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Abstract 
 
The Environmental Simulation Program is a process simulator designed for aqueous based 
chemical processes.  ESP, which is produced by OLI Systems, Inc., utilizes sophisticated activity 
coefficient models and predictive equations that result in the ability to simulate very complex 
electrolyte systems (OLI, 2002). The software comes with databanks of regressed parameters for 
a large number of aqueous, vapor, and solid species covering most of the elements. 
 
ESP has been used extensively at the U. S. Department of Energy Hanford Site to predict nuclear 
waste slurry vapor-liquid-solid equilibrium.  It has and is being used to model leaching and 
washing of nuclear waste sludges, evaporation of nuclear waste solutions, crystallization of salts, 
precipitation of plutonium and other metals from waste solutions, and other processing of dilute 
and concentrated aqueous solutions, sludges, and slurries. The software is also used extensively 
to rationalize the characterization of nuclear wastes using limited data from analyses of waste 
samples. 
 
The OLI provided databanks suffer from a legacy interaction model that limits the accuracy 
when neutral solutes are important. Also, the nitrate – nitrite systems typically found in nuclear 
wastes are not properly parameterized in ESP databases because of the existence of sodium 
nitrate and nitrite ion pairs. Properties databanks for ESP have been developed at Flour Federal 
Services that eliminate the legacy model and provide more accurate simulation results than the 
OLI supplied databases for such concentrated solutions and slurries. 
 
Introduction 
 
The Environmental Simulation Program (ESP), produced by OLI Systems, is a chemical process 
simulator extensively used at Hanford and other DOE sites, and by many chemical, oil, and 
mineral processing companies. It is designed to model the processing of concentrated aqueous 
solutions, organic liquids, solids, and vapors. ESP uses sophisticated thermodynamic models to 
predict the activity coefficients of species and activity-based equilibrium constants for 
equilibrium relationships. The program can model the behavior of most species that can exist in 
tank wastes, or during processing of such wastes. It can be used to calculate the equilibrium or 
time dependent composition of complex mixtures of solids, liquids, and gases. 
 
ESP is comprised of two main sections: simulation tools and databooks. The simulation tools 
include the Process module for simulating steady state processes, the Express module for 
performing single or multiple point equilibrium calculations for a single composition, and the 
WaterAnalyzer module for inputting laboratory element and anion analyses and reconciling 
charge imbalances. The DynaChem tool allows the simulation of dynamic processes, such as 
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control system responses or batch process dynamics, by modeling such processes as a series of 
equilibrium steps. Tools are also available to do sensitivity analyses and to fit parameters used in 
the various thermodynamic models. 
 
Processes are simulated by combining models of various unit operations, such as separators, 
mixers, reactors, extractors, absorbers, strippers, crystallizers, incinerators, heat exchangers, 
compressors, etc. These unit operations, or blocks as called in ESP, are connected together with 
streams containing solids, liquids, and vapors to form a process. Temperatures, pressures, and 
other conditions are set or calculated for each stream or block. Steady state and batch processes 
as simulated in the same fashion with either material flow rates or material quantities. Once feed 
conditions are established, the simulation is run to predict all intermediate and output species, 
concentrations, pressures, temperatures, flows or quantities, and other conditions. 
 
The number of species or blocks that can be included are only limited by computing resources. 
Nuclear waste processing simulations frequently contain 300 or more aqueous species. Thus, 
ESP is an extremely valuable tool for developing, evaluating, and designing processes. In many 
cases, aqueous based processing that is too complex to satisfactorily investigate experimentally 
can be simulated with ESP. It can reduce the amount of experimental work necessary, and 
provide direction as to what work should be performed. 
 
Databooks are databases that contain thermodynamic and physical properties of various chemical 
species, as well as parameters for a variety of chemical and physical property models. The main 
ESP databook, called PUBLIC, contains many thousands of inorganic and organic species, 
including vapor, liquid, aqueous, solid, and metallic species. Other databooks contain a more 
narrow collection for a specific area of application, such as geochemistry, corrosion, or 
complexing agents. The supplied databooks can be supplemented with “private” databooks 
developed by the licensee. 
 
The first step in using any of the simulation tools is to prepare a Chemistry Model, during which 
step the user selects all the elements that exist in the process. The data and parameters for all 
species that could possibly exist in the process are searched out in all the selected databooks, and 
the ones needed for the simulation are extracted into Chemistry Model files. The user can then 
perform an equilibrium calculation by inputting the temperature, pressure, and concentrations of 
selected species, or the user can build a process tying together various unit operation blocks.  
 
When a simulation is executed, the software begins calculating equilibrium conditions from the 
first block, progressing to the end, and using initial guesses for recycle streams. The simulation is 
repeated numerous times until the chemical potential of each block has been minimized, and the 
inlet and outlet of each recycle stream has been brought within a preselected tolerance of being 
the same. The results are then available in a report in which the simulation structure, conditions 
and material balances are summarized, and the conditions and composition of each stream 
entering and leaving every block are listed. 
 
ESP has been used at the Hanford Site since the first public release was licensed in 1993. Since 
then, it has been used to simulate many processes and speciate numerous compositions. 
Examples include the following: 
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• Caustic leaching of nuclear waste sludges to dissolve aluminum 
• Selective salt dissolution from nuclear waste salt cakes to separate salts 
• Separation or purification of salts by evaporation, fractional crystallization, and washing 
• Precipitation and separation of plutonium from acid wastes (including oxidation and 

reduction) 
• Scrubbing of nitric oxides from acidified nuclear wastes to produce reusable nitric acid 

(including oxidation and reduction) 
• Neutralization of acid waste solutions to a specific pH or hydroxide ion concentration 
• Speciation of nuclear waste based on elemental and anion analyses 

 
Databases and Deficiencies 
 
ESP is the only commercially available software that includes extensive databases of chemical 
and physical parameters necessary for the complex models used in simulating aqueous solution 
equilibria. ESP calculates the thermodynamic equilibrium of all phases in a system by 
minimizing the total chemical potential in an iterative process. The thermodynamic properties of 
aqueous species are calculated using the Helgeson-Kirkham-Flowers Equation of State 
correlation, or from reference state data. The equilibrium constants of aqueous and solid species 
are calculated from empirical temperature and pressure dependent correlations of experimental 
data, or from the thermodynamic properties of the species involved. 
 
Activity coefficients of aqueous ions and the water activity are calculated using the Bromley-
Zemaitis model. Activity coefficients of neutral or molecular aqueous solutes are calculated 
using a simplified form of the Pitzer excess property model. Activity coefficients of organic and 
other non-aqueous liquids and vapors, such as ethylene or bromine, are calculated using the 
Soave-Redlich-Kwong equation of state. Partial molal volumes and other properties are 
calculated using models similar to the activity coefficient models. All of the reference state 
thermodynamic properties and various model parameters associated with species and the 
interaction of species are included in databooks. 
 
ESP comes with several databooks covering most of the elements and compounds found or 
expected in Hanford tank wastes. The ones commonly used at the site are the PUBLIC, 
GEOCHEM, CORROSIO, and CMPLEX databooks. The accuracy of predictions using ESP 
with these databooks is generally remarkably good, but in many cases improvements or additions 
are needed. Having parameters properly fit to reliable data for each species and equilibrium 
relationship is key to accurately calculating activity coefficients and equilibrium constants. 
 
The OLI supplied databook deficiencies are of five types: (1) missing solids or reference 
properties for included species, (2) temperature constraints on solids formation, (3) missing 
aqueous species or interaction pairs, (4) unsatisfactory parameters for the various thermodynamic 
models, and (5) the use of the “binter” parameter. In order to correct these deficiencies, the 
supplied databooks are supplemented with custom databooks that have been prepared 
specifically for simulating the processing of tank wastes. 
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Custom or “private” databases combined with associated chemistry models are used for almost 
all tank waste related simulations. Several such databases developed at Hanford include 
SPECIAL, MICHAN, FESTERUS, XBASE, FELMY, and NUCLEAR. Each of these corrects 
deficiencies in one or more of the deficiency types mentioned above. Custom chemistry models, 
such as the GENTANK general waste tank model, have been created to reduce the number of 
species required in a simulation, and thus reduce the computation time. 
 
The SPECIAL databook was created for species in OLI supplied databooks that require additions 
or modifications to parameters and/or property data. These include missing reference molar 
volumes, modified reference Gibbs free energies, modified equilibrium constants, and modified 
solid formation temperature limits. It also includes solids not in any of the OLI databooks. Some 
solids parameters necessary for modeling Hanford waste processing have been custom fit by OLI 
at the request of and sometimes using data supplied by Hanford personnel. An example of this is 
the data produced at Hanford for the salt Na7F(PO4).19H2O (Herting, 1996), which has been 
found to exist in Hanford tank wastes. OLI also provided parameters in a private databook for 
the species Na2U2O7 and Na2UO4 in response to a requested from Hanford. The SPECIAL 
databook has been revised many times as ways to improve and expand the capabilities of ESP 
have been developed. 
 
MICHAN, FESTERUS, and XBASE each contain a subset of the HANFORD databook, which 
was produced by OLI from the parameters in the Hanford Thermochemical Databank developed 
at the Pacific Northwest National Laboratory (PNNL) (Sterner, 1996). The sodium nitrite and 
nitrate parameterizations in the ESP PUBLIC databook were found to not accurately model these 
systems at higher concentrations, so Sterner and coworkers fit Bromley-Zemaitis parameters for 
the Na-NO3 and NO2, as well as the OH, F, CO3, and SO4 binary systems, the Na-Al-OH ternary 
system, and some Ca, Mg, and Sr systems. This fitting was done without the use of the binter 
parameters found in the PUBLIC databook, however. 
  
These binter parameters are legacy parameters used for predicting the solubility of gases in salt 
solutions. Their use predates both the work of Pitzer and Bromley, and apparently has its origins 
in the work of Setschenow (Setschenow, 1889). There is no mention of the binter parameter in 
the manuals supplied with ESP, although there is reference to Setschenow. Sterner and 
coworkers discovered that the parameter is used similar to a Pitzer parameter for all interactions 
of some ions with neutral solute species. It is associated with the ion, however, rather than the 
interaction pair, and it is a constant independent of temperature and pressure. 
 
An inconsistency exists in ESP because the binter parameter does not appear in the equation for 
calculating the osmotic coefficient, but does in the equations for the activity coefficient of 
individual species. Since the osmotic coefficient is a function of the activities of all the solutes, 
including neutral ones, errors will be introduced when there are significant concentrations of 
neutral solutes, such as the NaNO2, NaNO3, or NaF ion pairs, or NH3 and other dissolved gases. 
The water activity is directly related to the osmotic coefficient, and therefore the use of the binter 
parameter can result in incorrect water activity values used in equilibrium equations for hydrated 
solids or in the water disassociation equation. 
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Because of the exclusion of the binter parameter, the HANFORD databook is not compatible 
with the PUBLIC databook, and cannot be used directly in ESP in most cases. In order to take 
advantage of the superior modeling available with the HANFORD databook (particularly for the 
NaNO2 and NaNO3 systems), a number of subsets of the HANFORD databook were extracted 
and tested with PUBLIC to see how well they reproduced various data, not withstanding the 
binter inconsistency. It was found that the Na-NO2-NO3 system parameters could be successfully 
used with the PUBLIC databook to substantially improve predictions for these systems, but it 
was about as good to use the PUBLIC databook parameters for other systems. Thus the 
MICHAN (for microHANFORD) databook was created containing selected parameters from the 
HANFORD databook for the Na-NO2-NO3 system. The FESTERUS (for Felmy-Sterner-Rustad) 
and XBASE databooks are improved and expanded versions of MICHAN. 
 
The FELMY databook was created from a database developed at the PNNL, which is based on 
the Pitzer model for the water activity and all aqueous activity coefficients (Felmy, 2001). Since 
the Pitzer and Bromley-Zemaitis models use different equations and parameters to describe 
solute interaction phenomena, they are not compatible. Therefore, the FELMY databank is not 
compatible at all with the ESP Bromley-Zemaitis models, and cannot be used with the publicly 
released version of ESP. OLI Systems has produced a version of ESP that uses the FELMY 
databook, but the databook does not contain all of the species and data needed to simulate most 
processes. Felmy is continuing to work with OLI to improve and expand this databook. Tests by 
Fluor indicate the databook is very good if use is restricted to the temperatures and systems for 
which it is valid. 
 
A New Database for Nuclear Waste Applications 
 
As mentioned, a serious disadvantage of using HANFORD derived databooks with ESP is that 
predictions involving any neutral ion pairs, other than aqueous NaNO2and NANO3, will be in 
error. The binter parameters are used in ESP to describe interactions between neutral aqueous 
species and ions, or between two neutral species. If Pitzer parameters are used, they are fit on top 
of (or including the effects of) the binter parameters. Since the HANFORD databook was 
developed with the binter parameters zeroed out for Na ion, NO2 ion, NO3 ion, and OH ion, 
major errors will occur when calculating the activity of neutral solutes not in the HANFORD 
derived databooks, especially for dissolved gases. 
 
Also, in the HANFORD databook, the Bromley-Zemaitis parameters for the NaNO2 and NaNO3 
systems were only fit in the range from 25°C to 100°C, while the solid salt equilibrium constants 
were fit for lower temperatures. Therefore, at temperatures below 25°C and above 100 °C, large 
deviations from experimental data are observed, particularly for the Na - NO2 - NO3 system. To 
correct this problem, appropriate Bromley-Zemaitis and Pitzer parameters for the NaNO2 and 
NANO3 systems were completely refit with all species binter parameters set equal to zero. This 
was done using a more extensive and current set of experimental data than used for either 
PUBLIC or HANFORD, and includes common ion effects. 
 
In order to eliminate the binter inconsistency and incorporate the new parameters for the NaNO2 
and NaNO3 systems, a new databook called NUCLEAR was created. All the species in PUBLIC 
that have a value for the binter parameter have been included, but the value of the binter has been 
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set to zero. New Pitzer ion-neutral interaction parameters have been calculated and included to 
replace the binter interactions. These two actions eliminate the binter inconsistency by 
eliminating the binter parameter all together, while preserving the effect of the interactions 
modeled with the binter. The addition of the new parameters for the NaNO2 and NaNO3 systems 
makes the NUCLEAR databook considerably more accurate than existing databooks for nitrate 
and nitrite based nuclear waste systems, particularly if vapor-liquid equilibrium with gases is 
important. 
 
Comparison of ESP Predictions with Data 
 
The best way to test the accuracy of ESP predictions of chemical equilibrium in complex 
systems is to test predictions of the important ternary subsystems. The main interactions are 
present in the ternary subsets, because all possible two-body interactions, such as cation–anion, 
cation–cation, anion–anion, ion–neutral, and neutral–neutral interactions are included. Most of 
the high order (three-body) interactions are also present. To test ESP, a series of equilibrium 
simulations of various ternary systems were carried out using the surveying feature of the 
Express module in ESP, version 6.6. This was done with the OLI supplied databooks, the 
MICHAN with SPECIAL databooks, and the NUCLEAR with SPECIAL databooks. In Table 1 
are shown the systems and the temperatures for which data are available, and which were 
simulated with ESP. 

 
Table 1 – Ternary Systems Solid-Liquid Phase Equilibria Test Matrix 

 
First Ion Second Ion Third Ion or Gas Temperature, °C 

    
Na NO3 NO2 0, 21, 52, 103 
Na NO3 OH 0, 25 
Na NO3 CO3 10, 25 
Na NO3 SO4 0, 20, 30, 35, 50, 75, 100 
Na NO3 F 25 
Na NO3 CO2 40, 60, 80, 120 
Na NO3 NH3 40, 80, 120 
Na NO3 H2S 40, 60, 80, 120 
Na NO2 OH 25 
Na NO2 CO3 23 
Na NO2 SO4 25 
Na NO2 PO4 25 

 
In the figures that follow, the predictions of ESP are compared with the data from the literature 
for a few of the ternary systems shown in Table 1. Three or four sets of ESP results are shown in 
each figure, identified as follows: (1) one set calculated using only the PUBLIC databook, 
version 6.6, labeled “PUBLIC 6.6,” (2) one set using the MICHAN and SPECIAL databooks 
with PUBLIC 6.6, labeled “MICHAN 6.6,” (3) one set using the NUCLEAR and SPECIAL 
databooks with PUBLIC 6.6, labeled “NUCLEAR 6.6,” and in the first two figures only, one set 
using MICHAN and SPECIAL with version 6.4 of the PUBLIC databook. Version 6.4 was not 
publicly released, and does not have the new NaNO3 system species and interaction parameters 
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recently fit by OLI. These new fits are included in version 6.6, which when used with the 
MICHAN databook, produce very erroneous results. 
 
In Figures 1 and 2 are shown the data and ESP predicted phase diagrams for the Na-NO3-NO2-
H2O system at 0 °C and 103 °C, respectively. At 0 °C, the PUBLIC databook prediction 
overshoots the solubilities of both salts as the invariant point (the point where the slope of the 
line is discontinuous) is approached, particularly for NaNO2. At 103 °C, this over prediction was 
extreme, and the software did not converge through much of the range. It was found that as the 
temperature was increased, the error in the predictions with PUBLIC increased. 
 
With the MICHAN databook and PUBLIC 6.6, at 0 °C the solubility of NaNO3 and of both salts 
at the invariant point is greatly over predicted, while at 103 °C the NaNO3 solubility is under 
predicted. At temperatures between 25 °C and 100 °C (not shown), MICHAN predictions are 
very good, which demonstrates that extrapolation outside the range for which the Bromley-
Zemaitis parameters were fit (even a few degrees) can result in very erroneous predictions. The 
predictions with MICHAN and PUBLIC 6.4 are correct for the pure salts, but exhibit the same 
overshoot of the invariant point. The predictions made using the NUCLEAR databook were in 
very good agreement with the data at all temperatures from 0 °C to 103 °C. 

 
Figure 1 

Predictions vs. Data, NaNO3-NaNO2 System (0°C)
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Figure 2 

 
 
In Figure 3 is shown the comparison for the sodium fluoride and sodium nitrate system. The 
PUBLIC and NUCLEAR databooks give similar results, with NaF solubility predictions in 
NaNO3 solutions higher than the data. The MICHAN databook incorrectly predicts the solubility 
of both NaF and NaNO3, skewing the curve. This is because OLI uses a neutral NaF aqueous 
species in the modeling of the system, and the removal of the binter parameter value for sodium 
ion changes the interaction between sodium ion and the sodium fluoride ion pair. Since the binter 
parameter has been replaced with Pitzer parameters in the NUCLEAR databook, the results with 
it are similar to PUBLIC. The predictions in all cases do not compare as well with the data as 
desired. This could be due to significant common ion or system cross ion interactions, or 
incorrect modeling of the fluoride system. 

 

Predictions vs. Data, NaNO3-NaNO2 System (103°C)
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Figure 3 

 
 
In Figure 4 is shown the ESP predictions and data for the solubility of the gas CO2 in NaNO3 
solutions. The solubility data is given as a function of pressure at two fixed NaNO3 
concentrations, which are shown in parentheses as molality. With the PUBLIC databook, ESP 
predicts solubilities higher than the data, but not as high as with MICHAN. It is not clear 
whether PUBLIC is incorrectly predicting the pressure effect or the salt effect, or both, but it 
does correctly predict the change in solubility with salt concentration. 
 
With MICHAN the same results were obtained for both salt concentrations, a direct result of the 
lack of a binter or ion-gas Pitzer interaction parameter in the MICHAN databook. The 
NUCLEAR databook gives by far the best prediction. This is likely because of both better 
NaNO3 modeling and because of the use of Pitzer parameters to model the ion-gas interactions, 
which results in the interactions being included in the calculation of the water activity. 
 

Predictions vs. Data, NaF-NaNO3 System (25°C)
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Figure 4 

 
 
 Summary and Conclusion 
 
ESP has been found to have broad applications in the nuclear waste treatment as well as 
chemical processing industries. The simulator can be used to predict the results of processing 
complex and varied aqueous based chemical materials. It can also be used to simulate gas-
treating processes, and environment protection related processes. The predictions can be 
substantially improved, particularly for sodium nitrate or nitrite based systems, by using private 
databases that represent the solution interactions better than the OLI supplied databases. The 
NUCLEAR databook has been developed for this purpose, and has been found to be 
considerably more accurate than other databases developed previously. The validity of using 
ESP with appropriate databooks to develop, design, optimize, and evaluate processes has been 
affirmed. 
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