

∑ 𝜈𝑖,𝑗
𝑛 (𝑘𝑗

𝑓∏ 𝑛𝑧
𝜈𝑧,𝑗
𝑓

−𝑧 𝑘𝑗
𝑟∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑧 )𝑅
𝑗=1

∑ ∑ 𝜈𝑞,𝑗
𝑛 (𝑘𝑗

𝑓∏ 𝑛𝑧
𝜈
𝑧,𝑗
𝑓

−𝑧 𝑘𝑗
𝑟∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑧 )𝑅
𝑗=1𝑞∈𝐿̂𝛾

(5.16) 

The expression in equation 5.16 is formally dependent on the whole Γ0⃗⃗⃗⃗⃗ state vector. 

To formulate an approach to determine the 𝐷𝑖,𝐿𝛾 dependencies on the plasma 

kinetic parameters only, a more detailed investigation of the single terms’ 

dependencies must be performed. Starting with the 𝑛𝑧 species concentrations, 

these are direct variables of the Γ0⃗⃗⃗⃗⃗ state vector whose dependency should be 

removed in the 𝐷𝑖,𝐿𝛾 expression. For what concern the 𝑘𝑗
𝑓
 and 𝑘𝑗

𝑟 rate constants, 

these are functions of the gas thermodynamic state, which can be expressed in 

terms of the gas temperature (𝑇𝑔) (with the addition of the gas pressure 𝑝 in case 

falloff-reactions are considered in the chemistry set), and of the electrons kinetics. 

In general, the latter can be uniquely determined from the electronic excitation, 

expressed in terms of the reduced electric field (
𝐸

𝑁
), and from the electron collision 

cross sections, weighted by the molar composition of the heavy particles. Thus, 

summarizing, the 𝐷𝑖,𝐿𝛾 expression in equation 5.16 can be interpreted as a function 

of the gas temperature (𝑇𝑔), the gas pressure (𝑝), the reduced electric field (
𝐸

𝑁
), the 

electron collision cross sections (𝜎𝑗), and of the species concentrations (𝑛𝑧).  

As mentioned earlier, the dependence on species concentrations is undesirable in 

the species-to-lump ratios, as it would render the definition of the reaction rate 

constants in equation 5.15 improper. For this reason, an approximation is 

introduced in the 𝐷𝑖,𝐿𝛾 computations to remove the 𝑛𝑧 dependency. Focusing on the 

explicit dependence on species concentrations, this can be removed by performing 

a random sampling of the system molar composition according to an arbitrary 

distribution and by averaging the effects of multiple samples on the 𝐷𝑖,𝐿𝛾 ratio. For 

simplicity, assuming that no species is more relevant than the others (i.e., 

considering a uniform distribution) and sampling over a sufficiently large number 

of cases, the concentrations of the individual species become: 

𝑛𝑧 =
1

𝑆

𝑝

𝑅𝑇𝑔
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where 𝑆 is the total number of species and 𝑅 is the ideal gas constant. 

A different assumption is instead used for the implicit dependence on the species 

concentrations involved in the electron collision cross sections weighting. In this 

case, the molar composition is assumed to be equal to the most probable gas 

composition to be found in the simulations (i.e., an average composition weighted 

on the complete chemistry set simulations).  

Under these approximations, one can define a parameter space spanned by the gas 

temperature, gas pressure and the reduced electric field (Ω𝑇𝑔 , Ω𝑝 and Ω𝐸
𝑁

 

respectively), and compute the 𝐷𝑖,𝐿𝛾value at each point within this space. 

5.5.1.3 A directed graph approach for the ratios’ computations 

Some additional considerations on the determination of the 𝐷𝑖,𝐿𝛾 ratios 

deserve to be addressed. The main aspect not yet clarified concerns which reactions 

should be considered when evaluating these functions, thereby enabling their 

explicit and operational definition. For this purpose, it is useful to refer to equation 

5.15. By defining the forward and backward rate constants separately (for 

example, through the principle of detailed balancing), in a generic 𝑘𝑗̃ the influence 

of the 𝐷𝑖,𝐿𝛾 ratios will be exerted only on those reactions (rendered irreversible in 

this case) in which the species belonging to the lumped group appear as reactants. 

In this sense, it is convenient to represent the lumping process using directed 

graphs (figures 3.4 and 3.5). In these graphs, the nodes represent chemical species, 

and the edges represent the overlap of reactions that consume the tail species to 

produce the head species (note: unlike the directed graphs used in the DRGEP 

strategies discussed in earlier sections, in this case the edge lengths are arbitrary). 

In figure 3.4, nodes with solid outlines represent species not belonging to any 

lumping group, while nodes with dashed circles and a central cross denote species 

included in the lumping group (a single group in this example). As for the edges, 

the interface mechanisms between the lumping group and the remaining species 

are highlighted. Dashed edges represent mechanisms in which lumped species act 

as reactants, whereas dash–dot edges indicate mechanisms leading to the 

production of these species. 

The lumping procedure will produce a similar directed graphs where all the species 

in the lumping group are replaced by a single representative under the constrain 

of establishing new connections (i.e., the lumped reactions) having the same type 

(production or consumption type) of the ones existing in the original chemistry set 

with the species outside of the lumping manifold (figure 3.5). Moreover, these new 

connections have to ensure that the moles produced or consumed by their 

constitutive reactions are matching between the two sets. 
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In this regard, the condition on the production of the lumped representative species 

(i.e., the sum of all species within the lumped group) is independent of the accuracy 

in evaluating the 𝐷𝑖,𝐿𝛾. Conversely, only the consumption of this species is 

dependent and affects the assessment of the species-to-lump ratios. Indeed, the 

𝐷𝑖,𝐿𝛾 represents the fraction of the total molar consumption of all species in the 

lumped group (which, to satisfy equation. 5.14𝑎, remains invariant during the 

lumping process) that is attributable to the 𝑖-th species. 

For these reasons, the calculation of the 𝐷𝑖,𝐿𝛾 can be carried out at each point of the 

domain Ω𝑇𝑔 ∪ Ω𝑝 ∪ Ω𝐸
𝑁

 based on the graph introduced here, as follows: 

𝐷𝑖,𝐿𝛾 =

∑ 𝜈𝑞,𝑗
𝑛 𝑘𝑗

𝑓∏ (
1
𝑆
𝑝
𝑅𝑇𝑔
)
𝜈𝑧,𝑗
𝑓

𝑧
𝑅𝑐
𝑗=1

∑ ∑ 𝜈𝑞,𝑗
𝑛 𝑘𝑗

𝑓∏ (
1
𝑆
𝑝
𝑅𝑇𝑔
)
𝜈
𝑧,𝑗
𝑓

𝑧
𝑅𝑐
𝑗=1𝑞∈𝐿̂𝛾

(5.17) 

where 𝑅𝑐 has been introduced to refer to the reaction’ subset involving the 

consumption mechanisms of the 𝐿̂𝛾 lumping group. 

 

Figure 5.5.1 Directed relation graph representative of the reaction set before the lumping 

procedure. 
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Figure 5.5.2 Directed relation graph representative of the reaction set after the lumping 

procedure. 

5.5.1.4 Lumped thermodynamic properties and cross-sections 

As mentioned in Section 5.5.1.2, equation 5.13 presents some critical issues 

when the definition of the 𝐷𝑖,𝐿𝛾 ratio in equation 5.17 is employed. Specifically, 

thermodynamic properties must be defined as functions uniquely determined by 

the gas temperature (𝑇𝑔). For this reason, equation 5.13 is revised to account for 

the dimensional discrepancy between the domains of the two functions as follows: 

𝑦𝐿𝛾(𝑇𝑔) = ∑
1

Δ𝐸
𝑁
 Δ𝑝
∫ [∫ 𝐷𝑞,𝐿𝛾 (𝑇𝑔, 𝑝,

𝐸

𝑁
) ⋅ 𝑦𝑞(𝑇𝑔)𝑑

𝐸

𝑁
 

Ω𝐸
𝑁

] 𝑑𝑝
Ω𝑝𝑞∈𝐿̂𝛾

(5.18) 

where Δ𝐸
𝑁

 and Δ𝑝 are respectively the Ω𝐸
𝑁

 and Ω𝑝 extensions. In summary, given the 

domain of the 𝐷𝑖,𝐿𝛾 functions - linked to the variables involved in determining the 

reaction rate constants - the calculation of thermodynamic properties requires 

averaging the effects of the 𝐷𝑖,𝐿𝛾 ratio over the reduced electric field and pressure 

domains. 

A second aspect worth emphasizing, which is particularly relevant to plasma 

chemistry, concerns the determination of cross sections for electron–collision 

processes. From equation 5.15, the reaction rate constants of these processes can 

be obtained; however, in order to keep the chemical kinetics consistently coupled 

with the electrons Boltzmann equation (EBE), it is necessary to derive electron 

cross sections to be used as input for the Boltzmann solver. 
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From the equation 5.15, when considering a rate constant deriving from an electron 

collision cross section, it is possible to derive the following expressions (see Section 

5.9.2): 

𝑘𝑗̃ = √
2𝑒

𝑚𝑒
∫𝜀𝐹0 [ ∑ 𝜎𝜂(𝜀)∏∏𝐷𝑞,𝐿𝛾

𝜈𝑞,𝜂
𝑓

𝑞∈𝐿̂𝛾𝐿̂𝛾∈Λ𝜂∈𝑅:𝜂∼𝑗

] 𝑑𝜀 (5.19) 

where 𝑒 is the elementary charge, 𝑚𝑒 is the electron mass, 𝜀 is the colliding electron 

kinetic energy, 𝐹0 is the electron energy distribution function (EEDF), and 𝜎𝜂(𝜀) is 

the 𝜂-th process cross section. In equation 5.19 is implicitly provided also the 

lumped cross section (𝜎𝑗̃′) definition as: 

𝜎𝑗̃′ (𝜀,
𝐸

𝑁
, 𝑇𝑔, 𝑝) = ∑ 𝜎𝜂(𝜀)∏∏𝐷𝑞,𝐿𝛾

𝜈𝑞,𝜂
𝑓

𝑞∈𝐿̂𝛾𝐿̂𝛾∈Λ𝜂∈𝑅:𝜂∼𝑗

 

This definition shares the same issues as the definition of lumped thermodynamic 

properties in equation 5.13. Indeed, in this case as well, it is necessary to average 

the effects provided by the 𝐷𝑖,𝐿𝛾 ratio on the lumped cross section to obtain the 

following expression: 

𝜎𝑗̃(𝜀) =
1

Δ𝐸
𝑁
 Δ𝑝Δ𝑇𝑔

∫ ∫ ∫ 𝜎𝑗̃′ (𝜀,
𝐸

𝑁
, 𝑇𝑔, 𝑝) 𝑑

𝐸

𝑁
 

Ω𝐸
𝑁

𝑑𝑝
Ω𝑝

 𝑑𝑇𝑔
Ω𝑇𝑔

(5.20) 

where Δ𝑇𝑔 is the Ω𝑇𝑔 space extension. 

5.5.1.5 Induced error evaluation 

 Similarly to the techniques described previously, given the assumptions and 

approximations introduced so far, it is reasonable to expect that lumping induces 

errors in the simulations of the cases of interest (which are here implicitly 

contained within the extensions Δ𝐸
𝑁

 , Δ𝑝, and Δ𝑇𝑔). It is therefore important to keep 

track of the error introduced in the calculation of chemical species due to the 

reduction. This can be done as follows: 

𝜉𝑖 = max
𝑡,κ
|
𝑛𝑖
(𝜅)(𝑡) − 𝑛0,𝑖

(𝜅)(𝑡)

𝑛0,𝑖
(𝜅)(𝑡)

| (5.21) 

where 𝑛𝑖
(𝜅)(𝑡) represents the concentration of the 𝑖-th species at time 𝑡 for case 𝜅 

calculated using the lumped chemistry set and 𝑛0,𝑖
(𝜅)(𝑡) represents the concentration 
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of the 𝑖-th species at time 𝑡 for case 𝜅 calculated using the original (non-lumped) 

one. 

Finally, the overall discrepancy between the reduced and complete set can be 

defined as: 

Ξ = max
i
𝜉𝑖 (5.22) 

5.5.1.6 Pseudocode algorithm summary 

The following pseudocode is provided to summarize the algorithm structure. 

A. Species-to-lump ratios identification 

Inputs: Chemistry set 

Algorithm: 

a.  Identify the lumping groups based on some similarity 

condition between species 

b. Build the directed graph for the species-to-lump ratios 

computation 

c. For each lumping group, compute the species-to-lump ratio 

for each species (𝑖) in the lumping group for each point 

in the 𝑇𝑔, 𝑝,
𝐸

𝑁
 domain: 

𝐷𝑖,𝐿𝛾 =

∑ 𝜈𝑞,𝑗
𝑛 𝑘𝑗

𝑓∏ (
1
𝑆
𝑝
𝑅𝑇𝑔
)
𝜈𝑧,𝑗
𝑓

𝑧
𝑅𝑐
𝑗=1

∑ ∑ 𝜈𝑞,𝑗
𝑛 𝑘𝑗

𝑓∏ (
1
𝑆
𝑝
𝑅𝑇𝑔
)
𝜈
𝑧,𝑗
𝑓

𝑧
𝑅𝑐
𝑗=1𝑞∈𝐿̂𝛾

 

Outputs: Species-to-lump ratios functions 
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B. Lump representatives’ characterization 

Inputs: Species to lump ratios, Original chemistry set 

Algorithm: 

a. For each lumping group, create a lump representative species 

i. Compute the lumped thermodynamic properties and cross 

sections 

ii. Compute the lumped reactions cross sections 

iii. Substitute the lump representatives in the chemistry 

set 

Outputs: Reduced chemistry set 

C. Induced error evaluation & convergence 

Inputs: Reduced chemistry set, list of simulations, list of target 

species 

Algorithm: 

a. For each case (𝜅) in the list of simulations, simulate the 

reduced chemistry set. 

b. Evaluate 𝜉𝑇𝑖 = 𝑚𝑎𝑥𝑡,𝜅
ቤ
𝑛𝑇𝑖
(𝜅)(𝑡)−𝑛0,𝑇𝑖

(𝜅) (𝑡)

𝑛0,𝑇𝑖
(𝜅) (𝑡)

ቤ for each target species (𝑇𝑖) 

c. Evaluate 𝛯 = 𝑚𝑎𝑥
𝑇𝑖
𝜉𝑇𝑖 

Outputs: Reduced chemistry set 
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5.6 SPPARK’s ARC Module 

In this thesis work, the techniques described so far have been coupled with 

SPPARK through a module dedicated to ARC. Within this module, the reduction 

techniques are not only available individually but also combined into a more 

complex algorithm that orchestrates their interfacing, similarly to what has been 

presented in ARCANE [11]. This section describes the reduction algorithm 

implemented in SPPARK, focusing on the user-defined inputs and on the logic 

governing the coupling among the individual ARC techniques. 

The algorithm is composed of three major subroutines. Firstly, a chemistry set is 

provided as the original chemistry set to be reduced together with a list of cases of 

interest (hereafter referred to as canonical cases). In this phase, the complete 

chemistry set is simulated on all the canonical cases identified by the user. 

Secondly, a skeletal reduction step takes place by combining in a loop both the 

species and reactions-oriented DRGEP algorithms. Thirdly, the chemistry lumping 

technique takes place. Optionally a second step of the DRGEP skeletal reduction 

loop can be applied if the chemistry lumping was successfully executed and the 

reaction set needs (and accepts) further reductions. 

5.6.1 Canonical cases simulation 

As mentioned earlier, the first step in the ARC algorithm consists in 

simulating the original chemistry set over the entire set of canonical cases. The 

procedure has been parallelized across multiple processors to optimize the 

computational time. In this context, the user provides the full chemistry set along 

with the set of conditions (both initial and forcing) required to define the problem. 

Since these conditions remain invariant with respect to the reduction, the same 

methodology is applied to the simulation of the reduced reaction sets and to the 

assessment of the error induced by each reduction step. 

5.6.2 DRGEP Loop 

The first actual reduction step couples the skeletal reduction loops through a 

species- and reaction-oriented DRGEP (hereinafter referred to as the DRGEP 

loop). As discussed earlier, the species-oriented technique allows more precise 

control over the focus of the reaction scheme on the phenomena of interest 

compared to the reaction-oriented algorithm, which, on the other hand, benefits 

from operating on a chemistry set that has been previously specialized. For these 

reasons, the first reduction step in the DRGEP loop employs the species-oriented 

technique (which carries out the bulk of the reduction work on secondary 

phenomena) and then further reduces the chemistry set using the reaction-
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oriented technique (which, in this sense, performs a fine-tuning operation acting 

on the set’s stiffness). 

In addition to the internal loops within each technique, an external loop between 

the two techniques is also introduced. In this case, the exit conditions do not 

directly concern the error induced by the reduction, but rather the possibility of 

further reducing the reaction set. Accordingly, after the species-oriented DRGEP, 

a check is performed on the number of reactions in the sets before and after the 

reduction step. Conversely, following the reaction-oriented DRGEP, the check is 

performed on the number of species before and after the reduction step. In other 

words, it is assumed that each algorithm has fully addressed its respective target 

component, and it is checked whether running the complementary algorithm is 

required. This coupling rationale has been graphically summarized in Figure 5.6.1. 

 

Figure 5.6.1 Graphical representation of the DRGEP loop. 

Given the application of both species- and reaction-oriented algorithms within the 

DRGEP loop, some additional considerations on the convergence of the individual 

algorithms are required. The issue arises from the consecutive application of two 

algorithms with the same tolerance to the error induced by the reduction. Indeed, 

if the convergence condition were already satisfied after the first step, the second 

one could not take place. To address this, a two-threshold strategy (𝑇𝑜𝑙𝑚𝑖𝑛  and 

𝑇𝑜𝑙𝑚𝑎𝑥) is adopted. The higher threshold, 𝑇𝑜𝑙𝑚𝑎𝑥, represents the tolerance actually 

desired by the user as the result of the DRGEP loop, while the lower one, 𝑇𝑜𝑙𝑚𝑖𝑛 , 

acts as a barrier. Once 𝑇𝑜𝑙𝑚𝑖𝑛 is exceeded, at each iteration the corresponding 

chemistry set is stored, so that, upon reaching 𝑇𝑜𝑙𝑚𝑎𝑥, a ranking of the candidate 

sets can be established based on the reduction-induced error, and the reaction set 
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with the smallest error can be selected as the final output (Figure 5.6.2). This final 

chemistry set can be provided to the following skeletal reduction step. 

 

Figure 5.6.2 Single DRGEP technique convergence rationale in the DRGEP loop 

5.6.3 Lumping step 

The reduced chemistry set obtained from the DRGEP loop is then provided as 

input to the chemistry lumping step. In this context, lumping is carried out 

according to four possible grouping strategies: 

1. Grouping all species that share the same chemical composition. 

2. Grouping species that share both the same composition and the same type 

of excitation (electronic, vibrational, or rotational). 

3. Grouping species that share the same composition and excitation type, and 

additionally exhibit similar excitation levels or modes (e.g., principal 

quantum numbers or vibrational modes; these sub-classifications must be 

user-defined). 

4. Pairing species with the same composition based on their thermodynamic 

proximity. 

Moreover, as in this algorithm the lumping technique acts on a skeletally reduced 

chemistry set, which is formally valid on the target species computations only, the 

lumping induced error evaluation is performed based on the same target species 

used in the DRGEP loop. 
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5.6.4 Algorithm’s summary 

In order to summarize the structure and functioning of the algorithm, this 

final section is included, with a particular focus on the required input quantities 

and the stages in which they are employed. 

For the proper functioning of the algorithm, the following list of inputs must be 

defined: 

1. Initial chemistry set (𝑅. 𝑆.0 ). This must include a sufficiently detailed 

description of thermodynamic properties and excitation characteristics for the 

species, as well as a complete specification of the reactions in terms of reaction 

equations and rate constants. Its primary use lies in the simulation of the 

canonical cases and in the very first iteration of the species-oriented DRGEP. 

2. Set of canonical cases (𝐶. 𝐶.⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ ). A collection of simulation configurations defined 

in terms of initial conditions, forcing terms, and time domain of interest. These 

are employed throughout the entire process, both in the initial canonical 

simulations and in the evaluation of the errors induced by each reduction 

technique. 

3. List of target species (𝑇⃗⃗𝑖). This set includes the species representative of the 

phenomena toward which the reduced reaction network is to be directed. They 

are used in the ranking process of the species-oriented DRGEP as well as in 

every stage of error evaluation. 

4. List of immune species (𝑆𝑖). Not introduced until now, these are species that 

must be retained in the reaction scheme regardless of the reduction (e.g., 

reactants or selected excited states that should remain distinct from their 

lumped counterparts). They are enforced at all stages of reduction to ensure 

their inclusion in the reaction set. 

5. Set of evaluation time instants (𝑡). Specific time points at which the error 

induced by the reduction is assessed. They are employed in every error 

evaluation step and during the directed graphs building steps for the skeletal 

techniques. 

6. Minimum and maximum tolerance (𝑇𝑜𝑙𝑚𝑖𝑛 and 𝑇𝑜𝑙𝑚𝑎𝑥). Threshold values: once 

the minimum tolerance is reached, the skeletal chemistry sets produced are 

saved; once the maximum tolerance is reached, the skeletal reduction process 

is terminated. 
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7. Domains of E/N, pressure, and gas temperature (Δ𝐸
𝑁

 , Δ𝑝, and Δ𝑇𝑔). These are 

required for the construction of the lumped chemistry set. 

To complete the summary of the algorithm, a graphical representation of its 

workflow and its coupling with the required inputs is provided in the Figure 5.6.3. 
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Figure 5.6.3 Reduction algorithm input scheme.  
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5.7 Applications 

The technique described in Section 5.6 has been applied to two different 

chemistry sets; one referring to a humid air chemistry and the second referring to 

an Ar chemistry. In this section, the reduction results on such test cases will be 

shown and the reduction performance evaluated. 

5.7.1 Humid air 

The humid air case is based on the chemistry set published by Sakiyama et al. [13]. 

This reaction set is composed of 54 species, classifiable as shown in Table 5.7.1, 

and 623 reactions. The purpose of the reduction is to derive, from the full chemistry 

set, a reduced reaction scheme that accurately represents ozone production in an 

atmospheric-pressure plasma in humid air. Given the limited number of excited 

states (Table 5.7.1), the lumping step would provide negligible benefits; therefore, 

the algorithm is terminated at the DRGEP loop.  

Type Species 

Ground 
𝐻, 𝑁, 𝑂, 𝑂3, 𝑁𝑂, 𝑁2𝑂, 𝑁𝑂2, 𝑁𝑂3, 𝑁2𝑂3, 𝑁2𝑂4, 𝑁2𝑂5, 𝐻2, 𝑂𝐻, 

𝐻2𝑂, 𝐻2𝑂2, 𝐻𝑁𝑂, 𝐻𝑁𝑂2, 𝐻𝑁𝑂3, 𝑁2, 𝑂2, 𝐻𝑂2 

Positively charged 
𝑁+, 𝑁2

+, 𝑁3
+, 𝑁4

+, 𝑂+, 𝑂2
+, 𝑂4

+, 𝑁𝑂+, 𝑁2𝑂
+, 𝑁𝑂2

+, 𝐻+, 𝐻2
+, 𝐻3

+, 

𝑂𝐻+, 𝐻2𝑂
+, 𝐻3𝑂

+ 

Negatively charged 𝑒, 𝑂−, 𝑂2
−, 𝑂3

−, 𝑂4
−, 𝑁𝑂2

−, 𝑁2𝑂
−, 𝑁𝑂−, 𝑁𝑂3

−, 𝑂𝐻−, 𝐻2𝑂
−, 

Excited states 𝑁( 𝐷2 ), 𝑁2(𝐴
3Σ), 𝑁2(𝐵

3Π), O( 𝐷1 ), 𝑂2(𝑎
1Δ) 

Table 5.7.1  Chemical species included in the Sakiyama et. al. [13] model. 
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5.7.1.1 Canonical case simulation 

In this context, a single canonical case was studied having the conditions 

displayed in Table 5.7.2. 

 

Condition Value Condition Value 

Gas temperature 

(𝑇𝑔) 

300 𝐾 (fixed) Pressure (𝑝) 1 atm  

Power density (𝑃̃) 200 
𝑊

𝑐𝑚3
 (constant) Plasma to total ratio 

(𝜑) 

1  

Relative humidity 60 %  Simulation time  2 ms  

Table 5.7.2  Conditions defining the canonical case 

In the canonical case simulation step, the full chemistry set is applied to a global 

model simulation of the canonical case. The estimated ozone concentration 

obtained through this simulation are shown in Figure 5.7.1. 

 

Figure 5.7.1 Full chemistry set ozone concentration estimation on the canonical case conditions. 

5.7.1.2 DRGEP loop 

The results produced by the full chemistry set simulation are then used in 

the DRGEP loop reduction step. In addition to the complete chemistry set and the 
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canonical case, this step requires a list of target and immune to the reduction 

species, a list of time samples and two tolerances to control the species- and 

reactions-oriented algorithms. These group of additional inputs are listed, for 

reference, in Table 5.7.3. 

Parameter Value Parameter Value 

𝑇⃗⃗𝑖 𝑂3  𝑆𝑖 𝐸, 𝑂2, 𝑁2 and 𝐻2𝑂 

𝑇𝑜𝑙𝑚𝑖𝑛 5%  𝑇𝑜𝑙𝑚𝑎𝑥 10%  

𝑡 15 equally spaced points   

Table 5.7.3  Additional inputs for the DRGEP loop. 

Under these conditions, the DRGEP loop is executed registering a single global 

iteration. The species-oriented step performs 8 iterations, obtaining a reduced 

chemistry set characterized by 46 species and 527 reactions. After this step, three 

additional iterations of the reactions-oriented algorithm are executed leading to a 

reaction scheme including 46 species and 424 reactions. To illustrate the reduction 

quality, the canonical case simulations of the two (species-oriented and reactions-

oriented) reactions sets compared against the original chemistry set results are 

shown in Figure 5.7.2. 

 

Figure 5.7.2 Reduced chemistry sets comparison against the original one on the canonical case 

conditions. 
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In addition to the temporal evolution of ozone concentration in the reaction volume, 

the bar plot in Figure 5.7.3 summarizes the reduction achieved through the 

application of the species- and reactions-oriented DRGEP techniques. As shown, 

the species-oriented DRGEP reduction step induces an error of Ξ ≈ 7.254% whilst 

the error decreases at the subsequent application of the reactions-oriented DRGEP 

with a value of Ξ ≈ 5.629%, in all probability due to error cancellation effects. 

 

Figure 5.7.3 Summary of the DRGEP techniques’ performances with respect to the original 

chemistry set 

In conclusion, after the overall reduction step, the computational cost associated 

with the number of continuity equations in the model (i.e., the number of species) 

decreases of 14.81% with respect to the original chemistry set. 

5.7.2 Ar chemistry 

The Ar chemistry case is built on an extended version of the chemistry set 

published by Stankov et al. [14]. In fact, the original 23 species have been extended 

to 39 by explicitly accounting for the excited levels higher than the 2p levels that 

in the Stankov chemistry set were compressed in the 𝐴𝑟∗(ℎ𝑙) species as shown in 

Table 5.7.4. In the extended chemistry set, the 39 species interact with each other 

through 919 reactions (498 electron collisions, 64 non-equilibrium, 354 

thermochemical and 5 surface reactions). In this case, due to the large number of 

excited states, the chemical lumping is likewise carried out after the DRGEP loop, 

with the objective of obtaining a reduced set capable of representing the ionization 

process in a low-pressure Ar plasma. 
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Type Species 

Ground 𝐴𝑟( 𝑝0
1 ) 

Positively charged 𝐴𝑟+, 𝐴𝑟2
+ 

Negatively charged 𝑒 

Excited states 

𝐴𝑟( 𝑠5
1 ), 𝐴𝑟( 𝑠4

1 ), 𝐴𝑟( 𝑠3
1 ), 𝐴𝑟( 𝑠2

1 ), 𝐴𝑟( 𝑝1
2 ), 𝐴𝑟( 𝑝2

2 ), 

𝐴𝑟( 𝑝3
2 ), 𝐴𝑟( 𝑝4

2 ), 𝐴𝑟( 𝑝5
2 ), 𝐴𝑟( 𝑝6

2 ), 𝐴𝑟( 𝑝7
2 ), 𝐴𝑟( 𝑝8

2 ), 

𝐴𝑟( 𝑝9
2 ), 𝐴𝑟( 𝑝10

2 ), 𝐴𝑟( 𝑠2
2 ), 𝐴𝑟( 𝑠3

2 ), 𝐴𝑟( 𝑠4
2 ), 𝐴𝑟( 𝑠5

2 ), 

𝐴𝑟( 𝑑1
′3 ), 𝐴𝑟( 𝑑1

′′3 ), 𝐴𝑟( 𝑑2
3 ), 𝐴𝑟( 𝑑3

3 ), 𝐴𝑟( 𝑑4
3 ), 𝐴𝑟( 𝑑4

′3 ), 

𝐴𝑟( 𝑑5
3 ), 𝐴𝑟( 𝑑6

3 ), 𝐴𝑟( 𝑠1
′3 ), 𝐴𝑟( 𝑠1

′′3 ), 𝐴𝑟( 𝑠1
′′′3 ), 𝐴𝑟( 𝑠1

′′′′3 ),  

𝐴𝑟2
∗( Σ𝑢

+, 𝑣 = 03 ), 𝐴𝑟2
∗( Σ𝑢

+, 𝑣 = 01 ), 𝐴𝑟2
∗( Σ𝑢

+, 𝑣 ≫ 03 ), 

𝐴𝑟2
∗( Σ𝑢

+, 𝑣 ≫ 01 ) 

Photons ℎ𝜈 

Table 5.7.4 Species included in the extended Stankov et al. [14] Ar reaction set. 

5.7.2.1 Canonical cases simulation 

In this case as well, a single canonical case is employed to investigate the 

phenomenon of interest. A gas consisting of 100% 𝐴𝑟( 𝑝0
1 ) at a temperature of 

273.15 𝐾 and a pressure of 1 𝑇𝑜𝑟𝑟 is confined inside a cylindrical reactor with a 

radius of 1.5 𝑐𝑚 and a length of 1 𝑐𝑚. It is assumed that a constant power density 

of 110
𝑊

𝑚3
 is deposited throughout the entire volume, coupling entirely with the 

plasma phase, which occupies 25% of the reactor. Two circular electrodes are also 

considered in the simulation, featuring the cathode ions recombinations with or 

without secondary electrons emissions (with a coefficient of 0.07) and the anode 

electrons capture. Both rates are identified by means of an ambipolar diffusion 

rate [15]. The ionization process is simulated for 30 𝜇𝑠 (sufficient for the ionization 

to reach its steady state). All the conditions defining the canonical case have been 

summarized in Table 5.7.5. 
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Condition Value Condition Value 

Gas temperature (𝑇𝑔) 273.15 𝐾 

(fixed) 

Pressure (𝑝) 1 Torr  

𝐴𝑟( 𝑝0
1 ) initial molar 

fraction  

1  Reactor’s radius 1.5 𝑐𝑚  

Reactor’s length  1 𝑐𝑚 Power density (𝑃̃) 110 
𝑊

𝑚3
 

(constant) 

Plasma to total ratio (𝜑) 0.25  Secondary emission 

coefficient 

 0.07 

Simulation time  30 𝜇𝑠    

Table 5.7.5 Canonical case’s parameters 

The complete chemistry set, simulated in a global model under these conditions, 

produced the following results (Figure 5.7.4) for the 𝐴𝑟+ concentration in the 

plasma phase.  

 

Figure 5.7.4 Full chemistry canonical simulation results for the 𝐴𝑟+ concentration. 
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5.7.2.2 DRGEP loop 

The DRGEP loop is set in this case with high constraints for the error induced 

by the skeletal reduction. In fact, a minimum tolerance of 0.1 % and a maximum 

one of 1 % are adopted. This choice reflects the possibility of application of the 

lumping technique that loosens the need of a strong skeletal reduction to reduce 

the overall chemical complexity. For completeness, the detailed DRGEP loop 

parameters are summarized in Table 5.7.6. 

Parameter Value Parameter Value 

𝑇⃗⃗𝑖 𝐴𝑟+  𝑆𝑖 𝑒 and 𝐴𝑟( 𝑝0
1 ) 

𝑇𝑜𝑙𝑚𝑖𝑛 0.1 %   𝑇𝑜𝑙𝑚𝑎𝑥 1 %   

𝑡 15 equally spaced points   

Table 5.7.6 DRGEP loop input parameters 

Under these conditions, in the DRGEP loop both the species- and reactions-

oriented algorithms are executed once. The species-oriented technique performs 5 

loops, reducing the species from 39 to 34 (the 𝐴𝑟2
∗( Σ𝑢

+, 𝑣 = 03 ), 𝐴𝑟2
∗( Σ𝑢

+, 𝑣 = 01 ), 

𝐴𝑟2
∗( Σ𝑢

+, 𝑣 ≫ 03 ), 𝐴𝑟2
∗( Σ𝑢

+, 𝑣 ≫ 01 ), and ℎ𝜈 species are removed) and the reactions 

from 919 to 608. The subsequent reactions-oriented step further reduces the 

reactions to 575 reactions. The two techniques register an induced error Ξ of 

0.175 % and 0. 146 % respectively. The canonical case’s simulation results of the 

two reduced chemistry sets are shown in Figure 5.7.5. Furthermore, a reduction 

performance summary is shown in Figure 5.7.6. 
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Figure 5.7.5 Reduced chemistry sets to full chemistry comparison on the canonical case. The 

three lines are overlapping 

 

Figure 5.7.6 Summary of the reduction performance. 

5.7.2.3 Chemistry lumping 

The chemistry set produced by the DRGEP loop is then provided to the 

lumping technique. As in the reaction set no falloff reactions are included, only two 

additional parameters have to be supplied. The gas temperature domain is defined 

by means of a three point linearly spaced one with minimum value of 273.14 𝐾 and 

a maximum value of 273.16 𝐾. Doing so, the lumped chemistry set will be valid in 

the considered canonical case (constant temperature of 273.15 𝐾). On the other 

hand, the reduced electric field domain is introduced through an exponentially 
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spaced domain of 15 points from 0.1 𝑇𝑑 to 5000 𝑇𝑑. Furthermore, all the excited 

states present in the chemistry set are grouped together under the same lump 

representative species. 

The lumping step leads to a chemistry set composed of just 5 species and 9 

reactions inducing an error with respect to the complete one of 3.266 % in the 

computation of the target species. The canonical case’s simulation results of all 

reduced chemistry sets are shown in Figure 5.7.7. Furthermore, an overall 

reduction performance summary is shown in Figure 5.7.8. 

 

Figure 5.7.7 Reduced sets against full chemistry comparison on the canonical case. 

 

Figure 5.7.8 Reductions’ performances summary  
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In conclusion, after the overall reduction step, the computational cost associated 

with the number of continuity equations in the model decreases of 87.18% with 

respect to the complete chemistry set. 

 

5.8 Conclusions 

The reduction of the computational cost associated with chemical complexity 

is a particularly relevant issue in plasma modeling for chemical applications. This 

becomes even more crucial when the systems under investigation feature 

geometrical complexities that require the use of spatially resolved models, such as 

fluid models. In this context, one of the key challenges is the development of 

automatic and reproducible strategies for chemical mechanism reduction. Such 

strategies enable the scaling of numerical modeling from simple global models to 

more complex descriptions without relying on prior theoretical knowledge of the 

reaction pathways, thereby creating an automated pipeline for the geometric scale-

up of plasma simulations. 

One possible approach is the application of ARC techniques to plasma chemistry. 

Since these methods originate from combustion modeling, specific adaptations are 

often required to make them suitable for plasma applications. In this chapter, the 

reduction strategy developed during the PhD has been presented. The approach 

combines skeletal reduction techniques (species- and reactions-oriented DRGEP) 

with a novel chemical lumping method, in order to automatically reduce a given 

input mechanism while preserving the ability to represent a selected subset of 

relevant phenomena. 

Two case studies have been introduced. The first chemistry set, describing an 

atmospheric plasma in humid air, was reduced through skeletal techniques alone 

to represent ozone production. In this case, the computational cost associated with 

the number of species was decreased by 14.81%, with an induced error of 5.629% 

in the predicted ozone concentration. The second chemistry set, representing an Ar 

plasma at low pressure, was reduced to capture the ionization dynamics of Ar. 

Here, the use of both skeletal reduction and chemical lumping enabled the 

construction of a highly compact mechanism, leading to an 87.18% decrease in 

computational cost while keeping the overall induced error at 3.266%. 

Future work should focus on extending the reduction framework by incorporating 

time-scale analysis techniques, which are expected to further enhance the 

efficiency of plasma chemistry simulations in multidimensional configurations. 

For example, partial equilibrium and quasi-steady-state approximations could be 
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adapted to plasma chemistry applications, allowing reaction subsets stiffness to be 

reduced. 
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5.9 Appendix 

For completeness and reference purposes, this appendix section provides 

detailed derivations for the key expressions presented in Chapter 5. 

5.9.1 Lumped reactions coefficients derivation 

Equation (5.14𝑎) expresses the net production of a lumped representative 

species (𝐿𝛾) as the sum of the net productions of the species in the lumping group 

(𝐿̂𝛾): 

𝑑𝑛𝐿𝛾
𝑑𝑡

= ∑
𝑑𝑛𝑞

𝑑𝑡
𝑞∈𝐿̂𝛾

(5.14𝑎) 

The net production of the 𝑞-th species in the lumping group can be expressed in 

terms of the elementary reactions: 

𝑑𝑛𝑞

𝑑𝑡
=∑𝜈𝑞,𝑗

𝑛 (𝑘𝑗
𝑓
∏𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑆

𝑧=1

− 𝑘𝑗
𝑟∏𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑆

𝑧=1

)

𝑅

𝑗=1

 

which, when substituted in equation (5.14𝑎), yields: 

𝑑𝑛𝐿𝛾
𝑑𝑡

= ∑∑𝜈𝑞,𝑗
𝑛 (𝑘𝑗

𝑓
∏𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑆

𝑧=1

− 𝑘𝑗
𝑟∏𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑆

𝑧=1

)

𝑅

𝑗=1𝑞∈𝐿̂𝛾

(5.14𝑏) 

Equation (5.14𝑏) is defined in the original chemistry set domain, as it depends on 

the Γ0⃗⃗⃗⃗⃗ state vector (see Section 5.5.1.2). Since the net production rate of lumped 

species must preserved during the lumping procedure, an equivalent expression 

for equation (5.14𝑏) to be evaluated using the Γ𝐿⃗⃗⃗⃗⃗ state vector (Section 5.5.1.2) must 

exist: 

𝑑𝑛𝐿𝛾
𝑑𝑡

=∑𝜈𝐿𝛾,𝑗
𝑛 (𝑘̃𝑗

𝑓
∏𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑆𝐿

𝑧=1

− 𝑘̃𝑗
𝑟∏𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑆𝐿

𝑧=1

)

𝑅𝐿

𝑗=1

 

where 𝑆𝐿 and 𝑅𝐿 denote, respectively, the number of species and reactions in the 

lumped chemistry set, and 𝑘̃𝑗
𝑓
 and 𝑘̃𝑗

𝑟 are the forward and reverse reaction rate 

constants in the lumped chemistry set.  
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Equating the net production rates before and after lumping leads 

to:

∑ ∑ 𝜈𝑞,𝑗
𝑛 (𝑘𝑗

𝑓∏ 𝑛𝑧
𝜈𝑧,𝑗
𝑓

𝑆
𝑧=1 − 𝑘𝑗

𝑟∏ 𝑛𝑧
𝜈𝑧,𝑗
𝑟

𝑆
𝑧=1 )𝑅

𝑗=1𝑞∈𝐿̂𝛾
= ∑ 𝜈𝐿𝛾,𝑗

𝑛 (𝑘̃𝑗
𝑓∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑆𝐿
𝑧=1 − 𝑘̃𝑗

𝑟∏ 𝑛𝑧
𝜈𝑧,𝑗
𝑟

𝑆𝐿
𝑧=1 )

𝑅𝐿
𝑗=1 (𝐴. 5.1) 

The left-hand-side of the expression can be reformulated as by introducing the 

species to lump ratios (𝐷ℎ,𝐿) for a set of multiple lumping groups (Λ), and defining: 

𝜈𝐿𝛾,𝑗
𝑛 =∑ 𝜈𝑞,𝑗

𝑛

𝑞∈𝐿̂𝛾

 

The left-hand-side of (𝐴. 5.1) can be rewritten as: 

∑∑𝜈𝑞,𝑗
𝑛 (𝑘𝑗

𝑓
∏𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑆

𝑧=1

− 𝑘𝑗
𝑟∏𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑆

𝑧=1

)

𝑅

𝑗=1𝑞∈𝐿̂𝛾

= 

= ∑∑𝜈𝑞,𝑗
𝑛 (𝑘𝑗

𝑓
∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝑛ℎ
𝜈ℎ,𝑗
𝑓

ℎ∈𝐿̂𝐿̂∈Λ

− 𝑘𝑗
𝑟 ∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝑛ℎ
𝜈ℎ,𝑗
𝑟

ℎ∈𝐿̂𝐿̂∈Λ

)

𝑅

𝑗=1𝑞∈𝐿̂𝛾

 

= ∑∑𝜈𝑞,𝑗
𝑛 (𝑘𝑗

𝑓
∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑓

𝑛𝐿
𝜈ℎ,𝑗
𝑓

ℎ∈𝐿̂𝐿̂∈Λ

− 𝑘𝑗
𝑟 ∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑓

𝑛𝐿
𝜈ℎ,𝑗
𝑓

ℎ∈𝐿̂𝐿̂∈Λ

)

𝑅

𝑗=1𝑞∈𝐿̂𝛾

 

=∑𝜈𝐿𝛾,𝑗
𝑛 (𝑘𝑗

𝑓
∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑓

𝑛𝐿
𝜈ℎ,𝑗
𝑓

ℎ∈𝐿̂𝐿̂∈Λ

− 𝑘𝑗
𝑟 ∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑓

𝑛𝐿
𝜈ℎ,𝑗
𝑓

ℎ∈𝐿̂𝐿̂∈Λ

)

𝑅

𝑗=1

(𝐴. 5.2) 

Here, 𝐷ℎ,𝐿 denotes the species to lump ratio of the species ℎ to its lumping group 

representative 𝐿, and Λ is the set of all lumping groups. 

The number of reactions before and after lumping, 𝑅 and 𝑅𝐿, generally differ. The 

original 𝑅 reactions can be grouped in three different classes: 

i. Reactions insensible to the lumping, which are not featuring any of the 

species in any of the lumping groups. 

ii. Reactions to be lumped, consisting of “similar” reactions (Section 5.5.1.1) 

that can be grouped together under a single representative reaction. 

iii. Reactions internal to a single lumping group, which are featuring only 

species belonging to the same lamping group. 

In the lumping procedure, only the first two reactions classes are included in the 

𝑅𝐿 after-lumping reactions as the third one does not influence the overall lumped 
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representative net rate of production (i.e., their net effect is zero). Moreover, the 

number of reactions of the second class is strongly reduced by the effect of the 

similar reactions grouping.  

Accordingly with the classification, the right-hand-side of equation (𝐴. 5.1) and 

equation (𝐴. 5.2) can be decomposed as: 

∑𝜈𝐿𝛾,𝑗
𝑛 𝜔̃𝑗

𝑛

𝑅𝐿

𝑗=1

= ∑ 𝜈𝐿𝛾,𝑗
𝑛 𝜔𝑗

𝑛

𝑗∈𝑁𝐿

+∑𝜈𝐿𝛾,𝑗
𝑛 𝜔̃𝑗

𝑛

𝑗∈𝐿′

(𝐴. 5.1𝑎) 

∑𝜈𝐿𝛾,𝑗
𝑛 𝜔𝑗

𝑛

𝑅

𝑗=1

= ∑ 𝜈𝐿𝛾,𝑗
𝑛 𝜔𝑗

𝑛

𝑗∈𝑁𝐿

+∑𝜈𝐿𝛾,𝑗
𝑛 𝜔𝑗

𝑛

𝑗∈𝐿

+∑𝜈𝐿𝛾,𝑗
𝑛 𝜔𝑗

𝑛

𝑗∈𝐼

 

= ∑ 𝜈𝐿𝛾,𝑗
𝑛 𝜔𝑗

𝑛

𝑗∈𝑁𝐿

+∑𝜈𝐿𝛾,𝑗
𝑛 𝜔𝑗

𝑛

𝑗∈𝐿

(𝐴. 5.2𝑎) 

where 𝜔𝑗
𝑛 denotes the net rate of the 𝑗-th reaction, and 𝑁𝐿, 𝐼, 𝐿, and 𝐿′ are, 

respectively, the reactions’ classes of insensible to the lumping, internal to a single 

lumping group, to be lumped belonging to 𝑅 and to be lumped belonging to 𝑅𝐿. 

From a comparison of equations (𝐴. 5.1𝑎) and (𝐴. 5.2𝑎) it can be remarked that the 

net rate of the 𝑗-th reaction remains unchanged during the lumping procedure for 

reactions in the 𝑁𝐿 group, whilst the 𝐿′ group reactions are characterized by a 

lumped net rate 𝜔̃𝑗
𝑛.  

For this reason, the lumped rate constants can be obtained by the equality: 

∑𝜈𝐿𝛾,𝑗
𝑛 𝜔̃𝑗

𝑛

𝑗∈𝐿′

=∑𝜈𝐿𝛾,𝑗
𝑛 𝜔𝑗

𝑛

𝑗∈𝐿

 

Introducing now the concept of similar reactions (denoted by the ∼ operator - 

Section 5.5.1.1), it is possible to group together similar reactions in 𝐿. By definition, 

similar reactions are characterized by the same net stoichiometric coefficient for 

every lumped representative.  

∑𝜈𝐿𝛾,𝑗
𝑛 𝜔𝑗

𝑛

𝑗∈𝐿

= ∑𝜈𝐿𝛾,𝑗
𝑛 ( ∑ 𝜔𝜂

𝑛

𝜂∈𝐿:𝜂∼𝑗

)

𝑗∈𝐿′

 

This last result leads to the equality: 

𝜔̃𝑗
𝑛 = ∑ 𝜔𝜂

𝑛

𝜂∈𝐿:𝜂∼𝑗
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which can be expressed in terms of the lumped reaction rate constants: 

𝑘̃𝑗
𝑓
∏𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑆𝐿

𝑧=1

− 𝑘̃𝑗
𝑟∏𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑆𝐿

𝑧=1

= ∑ 𝜔𝜂
𝑓

𝜂∈𝐿:𝜂∼𝑗

− ∑ 𝜔𝜂
𝑟

𝜂∈𝐿:𝜂∼𝑗

 

Separating the forward and reverse effects and rearranging terms, yields the 

expressions of forward and revers rate constants reported in equation (5.15): 

𝑘̃𝑗
𝑓
∏𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑆𝐿

𝑧=1

= ∑ 𝑘𝑗
𝑓
∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑓

𝑛𝐿
𝜈ℎ,𝑗
𝑓

ℎ∈𝐿̂𝐿̂∈Λ𝜂∈𝐿:𝜂∼𝑗

 

= ∑ 𝑘𝑗
𝑓
∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑓

∏𝑛𝐿
∑ 𝜈ℎ,𝑗

𝑓
ℎ∈𝐿̂

𝐿̂∈Λ𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑓

ℎ∈𝐿̂𝐿̂∈Λ𝜂∈𝐿:𝜂∼𝑗

 

= ∑ 𝑘𝑗
𝑓
∏𝑛𝑧

𝜈𝑧,𝑗
𝑓

𝑆𝐿

𝑧=1

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑓

ℎ∈𝐿̂𝐿̂∈Λ𝜂∈𝐿:𝜂∼𝑗

 

 

𝑘̃𝑗
𝑟∏𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑆𝐿

𝑧=1

= ∑ 𝑘𝑗
𝑟 ∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑟

𝑛𝐿
𝜈ℎ,𝑗
𝑟

ℎ∈𝐿̂𝐿̂∈Λ𝜂∈𝐿:𝜂∼𝑗

 

= ∑ 𝑘𝑗
𝑟 ∏ 𝑛𝑧

𝜈𝑧,𝑗
𝑟

∏𝑛𝐿
∑ 𝜈ℎ,𝑗

𝑟
ℎ∈𝐿̂

𝐿̂∈Λ𝑧∉𝐿̂∀𝐿̂∈Λ

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑟

ℎ∈𝐿̂𝐿̂∈Λ𝜂∈𝐿:𝜂∼𝑗

 

= ∑ 𝑘𝑗
𝑟∏𝑛𝑧

𝜈𝑧,𝑗
𝑟

𝑆𝐿

𝑧=1

∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑟

ℎ∈𝐿̂𝐿̂∈Λ𝜂∈𝐿:𝜂∼𝑗

 

{
  
 

  
 
𝑘̃𝑗
𝑓
= ∑ (𝑘𝜂

𝑓
∏∏𝐷ℎ,𝐿

𝜈ℎ,𝑗
𝑓

ℎ∈𝐿̂𝐿̂∈Λ

)

𝜂∈𝐿:𝜂∼𝑗

𝑘̃𝑗
𝑟 = ∑ (𝑘𝜂

𝑟∏∏𝐷ℎ,𝐿
𝜈ℎ,𝑗
𝑟

ℎ∈𝐿̂𝐿̂∈Λ

)

𝜂∈𝐿:𝜂∼𝑗

(5.15) 
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5.9.2 Lumped electron collision cross-sections derivation 

Equation (5.15) provides the forward and reverse rate constants of the 𝑗-th 

lumped reaction in terms of the rate constants of reactions defined in the original 

chemistry set: 

{
  
 

  
 
𝑘̃𝑗
𝑓
= ∑ (𝑘𝜂

𝑓
∏∏𝐷𝑞,𝐿𝛾

𝜈𝑞,𝜂
𝑓

𝑞∈𝐿̂𝛾𝐿̂𝛾∈Λ

)

𝜂∈𝑅:𝜂∼𝑗

𝑘̃𝑗
𝑟 = ∑ (𝑘𝜂

𝑟∏∏𝐷𝑞,𝐿𝛾
𝜈𝑞,𝜂
𝑟

𝑞∈𝐿̂𝛾𝐿̂𝛾∈Λ

)

𝜂∈𝑅:𝜂∼𝑗

(5.15) 

Considering the 𝑗-th reaction rate constant in the lumped chemistry set, this is 

obtained by summing all the rate constants of the original chemistry set reactions 

similar to the 𝑗-th reaction, weighted by means of the species to lump ratios (𝐷𝑞,𝐿𝛾). 

Since equation (5.15) was derived (Section 5.9.1) for an arbitrary reaction, it can 

be applied also to reaction rate constants deriving from electron collision cross 

sections. The rate constant for an electron collision can be expressed in terms of its 

cross section as follows: 

𝑘𝜂
𝑓
= √

2𝑒

𝑚𝑒
∫𝜀𝐹0𝜎𝜂(𝜀)𝑑𝜀 (𝐴. 5.3) 

where 𝑒 is the electron (elementary) charge, 𝑚𝑒 is the electron mass, 𝜀 is the 

colliding electron energy, 𝐹0 is the Electron Energy Distribution Function (EEDF) 

and 𝜎𝜂(𝜀) is the 𝜂-th collisional process cross section. 

 Introducing the collision cross sections in the forward rate constant expression in 

equation (5.15) yields: 

𝑘̃𝑗
𝑓
= ∑ (√

2𝑒

𝑚𝑒
∫𝜀𝐹0𝜎𝜂(𝜀)𝑑𝜀∏∏𝐷𝑞,𝐿𝛾

𝜈𝑞,𝜂
𝑓

𝑞∈𝐿̂𝛾𝐿̂𝛾∈Λ

)

𝜂∈𝑅:𝜂∼𝑗

(𝐴. 5.4) 

Rearranging terms in equation (𝐴. 5.4) provides equation (5.19): 

𝑘̃𝑗
𝑓
= √

2𝑒

𝑚𝑒
∫𝜀𝐹0 [ ∑ 𝜎𝜂(𝜀)∏∏𝐷𝑞,𝐿𝛾

𝜈𝑞,𝜂
𝑓

𝑞∈𝐿̂𝛾𝐿̂𝛾∈Λ𝜂∈𝑅:𝜂∼𝑗

] 𝑑𝜀 (5.19) 
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From equation (5.19), it is possible to define a lumped collision cross section (𝜎𝑗̃′) 

for the 𝑗-th reaction in the lumped chemistry set. In fact, to share the same 

formulation as in equation (𝐴. 5.3), it can be rewritten as: 

𝑘̃𝑗
𝑓
= √

2𝑒

𝑚𝑒
∫𝜀𝐹0𝜎𝑗̃′𝑑𝜀 (𝐴. 5.5) 

Comparing equations (5.19) and (𝐴. 5.5) the expression for 𝜎𝑗̃′ is obtained: 

𝜎𝑗̃′ (𝜀,
𝐸

𝑁
, 𝑇𝑔, 𝑝) = ∑ 𝜎𝜂(𝜀)∏∏𝐷𝑞,𝐿𝛾

𝜈𝑞,𝜂
𝑓

𝑞∈𝐿̂𝛾𝐿̂𝛾∈Λ𝜂∈𝑅:𝜂∼𝑗

 

where 
𝐸

𝑁
, 𝑇𝑔, and 𝑝 are, respectively, the reduced electric field, the gas temperature, 

and the gas pressure. The dependency of 𝜎𝑗̃′ on these three variables derives from 

𝐷𝑞,𝐿𝛾 (see Section 5.5.1.2). This aspect is undesirable for a proper cross section 

definition, and it can be removed by averaging 𝜎𝑗̃′ in the reduced electric field, gas 

temperature and pressure domains (Ω𝐸
𝑁

, Ω𝑇𝑔, and Ω𝑝), yielding equation (5.20): 

𝜎𝑗̃(𝜀) =
1

Δ𝐸
𝑁
 Δ𝑝Δ𝑇𝑔

∫ ∫ ∫ 𝜎𝑗̃′ (𝜀,
𝐸

𝑁
, 𝑇𝑔, 𝑝) 𝑑

𝐸

𝑁
 

Ω𝐸
𝑁

𝑑𝑝
Ω𝑝

 𝑑𝑇𝑔
Ω𝑇𝑔

(5.20) 

where Δ𝐸
𝑁

,  Δ𝑇𝑔, and  Δ𝑝 are the reduced electric field, the gas temperature and gas 

pressure domains extensions. 
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Chapter 6   

Conclusions 

This thesis aimed to contribute to the current possibilities of numerical 

modeling of non-equilibrium plasma chemistry through the introduction and 

presentation of a new generalized simulation software for plasma chemistry. In 

particular, the SPPARK global model solver was described. Being built on a 

coupling of Bolsig+ and Cantera, SPPARK is capable of accurately representing 

both electron kinetics and reaction thermodynamics. The solver’s modeling 

capabilities have been highlighted also in the context of non-strictly homogeneous 

systems through the adoption of a multi-zone modeling approach. Finally, an 

algorithm for chemical complexity reduction was developed, based on Analytically 

Reduced Chemistry techniques, enabling the simplification of detailed global-

model reaction schemes into forms that can be adopted within spatially resolved 

models at a sustainable computational cost, while controlling the error introduced 

by the reduction in the quantities of interest. 

It is believed that the methodological contribution introduced in this thesis 

provides a novel pathway towards more accurate and flexible models, which may 

assist in the understanding and optimization of plasma-chemical phenomena 

across a variety of applications, particularly for novel or poorly characterized 

chemistries. 

The work presented here does not claim to be definitive, and several limitations 

remain. Regarding SPPARK as a base solver, it still lacks a proper treatment of 

the thermodynamics of excited species (and their associated temperatures), 

radiative transitions, and the coupling with electrical circuit models of complex 

sources, which are essential to accurately represent energy partitioning and power 

balances in many plasma devices. The application of SPPARK to multi-zone 

modeling is fundamentally limited by the need to approximate transport rates, 

starting from thermodynamic and kinetic parameters of the different regions, with 

explicit expressions. Finally, the reduction algorithm requires the inclusion of 

additional techniques to separate the different timescales in the system, such as 

partial equilibrium and quasi-steady-state approximations, and therefore the 

adaptation of existing methods in a more general and automated framework. 
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For these reasons, future work should focus on addressing these limitations, 

making the framework more robust and accurate, and on extending its modeling 

capabilities through direct coupling with multidimensional solvers. 

Overall, the results of this thesis contribute to broaden the use of plasma-

chemistry modeling tools and to facilitate the application of more predictive and 

versatile tools in both scientific and engineering contexts. 
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