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ABSTRACT 

 

The design, optimization and safe operation of separation, reaction and transport 

processes in the chemical, petroleum, gas and energy industries rest on accurate 

descriptions of how multicomponent mixtures behave. Thermodynamic models translate 

molecular interactions into quantitative predictions of phase equilibria, densities, 

enthalpies and other properties needed by process simulators. This article reviews the 

principal approaches to modeling multicomponent mixtures, beginning with the 

thermodynamic criteria for equilibrium and proceeding through cubic equations of 

state, mixing rules, activity coefficient models, association-based equations such as 

SAFT and CPA, and electrolyte models. Methods for estimating parameters from 

experimental data and numerical algorithms for stability analysis and flash calculations 

are discussed, followed by industrial applications and selection guidelines. The review 

emphasizes that model choice should be guided by the chemical nature of the system, 

the pressure and temperature range and the quality of available data, and that 

extrapolation beyond the fitted domain demands careful validation. 
Key words:  thermodynamic modeling, phase equilibrium, equation of state, activity coefficient, 

multicomponent mixtures 
 
 

Introduction: 

Almost every industrial process 

handles mixtures rather than pure 

substances. Crude oil fractionation, 

natural gas processing, solvent 

extraction, distillation of alcohols, 

absorption of acid gases and 

crystallization of salts all depend on how 

components distribute among coexisting 

phases and how mixture properties vary 

with temperature, pressure and 

composition. Errors in thermodynamic 

predictions propagate directly into 

equipment sizing, energy consumption, 

product purity and safety margins, which 

makes the choice and calibration of a 

thermodynamic model one of the most 

consequential decisions in process 

engineering (Smith et al., 2005). 

Two broad modeling philosophies 

have emerged. The first describes all 

phases with a single equation of state, a 

function relating pressure, volume and 

temperature that is extended to mixtures 

through mixing rules. The second treats 

the vapor phase with an equation of state 

or an ideal-gas approximation and 

describes the liquid phase through the 

excess Gibbs energy and activity 
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coefficients. Over the past decades these 

have been joined by models rooted in 

statistical mechanics that explicitly 

represent molecular association, chain 

length and electrostatic forces. 

This article offers an organized 

overview of these approaches. It 

describes their theoretical basis, 

strengths and limitations, discusses how 

their parameters are obtained and how 

equilibrium calculations are performed, 

and concludes with their use in industrial 

practice and guidance for selecting an 

appropriate model. 

1. Thermodynamic Foundations 

of Phase Equilibrium 

Phase equilibrium in a 

multicomponent system is governed by 

the requirement that temperature, 

pressure and the chemical potential of 

each component be identical in all 

coexisting phases. Chemical potential 

cannot be measured directly, so it is 

expressed through fugacity, a quantity 

with units of pressure that acts as an 

effective partial pressure and equals the 

actual pressure for an ideal gas. Equality 

of fugacity of each component in every 

phase is therefore the working condition 

for equilibrium, and the ratio of vapor to 

liquid mole fractions, the equilibrium 

ratio, follows from it (Poling et al., 

2001). 

To reach practical expressions, 

fugacity is related to composition 

through either a fugacity coefficient, 

which measures deviation of a 

component in a phase from ideal-gas 

behavior, or an activity coefficient, 

which measures deviation of a liquid 

component from ideal solution behavior. 

A stable equilibrium state corresponds to 

the global minimum of the Gibbs energy 

of the system at fixed temperature and 

pressure, and this minimum principle 

underlies the stability tests used to 

decide how many phases are present. 

The Gibbs-Duhem relation additionally 

links the property changes of the 

components, imposing consistency on 

any proposed model and on experimental 

data. 

2. Equations of State for Fluid 

Mixtures 

Cubic equations of state are the 

workhorses of the hydrocarbon and gas 

industries because of their simplicity and 

reasonable accuracy. Building on the van 

der Waals concept, they separate 

pressure into a repulsive term, governed 

by a molecular volume parameter, and 

an attractive term, governed by an 

energy parameter that depends on 

temperature. The Soave modification of 

the Redlich-Kwong equation introduced 

a temperature-dependent attraction term 

tied to the acentric factor, markedly 

improving vapor pressure predictions 

(Soave, 1972). The Peng-Robinson 

equation altered the volume dependence 

of the attractive term and gave better 

liquid densities, and it remains one of the 



Vol.  02  No.04 2024 

 

 
 

most widely used models (Peng & 

Robinson, 1976). 

These equations require only 

critical properties and acentric factors of 

the components, which are available for 

many substances, and they handle wide 

ranges of temperature and pressure 

including the near-critical region. Their 

weaknesses are also well known: liquid 

density predictions are often inaccurate 

unless volume translation is applied, and 

highly polar or associating fluids such as 

water, alcohols and amines are poorly 

represented without extensive 

adjustment. Virial equations and 

multiparameter reference equations offer 

higher accuracy for specific well-studied 

fluids and mixtures, but their complexity 

limits their use for general 

multicomponent systems (Poling et al., 

2001). 

3. Mixing Rules and Binary 

Interaction Parameters 

Extending an equation of state 

from pure components to mixtures 

requires a rule for combining the 

parameters of each species. The classical 

van der Waals one-fluid mixing rules 

express the attraction parameter as a 

quadratic function of composition, with 

cross terms formed from the geometric 

mean of pure-component values 

corrected by a binary interaction 

parameter. The volume parameter is 

usually combined linearly. For mixtures 

of similar nonpolar molecules, such as 

light hydrocarbons, small interaction 

parameters of near zero provide good 

results, while mixtures involving carbon 

dioxide, hydrogen sulfide, nitrogen or 

polar compounds require parameters 

fitted to experimental data. 

More flexible approaches make the 

interaction parameter depend on 

composition or temperature, or connect 

the equation of state to an activity 

coefficient model through the excess 

Gibbs energy at infinite or finite 

pressure. These so-called excess Gibbs 

energy mixing rules allow cubic 

equations to represent strongly nonideal 

mixtures while preserving their 

suitability at high pressure 

(Kontogeorgis & Folas, 2010). Care is 

required because adding parameters can 

improve the fit of binary data without 

improving the prediction of 

multicomponent behavior, and because 

some mixing rules violate the 

theoretically required quadratic 

composition dependence of the second 

virial coefficient. 

4. Activity Coefficient Models 

for Nonideal Liquids 

At low and moderate pressures, the 

liquid phase is conveniently described by 

the excess Gibbs energy, from which 

activity coefficients are derived. The 

simplest forms, such as the Margules and 

van Laar equations, are empirical 

expansions suitable for binary mixtures. 

Local composition models, beginning 
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with the Wilson equation, assume that 

the composition around a molecule 

differs from the bulk composition 

because of unequal intermolecular 

forces, and they represent a wide range 

of miscible systems with few parameters 

(Wilson, 1964). The nonrandom two-

liquid model extended this idea to 

partially miscible systems and liquid-

liquid equilibria (Renon & Prausnitz, 

1968). 

The universal quasichemical 

model, known as UNIQUAC, divides the 

excess Gibbs energy into a combinatorial 

part, reflecting molecular size and shape, 

and a residual part, reflecting energetic 

interactions (Abrams & Prausnitz, 1975). 

Its group contribution extension, 

UNIFAC, predicts activity coefficients 

from the functional groups present and is 

invaluable when no experimental data 

exist. As the figure below illustrates, a 

positive deviation from ideal solution 

behavior can raise the mixture pressure 

above that of both pure components and 

give rise to an azeotrope, a point at 

which vapor and liquid have the same 

composition and ordinary distillation 

cannot proceed further. 

Activity coefficient models are 

valid mainly at pressures well below the 

critical region, since they treat the liquid 

as incompressible, and their parameters 

are typically temperature dependent. 

Their accuracy rests on the quality of 

binary data, and extrapolation to 

multicomponent mixtures relies on the 

assumption that only pairwise 

interactions are significant. 

5. Advanced Association-Based 

Models: SAFT and CPA 

Molecules such as water, alcohols, 

glycols, organic acids and amines form 

hydrogen bonds that strongly influence 

phase behavior, and traditional models 

describe them poorly. The statistical 

associating fluid theory, rooted in 

Wertheim's thermodynamic perturbation 

theory, builds a molecule from a chain of 

spherical segments with attractive sites 

that allow association. The Helmholtz 

energy is written as the sum of 

contributions from a reference fluid, 

chain formation, dispersion and 

association, and the first practical 

equation of this type appeared at the end 

of the 1980s (Chapman et al., 1990). 

Numerous variants have since been 

developed, including versions with polar 

terms and group contribution forms. 

The cubic-plus-association 

equation takes a pragmatic route, 

combining a simple cubic equation for 

physical interactions with the association 

term from the statistical theory. It has 

proved particularly successful for 

systems containing water, glycols, 

methanol and hydrocarbons in oil and 

gas processing, such as hydrate 

inhibition and dehydration of natural gas 

(Kontogeorgis et al., 1996). These 

models require more pure-component 
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parameters than cubic equations and are 

computationally heavier, but they can 

often represent complex mixtures with 

temperature-independent interaction 

parameters and show better predictive 

capability over wide conditions. 

6. Electrolyte and Aqueous 

Systems 

Systems containing dissolved salts, 

acids and bases, such as brines, flue gas 

scrubbing solutions, fertilizer production 

streams and geothermal fluids, introduce 

long-range electrostatic interactions that 

cannot be handled by standard models. 

Electrolyte models add a term 

accounting for ionic interactions to a 

conventional description of short-range 

forces. The Debye-Huckel theory 

provides the limiting law for dilute 

solutions, and extensions with additional 

terms are applied at higher 

concentrations. 

The electrolyte nonrandom two-

liquid model combines a long-range 

Pitzer-Debye-Huckel contribution with a 

local composition term and has become 

a standard in process simulation for 

aqueous electrolyte systems (Chen & 

Evans, 1986). Other approaches use the 

Pitzer ion-interaction formulation, 

particularly for natural waters and salt 

solubility, or electrolyte equations of 

state based on association theory. 

Modeling must also address chemical 

equilibria, such as dissociation, 

complexation and precipitation, so that 

the speciation of the solution and the 

phase equilibria are solved 

simultaneously. 

7. Parameter Estimation and 

Data Reconciliation 

Every model is only as good as the 

parameters that feed it. Pure-component 

parameters are obtained from vapor 

pressure, saturated density and critical 

data, while binary interaction parameters 

are regressed from phase equilibrium 

measurements such as vapor-liquid, 

liquid-liquid and solid-liquid data. 

Regression minimizes an objective 

function that compares calculated and 

measured quantities, and the choice of 

objective, whether based on pressure, 

composition or equilibrium ratio 

deviations, influences the parameters 

obtained. Statistical tools such as 

confidence intervals and correlation 

analysis reveal whether parameters are 

well determined or interdependent. 

Experimental data themselves 

contain errors, so thermodynamic 

consistency tests, based on the Gibbs-

Duhem relation, are applied to detect 

unreliable measurements before 

regression. Large curated databases and 

open data compilations support this 

work. Overfitting is a persistent danger: 

a model with many adjustable 

parameters can reproduce a limited 

dataset while failing outside it, which is 

why validation against data not used in 

fitting and sensitivity analysis are 
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strongly recommended (Kontogeorgis & 

Folas, 2010). 

8. Phase Equilibrium Algorithms 

and Flash Calculations 

Turning a thermodynamic model 

into predictions requires robust 

numerical algorithms. The isothermal 

flash calculation determines the amount 

and composition of each phase at 

specified temperature, pressure and 

overall composition, and it is solved by 

combining material balances with 

equilibrium relations, typically through 

successive substitution followed by 

Newton-type acceleration. Bubble point 

and dew point calculations find the 

conditions at which the first bubble or 

drop of a new phase appears.A key 

difficulty is deciding how many phases 

exist and ensuring that the solution 

corresponds to the global minimum of 

the Gibbs energy. Stability analysis 

based on the tangent plane distance 

criterion tests whether a trial phase can 

lower the energy of the system and 

thereby detects hidden phases 

(Michelsen, 1982). Special attention is 

needed near critical points, where the 

algorithms become ill-conditioned, and 

for three-phase systems involving water, 

hydrocarbons and gas. Efficient and 

reliable solution procedures are crucial 

because flash calculations are repeated 

millions of times in dynamic simulation 

and optimization of large plants. 

9. Industrial Applications and 

Process Simulation 

Thermodynamic models are 

embedded in process simulators that 

engineers use daily. In oil and gas 

production, cubic equations and 

association models predict phase 

envelopes, hydrate formation, water 

content of gas and the behavior of 

reservoir fluids during depressurization. 

In refining and petrochemicals, they 

enable design of distillation columns, 

absorbers and extractors for hydrocarbon 

streams, while activity coefficient 

models govern solvent-based separations 

such as extractive and azeotropic 

distillation in the chemical and 

pharmaceutical industries. 

In power generation and carbon 

capture, models of amine and carbonate 

solutions describe absorption of carbon 

dioxide, and in refrigeration and heat 

pump design, equations of state for 

refrigerant mixtures predict cycle 

performance. Electrolyte models support 

desalination, fertilizer manufacture and 

hydrometallurgy. Model selection 

generally follows the nature of the 

system: cubic equations for nonpolar 

mixtures at high pressure, activity 

coefficient models for polar liquids at 

low pressure, association equations for 

hydrogen-bonding systems over wide 

conditions and electrolyte models for 

ionic solutions. Whatever the choice, 

thorough validation against reliable data 
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in the operating range and 

documentation of model limits are 

essential for dependable design. 

 

 

 

Summary 

Thermodynamic modeling links 

molecular-level interactions to the 

macroscopic behavior of industrial 

mixtures. Equations of state, supported 

by suitable mixing rules, provide a 

unified description of fluids over wide 

pressure ranges, while activity 

coefficient models give accurate 

representation of nonideal liquids at 

moderate pressures. Association-based 

and electrolyte models extend predictive 

ability to hydrogen-bonding and ionic 

systems that challenge simpler 

formulations. Reliable results require 

careful parameter estimation, 

consistency testing of data and robust 

numerical algorithms for stability and 

flash calculations. Practical model 

selection should weigh chemical nature, 

operating range, data availability and 

computational demand, and should be 

confirmed by validation. Continued 

progress in molecular simulation, group 

contribution methods and data-driven 

techniques promises further gains in 

accuracy and predictive power. 
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