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ABSTRACT 
In this paper, PhoSim V.0, a physics-based digital twin core of a wet-process phosphoric acid 
(WPPA) digestion reactor, is presented as an initial step toward a high-fidelity virtual representa-
tion of industrial WPPA plants. The simulator integrates dissolution, reaction, and crystallization 
phenomena under strongly non-ideal electrolyte conditions. The reactor is modeled as a batch 
reactor, where the dissolution of tricalcium phosphate is described using a shrinking-core ap-
proach, while gypsum precipitation is represented by a one-dimensional population balance equa-
tion capturing particle size distribution evolution. Supersaturation ratios governing nucleation and 
crystal growth are computed from non-ideal activities using a Pitzer-based thermodynamic model, 
ensuring consistent coupling between dissolution, reaction stoichiometry, and crystallization ki-
netics. The resulting stiff system of equations is solved to predict key process indicators such as 
speciation, supersaturation ratio, and characteristic crystal size. Implemented within a user-
friendly simulation environment, PhoSim V.0 provides a modular and extensible foundation that 
will be progressively refined to mimic industrial WPPA digestion units and supports future moni-
toring, optimization, and control-oriented applications. 

Keywords: Digital twin, Wet-process phosphoric acid, Shrinking-core model for dissolution, Population bal-
ance modeling, Gypsum crystallization, Non-ideal thermodynamics 

INTRODUCTION 
Wet-process phosphoric acid (WPPA) production is 

a cornerstone of the phosphate and fertilizer industries, 
yet it remains a highly complex process involving the 
strong coupling between phosphate-rock dissolution, re-
actions kinetics, gypsum crystallization, and thermody-
namics of highly non-ideal electrolytes. The digestion re-
actor, typically operated as a continuous stirred-tank re-
actor (CSTR) at the unit scale, plays a decisive role in de-
termining phosphoric acid yield, gypsum crystal proper-
ties, fouling behavior, and downstream filtration perfor-
mance.  

Reliable modeling of this unit therefore represents a 
critical prerequisite for process analysis, optimization, 
and future digitalization efforts. 

Over the past years, the authors of this paper have 
developed an integrated modeling framework addressing 
the main physico-chemical phenomena governing 

industrial WPPA digestion.  
This body of work includes first-principles process 

modeling and multi-criteria optimization of industrial di-
gestion tanks [1–6], rigorous thermodynamic modeling of 
sulfuric–phosphoric acid systems with impurities using 
Pitzer-type model [7], and thermodynamic-based analy-
sis of fouling and crystallization phenomena in WPPA [8]. 
In parallel, detailed gypsum crystallization models based 
on population balance equations have been developed 
and applied to industrial digestion conditions [9-11], 
providing quantitative information on the evolution of 
particle size distribution (PSD) and its operational impli-
cations. 

In addition to crystallization, phosphate rock disso-
lution has been investigated through shrinking-core ap-
proaches, with particular emphasis on the influence of 
particle size distribution and dissolution mechanisms un-
der industrial conditions [9-12]. These dissolution models 
have been further complemented by surrogate and 
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reduced-order representations to support sensitivity 
analysis, parameter estimability, and model-based ex-
perimental design [13-15]. Together, these contributions 
form a unified and internally consistent modeling founda-
tion for WPPA digestion, with consistent thermodynamic 
closure and kinetically grounded sub-models. 

The present work builds exclusively upon these es-
tablished developments and consolidates them into 
PhoSim V.0, a first-generation digital twin core of the 
WPPA digestion reactor. Rather than introducing new 
sub-models, this contribution focuses on their integration 
within a single simulation environment, enabling time-re-
solved prediction of speciation, supersaturation, nuclea-
tion and growth rates, and gypsum PSD indicators. This 
version intentionally targets the core digestion phenom-
ena and serves as a foundational step toward a high-fi-
delity digital twin capable of mimicking industrial WPPA 
plants.  

Future developments will extend this framework to-
ward plant-scale integration, data-driven calibration, and 
control-oriented applications.  

Process Description & Digital Twin Scope 

Wet-Process Phosphoric Acid Digestion 
Wet-process phosphoric acid production is based 

on the acidulation of phosphate rock by sulfuric acid in 
an agitated reactor, producing phosphoric acid and cal-
cium sulfate dihydrate (gypsum) as the principal solid by-
product. The digestion step is typically operated as a 
continuous stirred-tank reactor (CSTR) to ensure ade-
quate mixing between the solid phosphate particles and 
the acidic liquid phase. For modeling purposes, the wet-
process route is represented by a two-step reaction 
scheme. In the first step, tricalcium phosphate (TCP) is 
attacked by phosphoric acid to form soluble monocal-
cium phosphate (MCP). In the second step, the formed 
MCP reacts with sulfuric acid to regenerate phosphoric 
acid and precipitate gypsum (Figure 1).During digestion, 
several strongly coupled phenomena take place simulta-
neously: dissolution of phosphate rock, homogeneous 
and heterogeneous chemical reactions in the liquid 
phase, and nucleation and growth of gypsum crystals. 
The dissolution of TCP is often governed by diffusion and 
reaction resistances within the solid particle, which can 
be described using a shrinking-core model. As dissolu-
tion progresses, calcium and phosphate species are re-
leased into the liquid phase, modifying solution specia-
tion and supersaturation conditions, which in turn control 
gypsum crystallization kinetics. The resulting gypsum 
particle size distribution (PSD) has a direct impact on 
downstream filtration performance and acid losses. 
The digestion environment is characterized by high ionic 
strength and strongly non-ideal electrolyte behavior, 
making activity-based thermodynamic descriptions nec-
essary for reliable prediction of solution equilibria and 

supersaturation. These characteristics motivate the use 
of rigorous thermodynamic and process models when 
representing the digestion reactor. 

 
Figure 1. Simplified representation of the wet-process 
phosphoric process. 

Digital Twin Architecture 
The digital twin developed in this work targets the 

dynamic behavior of a single Wet Phosphoric Acid 
(WPPA) digestion reactor operated in batch mode. The 
scope is deliberately restricted to the core unit operation 
to establish a robust, transparent, and extensible model-
ing framework before addressing plant-wide integration 
or advanced control layers. The reactor is assumed to be 
perfectly mixed; such that spatial gradients are ne-
glected, while temporal variations in composition, super-
saturation, and crystal population are resolved. 

Figure 2 presents a high-level and simplified archi-
tecture of the digital twin, intended to illustrate the con-
ceptual structure and data flow of the simulation code ra-
ther than its numerical or software-level implementation. 
At this level, the model integrates three coupled compo-
nents: a shrinking-core dissolution model, a thermody-
namic calculation module, and a population balance 
equation (PBE) for gypsum crystallization. 

The simulation starts with an Inputs and Initialization 
block that specifies operating conditions and initial 
states, including the initial amounts of TCP, sulfuric acid, 
phosphoric acid, water, gypsum seed crystals, and tem-
perature. These inputs define the solution composition, 
the initial gypsum particle size distribution (PSD), and the 
thermodynamic database required for activity-based cal-
culations. 

The dissolution model is based on a shrinking-core 
formulation and describes the progressive dissolution of 
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solid TCP into soluble calcium and phosphate species. At 
each time step, the module updates the dissolved frac-
tion of TCP, thereby governing the availability of Mono-
calcium phosphate (MCP) for subsequent gypsum crys-
tallization. The dissolution rate is influenced by the solu-
tion state, whereas feedback from crystallization on dis-
solution is neglected. 

 
Figure 2. Schematic representation of the digital twin 
core architecture, showing the coupling between TCP 
dissolution, thermodynamic calculations, and gypsum 
crystallization via a population balance model.  

The thermodynamic calculation module receives the 
updated solution composition and computes non-ideal 
solution properties, including ionic speciation, pH, and 
gypsum supersaturation ratio. Depending on the simula-
tion settings, this module may rely on a rigorous Pitzer-
based model or on simplified thermodynamic models. 
The resulting supersaturation ratio constitutes the key 
driving force for crystallization kinetics and is communi-
cated to the PBE module. 

The PBE describes gypsum nucleation and growth 

as a function of supersaturation. Solving the PBE yields 
the temporal evolution of the crystal size distribution 
(CSD), its moments (e.g. mean particle size), and the cu-
mulative mass of precipitated gypsum. The crystallization 
of gypsum consumes calcium and sulfate from the liquid 
solution; this consumption is fed back to the thermody-
namic modules to update the operating conditions. 

Finally, the output block gathers both directly ob-
servable quantities and internal process states. Typical 
outputs include PSD metrics, supersaturation, nucleation 
and growth rates, speciation, and cumulative gypsum 
production. The digital twin core is implemented in a 
user-friendly simulation environment, allowing system-
atic variation of operating conditions, initial states, and 
kinetic parameters, which makes it well suited for sce-
nario analysis, sensitivity studies, and future extensions 
toward optimization and control. 

MODEL FORMULATION 

Dissolution Reaction  
The dissolution of TCP constitutes the first and gov-

erning step of the wet-process phosphoric acid route as 
it directly determines the amount of calcium released into 
the liquid phase and thus available for subsequent gyp-
sum precipitation and phosphoric acid formation The di-
gestion reaction considered is the acid attack of TCP by 
phosphoric acid leading to the formation of MCP accord-
ing to the following reaction 

Ca3(PO4)2 + 4H3PO4 → 3Ca(H2PO4)2 (1) 

The dissolution kinetics of TCP is described using a 
shrinking core model, in which the solid particle progres-
sively shrinks while maintaining a spherical shape. The 
model resolves mass transfer and reaction across three 
regions: the solid core, the surrounding liquid film, and 
the well-mixed liquid bulk [10-14]. The dissolution rate is 
expressed in terms of the temporal decrease in particle 
radius (or equivalently particle mass), written as: 

��

��
= 3�TCP��

�TCP�0���
(1 − 𝑋𝑋)2/3�𝐶𝐶�|�=� − 𝐶𝐶�

′ �  (2) 

with 𝑋𝑋(0) = 0,𝑅𝑅0 the initial particle radius, 𝑋𝑋 the TCP 
conversion, 𝐷𝐷� the diffusion coefficient, 𝛿𝛿 the liquid film 
thickness, 𝐶𝐶� and 𝐶𝐶′� the concentration of MCP at the 
particle surface and in the bulk, respectively. For a spher-
ical shrinking particle, the conversion 𝑋𝑋 is related to the 
instantaneous particle radius 𝑅𝑅 through the shrinking-
core relation: 

𝑅𝑅 = 𝑅𝑅0(1− 𝑋𝑋)
1
3 (3) 

Diffusion of species 𝑖𝑖 (phosphoric acid or MCP) 
through the liquid film is described by the 2nd Fick’s law in 
spherical coordinates: 
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with 𝐶𝐶�(0) = 𝐶𝐶�
0 and boundary conditions at the solid sur-

face (𝑟𝑟 = 𝑅𝑅): 

−𝐷𝐷�
𝜕𝜕𝐶𝐶�
𝜕𝜕𝜕𝜕 ||

|
�=�

= 𝜈𝜈�𝑘𝑘�𝐶𝐶�3��4||�=� (5) 

and at the film–bulk interface (𝑟𝑟 = 𝑅𝑅 + 𝛿𝛿): 

𝐶𝐶�|�=�+� = 𝐶𝐶�′ (6) 

The liquid-film thickness is linked to hydrodynamic 
conditions through a mass-transfer correlation. In our 
previous papers, the film thickness was derived from the 
Sherwood correlation, and then combined with film the-
ory to express the evolution of 𝛿𝛿 as follows [10-12]: 

𝛿𝛿 = 𝑅𝑅 �(1 + 𝛼𝛼) �
𝑅𝑅
𝑅𝑅0
�
8/9
𝐷𝐷�
−1/3 − 1� (7) 

Finally, liquid bulk concentrations evolve according 
to overall mass balances, which couple TCP dissolution 
to calcium availability in solution. The solution of this sys-
tem provides the time-dependent TCP conversion and, 
equivalently, the amount of calcium released into the liq-
uid phase. This calcium dissolution constitutes the direct 
input for gypsum precipitation and phosphoric acid for-
mation in the subsequent modeling stages. 

Population Balance Model for Gypsum 
Crystallization 

For a population of crystals undergoing temporal 
evolution, the population balance framework describes 
the number density function 𝑛𝑛 as a function of time 𝑡𝑡 and 
a characteristic crystal size 𝑥𝑥. In addition to the dissolving 
phosphate particles, a second solid phase is considered 
and corresponds to precipitated gypsum, formed through 
the following reaction between aqueous calcium and sul-
fate species to produce calcium sulfate dihydrate.  

Ca(H2PO4)2 + H2SO4 + 2H2O
→ CaSO4. 2H2O + 2H3PO4 

(8) 

Assuming an isothermal, perfectly mixed batch re-
actor with a constant volume, and size-independent 
crystal growth, the population balance equation (PBE) 
used within the digital twin core is written as: 

𝜕𝜕𝜕𝜕(𝑡𝑡, 𝑥𝑥)
𝜕𝜕𝜕𝜕 = −𝐺𝐺(𝑡𝑡) 𝜕𝜕𝜕𝜕(𝑡𝑡, 𝑥𝑥)

𝜕𝜕𝜕𝜕 + 𝑅𝑅�(𝑡𝑡)𝛿𝛿(𝑥𝑥 − 𝑥𝑥0) (9) 

where 𝑅𝑅� denotes the total nucleation rate, accounting 
for both primary and secondary nucleation mechanisms, 
𝐺𝐺 represents the crystal growth rate, and 𝛿𝛿 is the Dirac 
delta function used to introduce nuclei at a critical size. 
The expressions for the nucleation and crystal growth 
rates are given by the following relations: 

𝑅𝑅�(𝑡𝑡) = 𝐴𝐴. exp �
−𝐵𝐵

ln 𝑆𝑆(𝑡𝑡)2
� + 𝑘𝑘�. [ln 𝑆𝑆(𝑡𝑡)]�.𝜇𝜇3(𝑡𝑡) (10) 

𝐺𝐺(𝑡𝑡) = 𝑘𝑘�[ln 𝑆𝑆(𝑡𝑡)]� (11) 

where 𝐴𝐴,𝐵𝐵, 𝑘𝑘�, 𝑠𝑠, 𝑘𝑘�, and 𝑔𝑔 are unknown kinetic pa-
rameters to be identified from experimental data, 𝑆𝑆 de-
notes the supersaturation ratio, primarily governed by the 
speciation of the reacting medium, and 𝜇𝜇3 is the third-or-
der moment of the crystal number density function 𝑛𝑛. To 
solve the population balance equation efficiently, the 
method of moments is employed as a model reduction 
technique. This approach converts the original partial dif-
ferential equation into a system of ordinary differential 
equations (ODEs) whose state variables are independent 
of the size coordinate 𝑥𝑥. The method relies on the defini-
tion and computation of the 𝑘𝑘th-order moment 𝜇𝜇�, which 
is expressed as follows: 

𝜇𝜇�(𝑡𝑡) = ∫0
∞ 𝑥𝑥�𝑛𝑛(𝑡𝑡, 𝑥𝑥)𝑑𝑑𝑑𝑑 (12) 

By multiplying Eq. (9) by 𝑥𝑥�and integrating over the 
entire size domain, from zero to infinity, a closed system 
of ordinary differential equations governing the temporal 
evolution of the moments is obtained: 

𝑑𝑑𝜇𝜇0(𝑡𝑡)
𝑑𝑑𝑑𝑑 = 𝑅𝑅�(𝑡𝑡) (13) 

𝑑𝑑𝜇𝜇�(𝑡𝑡)
𝑑𝑑𝑑𝑑 = 𝑘𝑘𝑘𝑘(𝑡𝑡)𝜇𝜇�−1(𝑡𝑡), 𝑘𝑘 ≥ 1 (14) 

𝜇𝜇�(0) = ∫0
∞ 𝑥𝑥�𝑛𝑛0(𝑥𝑥)𝑑𝑑𝑑𝑑 (15) 

where 𝑛𝑛0 denotes the CSD at 𝑡𝑡 = 0. The third moment of 
the crystal size distribution can be used to quantify the 
amount of gypsum formed during the process. Specifi-
cally, the cumulative gypsum production is expressed as: 

𝐶𝐶Δgyp(𝑡𝑡) = 𝑘𝑘�𝜌𝜌�
𝑀𝑀�

(𝜇𝜇3(𝑡𝑡)− 𝜇𝜇3(0)) (16) 

where 𝑘𝑘�is the volume shape factor, 𝜌𝜌�is the crystal den-
sity, and 𝑀𝑀� is the molecular weight of the precipitated 
solid. Based on this definition, the overall material bal-
ance for the batch reactor can be written as follows: 

𝐶𝐶�(𝑡𝑡) = 𝐶𝐶�,0 + 𝜈𝜈�𝐶𝐶Δgyp(𝑡𝑡) (17) 

where 𝐶𝐶�,0 denotes the initial concentration of component 
𝑖𝑖, and 𝜈𝜈�is its stoichiometric coefficient in the reactions 
from Eq. (1) and Eq. (7). 

Thermodynamic Framework and 
Supersaturation Calculation 

Solving the material balance subsequently enables 
the calculation of the supersaturation ratio, which is ex-
pressed as follows: 
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𝑆𝑆 = �
𝑎𝑎��2+ 𝑎𝑎��42−𝑎𝑎�

2

𝐾𝐾��
� ; 𝑎𝑎� = 𝑚𝑚� ⋅ 𝛾𝛾� (18) 

where 𝑎𝑎�, 𝛾𝛾�, and 𝑚𝑚� denote the activity, activity coeffi-
cient, and molality of species 𝑖𝑖, respectively, and 𝐾𝐾��is the 
solubility product of gypsum. The activity coefficients are 
evaluated using the Pitzer model, as described below [7]: 

ln(𝛾𝛾�) =
𝑧𝑧�2

2 𝑓𝑓 + 2�.
�
 𝑚𝑚�𝜆𝜆�,�(𝐼𝐼)

+ 𝑧𝑧�2�.
�
 𝑚𝑚�𝑚𝑚�𝜆𝜆�,�′ (𝐼𝐼) +⋯ 

(19) 

where 𝑧𝑧� denotes the electrical charge of species 𝑖𝑖,𝑓𝑓 is 
the Debye–Hückel term, and 𝐼𝐼 is the ionic strength of the 
solution. The parameters 𝜆𝜆�,� and 𝜓𝜓�,�,� correspond to 
short-range binary and ternary interaction coefficients, 
respectively, whose values are identified from experi-
mental equilibrium measurements. 

DIGITAL TWIN CORE 
Figure 3 illustrates the graphical user interface (GUI) 

of PhoSim V.0, the digital twin core developed in this 
work for the simulation of the wet-process phosphoric 
acid (WPPA) digestion and gypsum crystallization in a 
batch mode. The interface is designed to ensure trans-
parency between user-defined operating conditions, un-
derlying physicochemical models, and the resulting sim-
ulation outputs. 

The GUI is organized in three main functional areas: 
input and configuration, process visualization, and output 
monitoring.  

Input and configuration panel 
The left-hand panel gathers all parameters required 

to initialize and configure a simulation run. 
Simulation time defines the total integration horizon 

of the dynamic model and sets the temporal window over 
which all state variables are computed and displayed. 
TCP specifies the initial TCP amount introduced in the re-
actor. This parameter directly governs calcium availabil-
ity for phosphoric acid production and gypsum precipita-
tion. Minimum TCP radius (Rmin TCP) and maximum TCP 
radius (Rmax TCP) define the size bounds associated 
with the initial TCP particle population, which condition 
the dissolution kinetics through the shrinking-core repre-
sentation. Sulfuric acid sets the initial sulfuric acid 
charge, controlling the extent and rate of TCP digestion 
and strongly influencing solution supersaturation with re-
spect to calcium sulfate. Phosphoric acid represents the 
initial phosphoric acid concentration in the liquid phase 
and affects solution composition and thermodynamic 
speciation. Water defines the dilution level of the reacting 
medium and impacts concentrations, activities, and su-
persaturation behavior. calcium sulfate dihydrate (gyp-
sum) corresponds to an initial gypsum mass, represent-
ing either pre-existing solids or deliberate seeding, which 

 
Figure  Graphical user interface of the PhoSim V digital twin for batch wet-process phosphoric acid digestion 
and gypsum crystallization showing input parameters reactor schematic and real-time simulation outputs 
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can significantly influence nucleation dynamics and crys-
tal size evolution. The mean particle size and gypsum 
particle size variance are used to define the initial gyp-
sum particle size distribution (PSD), providing control 
over the initial crystal surface area available for growth. 
Reaction temperature sets the operating temperature 
used consistently across kinetic, dissolution, and ther-
modynamic sub models. Thermodynamic database se-
lector allows the user to choose the electrolyte property 
database used for activity coefficients, speciation, and 
saturation index calculations, ensuring flexibility and ex-
tensibility of the digital twin. 

Simulation control and information access 
Run (Simulate) button launches the simulation by in-

itializing the digital twin, solving the coupled mass bal-
ance, dissolution, and population balance equations, and 
updating all output plots. Readme / information button 
opens a compact pop-up window providing a concise  
description of the model scope, key assumptions, biblio-
graphic references, and author contact information, sup-
porting traceability and reproducibility. Clear button re-
moves all previously plotted curves while preserving axis 

limits, labels, and formatting, enabling direct visual com-
parison between successive simulation scenarios. 

Digital twin core graphical interface 
The right-hand side of the interface contains six 

synchronized plots that display key model outputs in real 
time. Particle size evolution shows the time evolution of 
a representative volume-based mean particle size (e.g., 
𝐷𝐷43), summarizing gypsum crystal growth dynamics. The 
supersaturation (SSR) panel displays the supersaturation 
ratio as a function of time, representing the thermody-
namic driving force for nucleation and crystal growth. Ad-
ditional plots report mass balances for TCP and gypsum, 
sulfuric- and phosphoric-acid consumption and produc-
tion, TCP conversion, and the nucleation and growth 
rates using a dual-axis representation. Together, these 
dashboards provide a comprehensive and physically in-
terpretable overview of reaction progress, crystallization 
mechanisms, and particle population dynamics. The GUI 
enables rapid scenario testing while maintaining a clear 
correspondence between user inputs, model structure, 
and process-relevant outputs, which is a key requirement 
for digital twins intended for analysis, optimization, and 

 
Figure  Dynamic simulation results for the case study evolution of gypsum mean particle size 𝐷𝐷43 
supersaturation ratio (SSR) TCP and gypsum mass balances sulfuric and phosphoric acid mass balances TCP 
conversion and nucleation and growth rates over the  s batch operation 
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future control-oriented applications. 

CASE TEST DEMONSTRATION 
To illustrate the capabilities of the proposed digital 

twin core, a representative case study is conducted using 
a batch digestion–crystallization scenario typical of the 
WPPA route. The simulation conditions are summarized 
below and correspond to a demonstrative, non-opti-
mized operating point. 

The batch reactor is initialized with 0.08 mol/kgw of 
TCP, 0.03 mol/kgw of sulfuric acid, 0.01 mol/kgw of 
phosphoric acid, and 40 mol of water, together with an 
initial gypsum amount of 5×10⁻⁴ mol/kgw, representing 
either residual solids or deliberate seeding. The reactor 
temperature is fixed at 80 °C, and thermodynamic prop-
erties (speciation, activity coefficients, and saturation in-
dices) are evaluated using the Bouchkira_et_al_Data-
base.dat electrolyte database. The simulation time hori-
zon is set to 4000 s. 

The solid phase is described using a population bal-
ance framework. TCP particle sizes are bounded be-
tween R_min = 5×10⁻⁴ m and R_max = 1×10⁻³ m, while the 
initial gypsum particle size distribution is characterized 
by a mean size parameter x ̄= 30 𝜇𝜇𝜇𝜇 and a variance σ = 
70 𝜇𝜇𝜇𝜇. 

Figure 4 presents the main dynamic outputs of the 
digital twin core. The evolution of the volume-based 
mean particle size 𝐷𝐷43 shows a continuous increase 
throughout the batch, indicating growth-dominated gyp-
sum crystallization. This behavior is consistent with the 
progressive decrease in supersaturation ratio (SSR), 
which initially exceeds unity and gradually relaxes as cal-
cium sulfate precipitates and the system approaches 
equilibrium. 

Mass balance results confirm the internal con-
sistency of the model. TCP mass decreases monoton-
ically due to acid digestion, while gypsum mass increases 
as a result of calcium sulfate precipitation. In parallel, sul-
furic acid is consumed and phosphoric acid is produced, 
in agreement with the stoichiometry of the digestion re-
action. The TCP conversion increases steadily and 
reaches approximately 65% at the end of the simulation, 
highlighting the combined effect of reaction kinetics and 
evolving thermodynamic driving forces. 

The nucleation and growth kinetics further clarify 
the crystallization mechanism. The nucleation rate exhib-
its an initial rise associated with high supersaturation, fol-
lowed by a decline as supersaturation decreases. Con-
versely, the growth rate remains significant over the en-
tire batch, confirming that crystal growth dominates over 
nucleation kinetics. 

This case test demonstrates the ability of the pro-
posed digital twin core to coherently capture the coupled 
dynamics of reaction, thermodynamics, and particle 

population evolution, while providing physically interpret-
able outputs suitable for process analysis, sensitivity 
studies, and future optimization or control applications. 

CONCLUSIONS AND PERSPECTIVES 
A physics-based digital twin core (PhoSim V.0) for 

WPPA digestion and gypsum crystallization has been de-
veloped and demonstrated. The framework consistently 
couples reaction kinetics, thermodynamic equilibrium, 
and population balance modeling within a dynamic simu-
lation environment supported by a dedicated graphical 
interface. 

The case study confirms that the model captures 
the main process trends in a physically coherent manner, 
including TCP digestion, acid consumption and produc-
tion, supersaturation relaxation, gypsum precipitation, 
and crystal size growth. The simulated transition from 
nucleation-dominated to growth-dominated crystalliza-
tion regimes and the associated mass balance closure il-
lustrate the internal consistency and interpretability of 
the approach. 

The proposed digital twin core provides a flexible 
tool for process analysis and scenario testing, enabling 
systematic investigation of the impact of operating con-
ditions and particle properties on both macroscopic per-
formance indicators and crystallization mechanisms. 

Future work will focus on experimental validation, 
extension to continuous reactor configurations, integra-
tion of inline measurements, and coupling with optimiza-
tion and model-based control strategies, with the objec-
tive of supporting advanced monitoring and decision-
making in industrial phosphoric acid production. 
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