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ABSTRACT

This paper presents ProcessSimulator.jl, an open-source process simulation framework built in
Julia that combines acausal, equation-oriented modelling with seamless integration of procedural
code. The framework leverages ModelingToolkit.jl to enable modular construction of unit opera-
tions using symbolic-numeric representations, facilitating the extension of models with advanced
thermodynamics, kinetics, and data-driven components. Inspired by the ModuSim concept [3],
ProcessSimulator.jl introduces an extensible control-volume abstraction and connector-based
composition at the unit-operation level. A steady-state CSTR case study is presented and com-
pared against Aspen Plus, showing good agreement in key variables. The results demonstrate the
feasibility of a flexible, open, and composable process simulation paradigm for research and edu-

cation.
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INTRODUCTION

Process simulation is a central component of pro-
cess systems engineering, enabling the coupling of ther-
modynamics, transport, and reaction kinetics across in-
terconnected unit operations for design, optimisation,
and control of complex chemical systems. Current simu-
lators have enabled remarkable advances in systems en-
gineering since the 60s, thanks to prebuilt, configurable
unit operations and thermophysical models. While pre-
built components are powerful, innovating and designing
new processes requires going beyond them. In this
sense, commercial simulators enable users to create un-
conventional unit operations through custom modelling
languages. ASPEN Custom Modelling Language and
gPROMS Model Builder are powerful tools for achieving
this goal. One drawback, however, is that unconventional
unit operations often require an interface between the
modelling language (declarative), where the conserva-
tion laws are written, and a procedural language, where
the thermodynamics, kinetics, and other calculation rou-
tines, such as those for Deep Learning and modern data-
driven tools, are written. This interplay is often far from
simple in commercial tooling, since such tooling is often
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designed to be self-contained.

We believe that reducing the gap and friction in this
interplay is critical to the easy integration of emerging,
complex process models. One way to achieve this is to
run the simulator in a fully featured language that sup-
ports seamless interplay between declarative and proce-
dural programming. Addressing these limitations requires
a new simulation paradigm grounded in open, high-level,
and composable programming frameworks that bridge
symbolic and numeric representations at high perfor-
mance.

Another highly desirable feature for process sys-
tems engineering simulators is modularisation at the unit
operation level, as it readily enables modelling of non-
standard problems. The idea of composing submodels
into a unit operation that, when combined, forms a flow-
sheet has been part of process engineering research and
practice since the 90s [1], [2], [3]. The ModuSim concept
[3], for example, was proposed in the 90s along these
lines. Concretely, the ideas presented in ModuSim are
very amenable to the equation-oriented modelling para-
digm, which partitions a system or unit operation into
small sub-models and assembles them using acausal
connectors. The connectors represent boundary
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conditions spanning convective and diffusive transport
across ports. This can be done at the unit operation level
up to the flowsheet level. This is a highly flexible and
powerful modelling concept for chemical engineering,
especially when easily integrated into procedural code,
where thermophysical and transport-property correla-
tions are typically written (calculations that require com-
plex code constructions - for, while, conditionals, data
structures).

There exists open-source software for process sim-
ulation written in modern, fully featured programming
languages built on different modelling concepts. IDAEs
PSE [4] is a Python-based process modelling framework
and model library for process simulation and optimisa-
tion. The software core stack has at its bottom the Pyomo
Algebraic Modeling Language. On top, it contains a library
of models for common process unit operations and ther-
mophysical properties that can be used to rapidly create
process systems. Modularity of unit operations is ena-
bled by the object-oriented nature of the Python lan-
guage through inheritance and method overloading, but
it is not part of the language's inherent modelling philos-
ophy, as it is in the Modelica environment, for example.
NeqSim is a Java-based library for process simulation
and fluid thermodynamics. It hosts a comprehensive li-
brary of unit operations and thermodynamic models, but
it does not mention any constructs for extending models
from basic elements. OMCHEMSim is an open-source li-
brary in OpenModelica supporting implementations of
unit operations and thermodynamic models (within the
Modelica language). At the moment, however, no open-
source software is available for structured acausal net-
work modelling with smooth integration with procedural
coding for process and chemical engineering.

In this setting, we present ProcessSimulator.jl, an
open-source package that aims to be a modern library for
modularising process systems engineering models at the
unit-operation level using acausal equation-oriented
modelling, with a smooth interface to procedural code.
The technologies that enable it are the open-source Julia
programming language and the ModelingToolkit.jl
(MTK.jl) package [5]. ModelingToolkit.jl is a symbolic-nu-
merical package in Julia that enables the application of
the concept of Physical Network Acausal modelling to
build complex models by assembling components with
connectors. The symbolic constructs of the components
enable ModelingToolkit.jl to perform symbolic manipula-
tions, such as automatic index reduction, variable trans-
formation, and problem simplification, to provide the op-
timal form for a numerical solver.

ModelingToolkit.jl is inspired by the Modelica lan-
guage and shares the same principles of acausal model-
ling; however, Modelica is not a fully featured program-
ming language, which makes it difficult to express com-
plex code constructs for efficient thermophysical
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property calculations. Consequently, attempts to con-
struct a process simulation environment require rewriting
thermodynamic calculations in Modelica [6] or using
workarounds to access external packages written in
other languages. Moreover, because ModelingToolkit is a
Julia modelling language that generates Julia code (func-
tions) using metaprogramming, it can be composed effi-
ciently and smoothly with other libraries available in the
language. Examples of such compositions are illustrated
using the Clapeyron.jl package, which provides libraries
for thermodynamic and transport properties.

Built-in compositions in ModelingToolkit.jl are also
used to solve the resulting numerical problem, with Dif-
ferentialEquations.jl for dynamic simulations and Non-
linearSolve.jl for steady-state problems. As in Modelica,
there is a separation of concerns — the system is repre-
sented in a modelling language and further simplified by
an algorithm to best suit the numerical solvers, leaving
the modeller with the efforts to do what they know - to
model systems.

Itis worth noting that ProcessSimulator.jl is still in its
early stages, but this publication aims to communicate its
philosophy. We believe that with a well-structured phi-
losophy, advancing the software becomes easier, since
many other contributors can materialise the philosophy in
code, a task that is cumbersome for a single person.

The benefits of creating a process simulator in a lan-
guage such as Julia using the acausal modelling para-
digm are several-fold. It is not only useful for custom and
advanced modelling but also for educational purposes.
The state of open-source scientific computing is ad-
vanced enough to simulate complex models in process
and chemical engineering, especially in Julia. Using the
freely available latent infrastructure to advance and ex-
pand computational tools in chemical engineering is
therefore worth pursuing.

On the educational side, acausal-equation-oriented
modelling prompts reflection on many important aspects
that shape a good engineer - every part of the system
must be placed through a rational, conscious decision: a
system's degrees of freedom, what to include and what
to exclude when modelling it. This is somewhat lost when
engineers spend time configuring numerous boxes with-
out a direct understanding of their impact on the model.

METHODOLOGY

Previous modularisation methodologies - The
ModuSim

The constructs presented here aim to reflect many
of the concepts and ideas in the ModuSim concept, using
equation-oriented modelling. Both ModuSim and Model-
ingToolkit use different wording for similar concepts.
Similarly, in ProcessSimulator.jl, we introduce additional
vocabulary that shares meanings with many concepts in
1440
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Figure 1. The ModuSim modularisation methodology. Adapted from [3].

ModusSim.

In ModuSim notation, there are two classes of main
modelling objects: devices and connections. A device is
a model object that may have a holdup of extensive
quantities and that holds the relationships used to calcu-
late state variables such as temperature, composition,
and density. A connection creates equations that, when
solved, calculate unknown fluxes from known variables
at device boundaries. The ModuSim concept distin-
guishes between two types of connectors: normal and
orthogonal boundaries. Normal boundaries point in the
direction of the coordinate system (the direction of the
convective flow), and orthogonal boundaries have no
specified direction (depends on the potential for transfer
in the system). The connection between two devices can
only take place through a connector.

The acausal equation-oriented equivalent of
ModuSim in ProcessSimulator.jl

As previously mentioned, the core modelling lan-
guage in ProcessSimulator.jl is ModelingToolkit.jl
(MTK.jl). Therefore, the equivalent ModuSim construction
in ProcessSimulator.jl is implemented using MTK.jl.

While ModuSim is chemical-engineering-oriented,
the ModelingToolkit.jl notation is generic. Therefore, ef-
fort is necessary to translate ModuSim concepts into
MTK.jl. MTK.jl also has classes of modelling objects. A
component in MTK.jl is a data structure that holds varia-
bles, parameters, equations, a name, and potentially
other inner components, nested within it. In some sense,
a connector in MTK.jl is one special kind of component
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that also holds variables, parameters and a name. The
only difference is that connectors automatically generate
equations depending on the type of connection one as-
signs to their variables. ProcessSimulator.jl uses two
types of connector variables from MTK.jl: flow, regular
connectors. By tagging a connector variable as flow,
whenever two connectors are connected, it creates the
equation:

wI+wH=O (1)

Moreover, the regular connector tag creates the fol-
lowing equation:

Ur—ug =0 (2)

Where w;, wy, v1, vy are the variables tagged as flow
and regular variables from the connectors I and II.

It is possible to see that the ModuSim normal-nor-
mal (n-n) connecting equations and part of the orthogo-
nal-orthogonal (0-0) are displayed in Figure 1 can be well
represented with connector variables through equations
(1) and (2). The connecting module equation seen in
green on Figure 1 It depends on which types of interac-
tion arise from the two phases in contact. In the Figure, it
can, for example, be an adsorbent in contact with a car-
rier gas during an adsorption separation process. In these
lines, the connecting equation can be a linear driving-
force mass-transfer equation.

The ModuSim paper has not provided details on how
to modularise devices, i.e., what is the minimum set of
equations and variables that can be later extended to be-
come conventional or advanced unit operations -
1441



ControlVolume Component

1 . 3 Conservation laws

— "Common" equations to all unit operations - conservation laws

1 . 1 Medium Structure

— Medium is a structure
to describe the matter in the CV (A fluid for example,

or a catalyst).

— It is used to hold information about

the compounds, the phases (liquid, vapor,solid),

and used to describe the state of matter in the medium.

1 . 2 Port Connector

< . > @component function TwoPortControlVolume_(;medium, name)
systems = @named begin

InPort = PhZConnector_ (medium = medium)
OutPort = PhZConnector_ (medium = medium)
ControlVolumeS =pTz_Th d

end

vars = Qvariables begin
r.(t)[L:medium.Constants.Nc, 1:medium.C
r.(t)[1:medium.Constants.Nc, 1:medium.Constants.nphases],
N;(t)[1:medium.Constants.Nc],
ntV(t)[1:medium.Constants.nphases - 1],
u(e),
V(t)[1:medium. Constants.nphases],
Q).
Wi(1),

end

_(medium = medium)

nphases]

X

_(;medium, name)

function pTz_Th

vars = @variables begin — Aims to describe

$(t)[1:medium.Constants.nphases - 1],

eqs =
D(U) ~ InPort.h[1]*InPort.a[1] + OutPort.h[1]*(OutPort.a[1]) + Q + W,

the convective transport "through" the CV

p(t)[1:medium. Constants.nphases],
2z(t)[1:medium.Constants.Nc, 1:medium.Constants.nphases], vars = Qvariables begin

p(t). p(t).

< . > @connector function PhZConnector_ (;medium, name)

@), h(t)[1:medium.Constants.nphases],

end

2(t)[1:medium.Constants.Nc, 1:medium.Constants.nphases],

11(t)[1:medium. Constants.nphases]

eq=
a=1 end

[l ~ PT_molar_density(medium.EoSModel, p, T, collect(z[:, J]),

phase = medium.Constants.phaseNames[i])]....
p[1] ~ 1.0/(sum([6[; - 1]/p[j] for j in 2:medium.Constants.nphases]))...

Figure 2. The ControlVolume modularisation strategy.

reactors, separators, etc. In ProcessSimulator.jl, we ex-
plored this aspect of the modularisation with the Control-
Volume component. This is presented in the next section.

The ControlVolume component

The idea behind the control volume component (in
MTK.jl notation) is to provide an extensible component
that can be easily transformed into a specific unit opera-
tion. To achieve this goal, some reasoning on what the
equations are that are common to almost all “conven-
tional” unit operations is required.

To keep it simple, we start by analysing perfectly
mixed, multicomponent, non-distributed systems and
their governing conservation equations (mole component
balance and energy):

d(N;) . .
o MinZini T MourZout,i + LV +1A (3)
d(U) . . . .

it = minhin + mouthout +Q+W (4)

V is the control volume’s volume, A is the control
volume’s area, U is the control volume internal energy, h;,
and h,,; are the inlet and outlet streams' molar enthalpies,
my, and r,,, are the overall inlet and outlet molar flow
rates, Q is the rate of heat to/from the control volume, W
is the work rate done on the control volume by the envi-
ronment. Additionally, N; is the molar holdup, z;, ; and z,,, ;
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are the inlet and outlet streams' mole fraction, r;, is the
volumetric molar rate of generation, all with respect to
the i*" component.

In addition to the differential equations representing
conservation laws, we need algebraic expressions for
each of the terms of the equations, except N; which is set
by an initial condition.

By default, equations for r; , 1, 4, Q, W are not speci-
fied and are left to the user to specify according to the
unit operation being modelled. For example, a heated
stirred tank can be extended by including the expression
iy =07r,4=0Q=Q,W =W, where Q, W, are real
numbers. A heated stirred tank reactor can be extended
by replacing zero generation rate by
kinetics(N;, V, T).

All the equations associated with variables marked
with the in Subscripts are derived from the control
volume's connection to the nearest upstream compo-
nents. These equations are defined in the ControlVolume
using the InPort connector. InPort is of type PhZnCon-
nector because it connects pressure, enthalpy, composi-
tion, and flow rate information. Pressure, compositions
and enthalpy are regular connector variables — create
equations like Equation (2). Flow rate is a flow variable; it
yields equations like Equation (1).

When it comes to outlet variables (out subscripts),

Ly =
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only the outlet flow rate (m,,;) information depends on
downstream equipment. h,,, is calculated from the con-
trol volume’s state and “transmitted” downstream. The
ControlVolume has an OutPort of type PhZnConnector to
transmit information downstream.

While rate laws are unit-operation-specific, thermo-
physical properties are not. Therefore, in ProcessSimula-
tor.jl, the ControlVolume component encapsulates the
“StateComponent”. Internally, it calls functions which are
used to evaluate its thermophysical properties, i.e.; U =
internalenergy(medium,T,p,Ni)’ P =
density(medium, T, P, N;) h,,; = enthalpy(medium, T, p, N;)

Where medium is a structure that holds the infor-
mation of the thermophysical model and
internal energy, density, enthalpy are functions to calculate
the properties of interest. For density, for example, it typ-
ically involves a phase stability check followed by a se-
quence of other calculations depending on the medium
type. All these concepts are illustrated in the Figure 2.

When composing thermodynamic calculations with
MTK.jl, direct calls from within those calculations can
cause problems. MTK.jl makes extensive use of symbolic
manipulation, and tracing symbolic variables through
complex code structures leads to a symbolic explosion.
To stop tracing, functions of this kind have to be regis-
tered. Registration informs MTK.jl that particular calcula-
tions should be treated as a single block rather than de-
composed. Registering a function in MTK.jl is very simple,
allowing users to treat any complex block in the modelling
language as an isolated calculation block. If the regis-
tered functions are Julia-native, the Julia compiler will
perform its optimisations, as it does in any other piece of
Julia code, after code generation. This makes the model-
ling environment extremely flexible, powerful and perfor-
mant, as discussed before.

Another challenge in chemical and process systems
is that phase splitting can occur at any time during nu-
merical simulation; therefore, it must be checked during
the simulation. In practice, it means that h,,,, U depends
on the number of phases present, each phase's compo-
sition, and the fraction of each phase. If only one phase
exists, it means that the fraction of the others is zero, and
their compositions can be assigned to an arbitrary value.
Stability checks must be run during simulation and used
to detect phase splitting when it occurs.

RESULTS AND DISCUSSION

To illustrate the modularisation strategy imple-
mented in ProcessSimulator.jl in this work, a steady-
state, fixed-volume CSTR reactor simulation is pre-
sented.

The reactor has 1 m3 volume and carry out the reac-
tion between ethylene oxide and water to produce eth-
ylene glycol with all stoichiometric coefficients equal to 1,
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and the reaction rate given by a power law with a first-
order dependency on the concentration of ethylene ox-
ide. The kinetics are expressed in code using the struc-
ture PowerLawReaction developed in ProcessSimula-
tor.jl:

rxnl = PowerLawReaction (components = compo-
nents, stoichiometry = Dict ("ethylene oxide"
=> -1.0, "water" => -1.0, "ethylene glycol"
=> 1.0), order = Dict("ethylene oxide" =>
1.0, "water" => 0.0), A = 0.5, Ea = 0.0)

The inlet temperature is set to 350.15 K and 5 bar,
with a flow rate of 100 mol/s, and an excess of water (60
mol/s of water and 40 mol/s of ethylene oxide). The re-
actor pressure is set to match the inlet pressure. The inlet
specifications are encapsulated in the Boundary pTzn
component, which is equivalent to an infinite source of
matter that drains at a fixed pressure, temperature, com-
position, and flow rate. It was not discussed in the meth-
odology, but anyone familiar with common simulators is
familiar with the material stream on those. It is the exact
same construction. In terms of code, it is wrriten as:

@named S1 = Boundary pTzn(medium = medium, p
= 5*101325.0, T = 350.15, z = [0.4, 0.6,
0.0], flowrate = 100.0, flowbasis = :molar)

Medium is created using the Clapeyron.jl [7] exten-
sion, which is built as part of ProcessSimulator.jl. The de-
tails of the thermodynamic model are beyond the scope
of this work, but it is correlation-based and based on es-
tablished literature.

components = ["ethylene oxide", "water",
"ethylene glycol"]
idealmodel = CompositeModel (components,
liquid = RackettLiquid,
gas = ReidIdeal (components, reference state
= :formation),
saturation = DIPPR101Sat,
hvap = DIPPR106HVap)
activity = NRTL (components)
model = CompositeModel (components, fluid =
idealmodel, liquid = activity)
medium = EoSBased (components = components,
eosmodel = model)

To create the fixed-volume reactor, we use an ex-
tension of the control volume from lines 150 to 174 in
https://github.com/SciML/ProcessSimulator.jl/blob/sigle-
phase-approach/src/reactors/CSTR.jl. These are the
code implementations of the additional equations that
extend the control volume to a reactor.

With this set of specifications, it is easy to demon-
strate that no additional specifications are required to ful-
fil the degrees of freedom, and the outlet flow rates and
temperature are then determined by solving the conser-
vation laws, kinetics and additional constraints.
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The results for the outlet stream were compared
with those obtained in ASPEN V12.1 using the NRTL non-
ideal model and the default ideal models. The comparison
is shown in Table 1. The largest difference is in the eth-
ylene oxide (EO) mole fraction (about 60%). This is at-
tributed to solver configurations rather than implementa-
tion errors, since the other variables show discrepancies
smaller than 10% and orders of magnitude much higher
than the mole fraction.

Table 1: Outlet stream results comparison — ProcessSim-
ulator.jl and ASPEN.

Pro- % diff
. Aspen cessSim- (PSvs
Property Unit (s) ulator As-
(S1) pen)
Tempera- 350.15  350.15  0.0%
ture
5.07 x 5.07 x \
Pressure Pa 105 108 0.0%
Liquid mo- s 60.2 60.34 0.2%
lar flow
Molar en- -3.94 x -3.55 x o
thalpy J/mol 105 105 9.7%
Totalmass s 2.84 2.84 0.0%
flow
Mole frac
—EO — 0.00355 0.00562 58.5%
Mole frac o
—H,0 — 0.336 0.337 0.4%
Mole frac 0.661 0.657 ~0.5%
—EG
-4.00 x -3.81 x .
Heat duty W 108 108 4.8%
CONCLUSIONS
ProcessSimulator.jl demonstrates that acausal,

symbolic-numeric modelling in Julia provides a flexible
and extensible foundation for process simulation. By
combining modular unit-operation design with seamless
access to procedural thermodynamic and kinetic models,
the framework reduces modelling friction and supports
advanced custom applications. Although still in early de-
velopment, the presented philosophy and case study in-
dicate strong potential for future research, industrial pro-
totyping, and education in process systems engineering.

DIGITAL SUPPLEMENTARY MATERIAL

All codes are available at
https://github.com/SciML/ProcessSimulator.jl/blob/sigle-
phase-approach/test/reactors/ss_cstr_test.jl.
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