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Global Information Systems can be defined as information systems designed to collect, process, integrate,
evaluate, and communicate the entire “body of knowledge” pertaining to a field and to support any application
requiring this knowledge in an “on-demand” mode with definitive information quality assessments. Recent
advances in computer hardware technology, development of relational data management systems capable
of reliably supporting storage of enormous amounts of information pertaining to specific areas of science,
new interoperable means of standardizing data communications based on the Extensible Markup Language
(XML) ontologies, new generation software expert systems, and secure online networks have created
unprecedented opportunities for defining and implementing a new paradigm of Global Information Systems
in Science. Global Information Systems have a profound impact on the scientific discovery process, industrial
development, and knowledge communication. Within the last 10 years, one of the first Global Information
Systems in Science has been developed for the field of Thermodynamics (ThermoGlobe) at the
Thermodynamics Research Center (TRC) of the U.S. National Institute of Standards and Technology (NIST).
The components of this system include software tools for mass-scale data capture (Guided Data Capture
Software), a comprehensive data storage facility (SOURCE Data Archival System), the NIST/TRC Data
Entry Facility, a data communication standard (ThermoML - IUPAC standard for thermodynamic data
communications), data “reader” software (ThermoML opener into Microsoft Excel), expert system software
(NIST ThermoData Engine), and a Web communication portal (NIST Web-Oracle data dissemination
channel). The role and principle structure of all the components are discussed in this article, with emphasis
on the profound impact of the ThermoGlobe implementation on various areas of research and engineering
including, but not limited to, efficiency of information delivery, journal publication quality, and chemical
process design.

Introduction

While scientific methods vary significantly in a multitude of
research areas, they all require processing of available experi-
mental data, and their analysis and interpretation eventually
provide a foundation for the understanding of and, in many
instances, the prediction of natural phenomena.

In the last several decades, enormous progress in material
and computer sciences has led, in many scientific disciplines,
to fundamental improvements in experimental measurement
technologies. That, in combination with new communication
technologies and gradually increasing societal commitment to
support public scientific research, has resulted in an unprec-
edented growth in the “production” of the reported experimental
data. Interestingly, that is true not only for relatively new and
dynamically developing research fields such as biotechnology
but also for such traditional fields of scientific research as
chemical thermodynamics, kinetics, and thermophysics.

Indeed, the statistics accumulated by the Thermodynamics
Research Center (TRC)1 of the Thermophysical Properties
Division at the National Institute of Standards and Technology

in Boulder, Colorado, USA, specializing in critical data evalu-
ation for thermophysical properties, indicate that the total
number of experimental data points characterizing both ther-
modynamic and transport properties and published by the three
major journals in the field (Journal of Chemical and Engineering
Data,2 Journal of Chemical Thermodynamics,3 and Fluid Phase
Equilibria4) increased by more than a factor of 3 within the
10-year period between 1998 and 2007 (Figure 1). Such a
dramatic growth of information contributes to a number of major
challenges related to our ability to process it in order to support
the very scientific research that generates it in the first place.
Here are just four principal questions associated with these
challenges:

• How can one navigate the entire body of knowledge
pertaining to the scientific field to find relevant information?
(i.e., the needle-in-a-haystack problem)

• How can one develop experimental plans assuring “signifi-
cant return on investment”?

• Is it possible to validate new experimental data?
• How can one efficiently deliver information from “data

producers” to “data users”?
In order to provide adequate solutions to these and other

principal questions, the concept of the Global Information
Systems in Science (GISS) has been developed at the TRC
within the last 10 years and implemented for the field of
Thermodynamics. In this paper, we shall discuss the definition
of the concept, the critical components for its implementation,
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and its impact on various areas of human activity with emphasis
on the field of thermophysical and thermochemical properties
of pure compounds, their mixtures, and chemical reactions. This
discussion will summarize our experience in the implementation
of the GISS concept for the field of Thermodynamics and the
development of the ThermoGlobe system, as well as illustrate
examples of its impact.

1. Concept Definition and Principal Areas of Impact

We define Global Information Systems in Science as infor-
mation systems designed to collect, process, integrate, evaluate,
and communicate the entire “body of knowledge” pertaining
to a scientific field and to support any application requiring this
knowledge in an “on-demand” mode with definitive information
quality assessments.

It is quite obvious that practical implementation of the GISS
concept is very challenging and depends significantly on the
state of computer technology, both hardware and software.
Recent advances in computer hardware technology, development
of relational data management systems capable of reliably
supporting storage of the enormous amounts of information
pertaining to the specific areas of science, new interoperable
means of standardizing data communications, and new genera-
tion software expert systems have created the technological
foundation for the full-scale implementation of the GISS
concept.

Being implemented, GISS have an enormous impact on a
broad range of areas of applications. Indeed, we identified a
number of areas of impact for ThermoGlobe, the first system
fully implementing the GISS concept for the field of Thermo-
dynamics. They include, but are not limited to:

• Efficiency of information delivery
• Journal publication quality
• Chemical process design
• Strategic experiment planning
• Molecular modeling and property prediction
• Scientific discovery process
• Instrument calibration and validation
In this paper, we shall provide illustrations of the Thermo-

Globe impact on a number of these areas.

2. Critical Components

Implementation of the GISS concept consists of a number of
critical components. They include:

• Software tools for mass-scale data capture
Software tools designed to support a high-Volume data

capture process under strict quality guidelines
• Comprehensive data storage facility
Relational data storage facility capable of storing all elements

of the meta- and numerical data infrastructure for properties,
Variables, and constraints pertaining to the research field

• Data processing facility
Organizational facility designed to implement high-Volume

data capture and data storage facility loading processes
• Data communication standard
Interoperable standard for communicating all elements of the

meta- and numerical data infrastructure pertaining to the
research field

• Data “reader” software
Software tools designed to conVert data from a standardized

format to one or more of the commonly used application formats
• Software expert system
Expert system designed to generate on-demand critically

eValuated data based on a comprehensiVe up-to-date combina-
tion of experimental and predicted data and their uncertainties

• Web communication portal
Web facility designed to communicate continuously experi-

mental data updates to support software expert systems func-
tionality, as well as to store, display, and communicate the
contents of the archiVes of the experimental data in a standard-
ized format.

Below we describe the structure and the functionality of these
components within the ThermoGlobe system.

Software Tools for Mass-Scale Data Capture: NIST Guided
Data Capture (GDC) Software. NIST Guided Data Capture
software (GDC)5-7 serves as a data capture guide for extraction
of experimentally measured thermophysical and thermochemical
property data for pure compounds, binary and ternary mixtures,
and chemical reactions from the literature, assuring completeness
of the information extracted, validating the information through
data definition, range checks, etc., and guiding uncertainty assess-
ment to ensure consistency between compilers with diverse levels

Figure 1. Number of experimental thermophysical property data points published by the Journal of Chemical and Engineering Data (A, striped), Journal
of Chemical Thermodynamics (A, black), and Fluid Phase Equilibria (A, white) as well as cumulatively in the three journals (B) on a yearly basis within
the period of 1998 to 2007.
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of experience. Version 5.0, released in 2007, extends the scope of
GDC to biothermodynamic properties, such as properties of
enzyme-catalyzed reactions, reaction properties determined with
titration calorimetry, properties determined with differential scan-
ning calorimetry (DSC), and solubilities in complex media. A key
feature of the GDC software is the capture of information in close
accord with customary original document formats. The GDC
architecture is designed to detect inconsistencies and errors in
reported data (erroneous compound identifications, typographical
errors, etc.), resulting in improved integrity of the captured data
over that given in the original sources.

The compiler’s main interactions with GDC involve a
navigation tree, which provides a visual representation in accord
with the hierarchical structure of the batch data file as it is
created. Each node of the tree corresponds to a record in the
batch data file structure. Management of records, including
deletion, addition, and editing, is accomplished through interac-
tions with the navigation tree. Numerical values are not shown
explicitly in the tree but may be accessed through the property-
specification nodes. Lists of established field values (journal
title abbreviations, compound identifiers, properties, units,
phases, experimental methods, etc.) are stored in a local database
that is a part of the GDC software. Selection of field values by
the data compiler is achieved through single-value or multiple-
selection lists of predefined values, which prevent many simple
errors. All predefined lists are prioritized to speed access.
Keyboard input is never used for direct input of coded
information, which eliminates typographical errors. Keyboard
input to GDC is provided exclusively for entry of isolated
numerical values, general comments, document titles, and new

chemical and author names. Most numerical values are captured
through electronic means by use of existing HTML, PDF,
ASCII, EXCEL, and WORD files or by digitizing hard-copy
documents and rarely require manual input. All other input is
accomplished through predefined menus, check boxes, or other
controlled selection processes. The GDC data processing
operation encompasses both metadata and numerical data and
provides graphical representation of the numerical data (Figure
2). GDC provides capabilities for automatic conversion of the
produced data files to the ThermoML format discussed briefly
in the present paper.

ComprehensiWe Data Storage Facility: NIST SOURCE
Data ArchiWal System. The SOURCE Data Archival System,9

created and maintained by TRC, is a large, general-purpose
archive of experimental data covering thermodynamic, thermo-
chemical, and transport properties for pure compounds and
mixtures of well-defined composition, as well as for chemical
reactions. The database contains numerical values for various
kinds of thermodynamic and thermochemical properties of
systems in all phases and values of transport properties of fluids.
SOURCE does not include properties whose values depend upon
the history of samples. It is critically important that the SOURCE
database includes the estimated combined expanded uncertain-
ties10-13 for practically all the numerical data stored. This feature
allows, in principle, determination of the quality of recom-
mended data based upon the original experimental data collected
in SOURCE.

SOURCE is a relational data system (Figure 3). The informa-
tion about the authors of the original sources of data is stored
in the table AUTHOR linked via the AUTHREF to the

Figure 2. Collage of the four major screens of the Guided Data Capture (GDC)5,6 software in processing excess enthalpy experimental data for the binary
mixture of propanone + water as a function of mole fraction of propanone at different temperatures:8 1, navigation tree; 2, metadata information (phases,
variables, constraints, units, uncertainties); 3, numerical data; 4, graphical representation.

Journal of Chemical & Engineering Data, Vol. 54, No. 9, 2009 2413



information identifying these sources and stored in the table
REFINFO. The unique chemical identifiers and their alternative
chemical names are populated into the tables CMPID and
ALTCMPNM. The table SYSREF links reference and com-
pound information. It identifies compounds whose properties
are reported in the document, either in the pure state, as
components of mixtures, or as participants in a chemical
reaction. Tables BINREF, TERNREF, and REACTREF identify
components of binary mixture, ternary mixture, or chemical
reaction, correspondingly, whose properties are reported in the
cited document. The detailed description of the sample used to
perform the measurement includes the source of sample, method
of purification, and initial and final purity and the method of
their determination as reported by the authors of the document
(table SAMPLES). This information is critical for independent
assessment of the measurement uncertainties.

The structure of SOURCE follows the application of the
Gibbs phase rule. SOURCE groups tables that contain numerical
data according to the number of components for pure com-
pounds, binary mixtures, ternary mixtures, and chemical reac-
tions. Within each of these groups, tables express the “effective
degrees of freedom” for the data sets. The effective degrees of
freedom determine the number of state variables in a data record.
The Gibbs phase rule establishes the total degrees of freedom
for a system according to the number of independent compo-
nents and number of phases. The effective degrees of freedom
are less than the total degrees of freedom if the system contains
additional constraints for a particular data set. Examples of
additional constraints are a state variable held constant, a
property code that includes a constraint in the definition, and a
special state such as a critical or an azeotropic state. Although
the Gibbs phase rule does not apply to transport properties, the
concept of effective degrees of freedom applies to them as well.
Properties for systems with zero degrees of freedom appear in
tables corresponding to the number of components in the system.
These properties are constants. Data sets for these properties
contain only one data record, and each row in these tables
contains one data set. In these cases, the data records include
all the descriptive information and metadata (tables SINGL-
EVALUE and FIXEDCONDITION for pure compounds, BINS-
INGLEVALUE for binary mixtures, TERSINGLEVALUE for

ternary mixtures, and REACTCHANGE for chemical reactions
with thermodynamic state change, Figure 3). Properties of
systems with one or more effective degrees of freedom appear
in a pair of tables constructed for the number of components
and effective degrees of freedom. Data sets for these properties
contain one or more data records. One table contains descriptive
information, while another table contains the associated data
sets (ONEVAR and ONEVARDATA for one-variable properties
of pure compounds, etc., including REACTEQUIL and RE-
ACTEQUILDATA for thermodynamic constants character-
izing reaction equilibria and REACTEQUIL4 and REACT-
EQUIL4DATA for apparent equilibrium constants, Figure 3).

SOURCE employs five mechanisms for data integrity: data
type definitions, primary key constraints, foreign key constraints,
check constraints, and database triggers. Each table or each
column defines its mechanisms to prevent invalid data entry.
The mechanisms also enforce predefined data rules associated
with information in SOURCE. If a data transaction violates an
integrity constraint, it is rejected, and an error message is
displayed. SOURCE is maintained via the ORACLE Database
Management System and currently resides on the SPARC T5240
Sun server.

As of September 2008, the SOURCE Data Archival System
contained more than 3.4 million experimental data points for
thermophysical and thermochemical properties of more than
19 000 pure compounds, 31 000 binary mixtures, 7000 ternary
mixtures, and 5000 chemical reactions.

Data Processing Facility: NIST/TRC Data Entry Facility.
The NIST/TRC Data Entry Facility (Figure 4) was opened at
the NIST/Boulder campus in 2001. It was originally designed
to process about 300 000 experimental thermophysical and ther-
mochemical property data points per year under strict data
quality assurance guidelines. Between 2001 and 2008, these
capabilities were further increased to about 500 000 data points
per year to process experimental data obtained as a result of
cooperation with major journals in the field (Journal of Chemical
and Engineering Data,2 Journal of Chemical Thermodynamics,3

Fluid Phase Equilibria,4 Thermochimica Acta,14 and Interna-
tional Journal of Thermophysics15), international cooperation
with other data centers worldwide, as well as in-house data
collection and critical evaluation operations. International

Figure 3. Principal structural elements of the NIST/TRC SOURCE Data Archival System.
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cooperation is particularly critical to support data processing
from the original sources based on other than the Latin alphabet.
This cooperation includes submission of all relevant experi-
mental data published in the Chinese language and Russian
language for the last 50 years by the Center of Thermal and
Fluid Science of the Xi’an Jiaotong University, China16 (target-
ing such journals as Journal of Chemical Engineering, Applied
Acoustics, Technical Acoustics, Acta Physico-Chimica Sinica,
Acta Petroleim Sinica (Petroleum Processing Section), Journal
of Chemical Engineering of Chinese UniVersities, Oil and Gas
Storage and Transportation, Specialty Petrochemicals, Acta
Polymerica Sinica, Engineering Chemistry and Metallurgy,
Journal of Chemical Industry and Engineering (China), Journal
of Fuel Chemistry and Technology, Chemical Engineering of
Oil and Gas, Journal of Sun Yat-Sen UniVersity, Chemical
Journal of Chinese UniVersities, Journal of Beijing Institute of
Petrochemical Technology, Journal of Shanghai Jiaotong Uni-
Versity, Journal of Petrochemical UniVersities, Journal of
Refrigeration, Chinese Journal of Inorganic Chemistry, Chinese
Journal of Analytical Chemistry, Journal of Engineering Ther-
mophysics, Journal of Daqing Petroleum UniVersity, Chemical
Reaction Engineering and Technology, Acta Petrolei Sinica, and
others), and by the Moscow Power Engineering Institute,
Russia17 (targeting such journals as High Temperature Thermal
Engineering, Physical Engineering Journal, Journal of Physical
Chemistry (Russ.), Journal of Applied Chemistry (Russ.), Journal
of Inorganic Chemistry (Russ.), Geochemistry, Journal of
Chemical Physics (Russ.), Journal of Organic Chemistry (Russ.),
IzVestiya VUZoV ser. Oil and Gas, Transactions (Doklady) of
Azerbaidjanian SSR Academy of Sciences, Bulletin of Azerbaid-
janian Instititue of Oil and Chemistry, IzVestiya VUZoV ser.
Power Engineering, IzVestiya VUZoV ser. Physics, Transactions
(Doklady) of Academy of Sciences of USSR, Journal of
Experimental and Theoretical Physics, Ukrainian Physical
Journal, Chemistry and Technology of Water, Theoretical
Foundations of Chemical Technologies, Journal of Applied and
Technical Physics, Fuels, and others).

The NIST/TRC Data Entry Facility data processing worksta-
tions are operated by students from the University of Colorado

at Boulder and Colorado School of Mines in Golden, Colorado.
The data processing operation is supported by two networks
(a UNIX network provides access from every workstation to
the SOURCE Data Archival System, and a Windows network
supports communications between the workstations as well as
between the workstations and character-recognition facility used
to digitize relevant information from the hard-copy matter). All
elements of data collection and processing at the NIST/TRC
Data Entry Facility are supported by the Guided Data Capture
software described above.

Data Communication Standard: IUPAC Standard for Ther-
mophysical and Thermochemical Property Data Commu-
nicationssThermoML. ThermoMLsan XML (X-Markup Lan-
guage18)-based IUPAC Standard for storage and exchange of
experimental thermophysical and thermochemical property
dataswas previously fully described.19,20 Supporting Informa-
tion for the article19 includes several examples illustrating the
use of ThermoML to process experimental data for pure
compounds, mixtures, and chemical reactions, as well as the
initial ThermoML specification. ThermoML capitalizes on the
fact that XML files are essentially textual files and can, in
principle, be interpreted without customized software. Ther-
moML files also are assured to be interoperable between any
variety of computer platforms and operation systems compliant
with the standard ASCII (American Standard Code for Informa-
tion Interchange21) code.

ThermoML covers essentially all experimentally determined
thermodynamic and transport property data (more than 120
properties) for pure compounds, multicomponent mixtures, and
chemical reactions (including change-of-state and equilibrium).
Although the focus of ThermoML is properties determined by
direct experimental measurement, ThermoML does cover key
derived property data such as azeotropic properties, Henry’s
Law constants, virial coefficients (for pure compounds and
mixtures), activities and activity coefficients, fugacities and
fugacity coefficients, and standard properties derived from high-
precision adiabatic heat-capacity calorimetry.

The ThermoML structure represents a balanced combination
of hierarchical and relational elements. The ThermoML schema

Figure 4. Operational structure of the NIST/TRC Data Entry Facility.
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structure explicitly incorporates structural elements related to
basic principles of phenomenological thermodynamics: ther-
mochemical and thermophysical (equilibrium and transport)
properties, state variables, system constraints, phases, and units.
Meta- and numerical data records are grouped into “nested
blocks” of information corresponding to data sets. The metadata
records precede numerical data information, providing a robust
foundation for generating “header” records for any relational
database where ThermoML-formatted files could be incorpo-
rated. The structural features of the ThermoML metadata records
ensure unambiguous interpretation of numerical data as well
as data quality control based on the Gibbs phase rule.

Generally, all three major types of thermodynamic data7s
experimental, predicted, and critically evaluatedsare within the
scope of ThermoML. The framework of ThermoML22 and the
extensions to the ThermoML schema for the expression of
uncertainties10 as well as extensions for representation of
critically evaluated data, predicted data, and equation represen-
tation23 have previously been described. ThermoML consists
of four major blocks, as shown in Figure 5: Citation, describing
the source of the data; Compound, characterizing the chemical
system; PureOrMixtureData, providing information for meta-
and numerical data for a pure compound or multicomponent
mixture; and ReactionData, providing information for meta- and
numerical data for a chemical reaction with thermodynamic state
change or in a state of chemical equilibrium.

The ThermoML structure contains the elements necessary to
store and exchange information related to fitting equations as
well as associated covariance matrixes providing the measure
of uncertainty for parameters of the equations. To accomplish
this, the modular nature of the XML technology was taken
advantage of in establishing communication between two
different XML languages, ThermoML and MathML24 (Figure
6). The ThermoML data file includes the identities of all
variables, fitted parameters, and constants that are required for
a particular equation representation but contains no mathematical
expressions. One element of the ThermoML data file is a URL
used to specify the Internet location (URL) of the full equation
definition. The ThermoMLEquation schema is designed for
storage and exchange of equation definitions with full math-
ematical content included through importation of the MathML
schema. ThermoMLEquation is a general schema for the
definition of any type of equation for representation of ther-
mophysical and thermochemical properties. An equation defini-
tion file is created for definition of a particular equation. Care
must be taken by the ThermoML file creator to ensure that the

identities of the property, variables, constraints, and equation
parameters and constants are correctly matched in the Ther-
moML data file and the ThermoMLEquation file.

Data “Reader” Software: NIST/TRC ThermoML Opener
into Microsoft Excel. Although a variety of ThermoML software
“readers” have now been developed by users to convert
thermophysical and thermochemical property information from
the standardized format to engineering application formats, we
developed ThermoML Opener,25 a software product that allows
one to view ThermoML files in Microsoft Excel. Such a
translation significantly eases visualization and interpretation
of the information contained in the original ThermoML files.
The example of the conversion of the ThermoML file containing
property data reported in ref 26 to Microsoft Excel is provided
in Figure 7. ThermoML Opener uses XSLT (eXtensible
Stylesheet Language for Transformations) technology27 to
translate a ThermoML file into an HTML (HyperText Markup
Language)18 file suitable for opening by Excel. The algorithm
of the ThermoML Opener implemented as Visual Basic software
program includes a sequence of the commands encompassing
opening of the ThermoML file chosen by the user, the XSLT
translation, opening of the Excel, and imports of the translated
ThermoML file. ThermoML Opener is a component of the
software infrastructure designed to support the ThermoML
standard.

Software Expert System: NIST ThermoData Engine. NIST
ThermoData Engine (TDE)28-32 is the first product fully
implementing all major principles of the concept of dynamic
data evaluation formulated at NIST/TRC.7,33,34 This concept
requires the development of large electronic databases capable
of storing essentially all “raw” experimental data known to date
with detailed descriptions of relevant metadata and uncertainties.
The combination of these databases with expert software
designed to generate recommended data based on available raw
experimental data and their uncertainties leads to the possibility
of producing data compilations automatically “to order” forming
a dynamic data infrastructure (Figure 8). This concept contrasts
sharply with static critical data evaluation, deployed essentially
in all critical evaluation projects for the last 200 years and that
must be initiated far in advance of need. The dynamic data
evaluation process dramatically reduces the effort and costs
associated with anticipating future needs and keeping static

Figure 5. Major blocks of the ThermoML standard.19
Figure 6. Components of equation representation with ThermoML.23 The
components within the dotted line are required to give meaning to the
equation information stored in the ThermoML data files (shown in the lower
right). Each component is listed with its file name and/or type (‘xsd’
identifies a schema and ‘xml’ identifies an xml file) and general location.

2416 Journal of Chemical & Engineering Data, Vol. 54, No. 9, 2009



evaluations current. Indeed, it eliminates a necessity of inter-
mediate information storage between every preceding and
following steps of the process typical for the static data
evaluation as well as reinitiation of the critical evaluation updates
to be performed by the evaluator, saving an enormous amount
of time and effort. The dynamic data evaluation concept brings
the user to the center of the process, providing an opportunity
to perform critical data evaluation in an “on-demand” mode.

Implementation of the dynamic data evaluation concept
consisting, in principle, of the development of the comprehen-
sive data archival system and data-expert system (Figure 8) as
well as the infrastructure for their management and maintenance,
is very challenging. In the development of TDE, SOURCE,
described here, was used to generate a local version of the
comprehensive data archival system, TDE-SOURCE. The first
version of the TDE, released in 2004, was limited to property-

Figure 7. Example of the conversion of the ThermoML file containing the property data reported in ref 26 to Microsoft Excel. A, a fragment of the original
ThermoML file; B, a fragment of the resulting Microsoft Excel file.

Figure 8. Schematic representation of the static and dynamic data evaluation concepts.
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by-property critical evaluation for pure compounds (more than
50 thermophysical properties).30 The developed algorithm
incorporated all major stages of the concept implementation,
including data retrieval, grouping, normalization, sorting, con-
sistency enforcement, fitting, and prediction for all major
thermophysical properties. TDE fills the gaps in experimental
data space by deployment of automated group-contribution and
corresponding-states property predictions, emphasizes enforce-
ment of consistency between related properties (including those
obtained from predictions), provides for flexibility in selection
of default data models depending on the particular data scenario,
incorporates a large variety of models for secondary fitting,
evaluates the uncertainties (covariance matrixes for the equation
parameters), and allows saving of critically evaluated data in
ThermoML format (Figure 9, B). All thermophysical properties
are divided into four property blocks (phase-diagram properties,
volumetric properties, energy-related properties, and other
properties such as transport properties, surface tension, and
refraction, Figure 9, A) and are processed block-by-block with
the enforcement of the consistencies between related properties
first within the blocks and then between properties belonging
to different blocks.

In the second version of TDE, released in 2006, the
implementation of dynamic data evaluation was further ex-
panded for pure compounds to generation of equations of state
on demand.31 The four principal equations of state (original and
modified volume-translated Peng-Robinson, Sanchez-La-
combe, PC-SAFT, and Span-Wagner) were included to ensure
adequate experimental and predicted data fitting depending on
various “data scenarios”. Periodical Web updates of the local
TDE-SOURCE database maintain its up-to-date status by use
of the Web-Oracle infrastructure described in the present paper,
providing new data to users of TDE soon after original
publication in the literature. In 2008, the capabilities of the first
two versions of the TDE were combined within the NIST
Standard Reference Database 103a.28

The operational model deployed by the NIST ThermoData
Engine for critical data evaluation of the pure compound
properties is shown on Figure 10. The example of simultaneous
generation of the variety of thermophysical properties as
functions of temperature by the deployment of the Span-Wagner
equation of state for pyridine within the NIST ThermoData
Engine is illustrated in Figure 11.

The third version of TDE, released in 2008, expanded the
implementation of the concept to the thermophysical properties

of binary mixtures.29,32 TDE provides access to single-phase
thermodynamic and transport property data and VLE, LLE, and
SLE data for more than 30 000 mixtures and does automated
evaluation of most of those properties. Certain properties such
as densities and critical and transport properties are described
by special fitting equations; phase equilibria data are described
by activity coefficient models selected by the user from the set
of supported models: Margules, NRTL, Redlich-Kister, UNI-
QUAC, van Laar, and Wilson. UNIFAC predictions are gener-
ated for mixtures covered by the UNIFAC method, including
those for which experimental data are currently not available.
Phase diagrams, isotherms, and isobars based on those models
can be calculated and drawn for the user’s convenience.
Proprietary data can be entered for inclusion in the evaluation,
and the user can influence the evaluation process by changing
relative data weights or by rejecting particular data sets.
Properties, models (A), and principal algorithm (B) deployed
by the TDE for thermophysical properties of binary mixtures
are shown in Figure 12. The operational model of TDE for
binary mixtures is presented in Figure 13. The example of
critical data evaluation of the vapor-liquid equilibria performed
by TDE for the ethanol + 1-bromobutane mixture is illustrated
in Figure 14.

Future expansions of TDE will cover thermochemical proper-
ties of chemical reactions and thermophysical properties of
ternary mixtures.

Web Communication Portal: NIST/TRC Web-Oracle In-
frastructure. To make the critical data evaluation process fully
dynamic, the NIST/TRC Web-Oracle infrastructure for continu-

Figure 9. Property blocks (A) and principal algorithm of the NIST ThermoData Engine (B) limited to pure compounds.

Figure 10. Operational model deployed by the NIST ThermoData Engine
for critical data evaluation of pure compound properties.
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ous dissemination of recently entered experimental thermo-
physical and thermochemical data stored in the SOURCE Data
Archival System has been developed. This infrastructure is
deployed to disseminate over the Web the SOURCE updates
to the local TDE-SOURCE databases as components of the TDE
software residing on the users’ workstations worldwide, while
TDE is run as a stand-alone application. These updates are
provided periodically (quarterly) rather than on the basis of
continuous access to NIST/TRC SOURCE. This reduces the
variety of possible TDE SOURCE data conditions to a small
number of well-defined states associated with particular dates
and allows for unequivocal evaluation traceability, a key
requirement for many engineering applications. A local database
of differences (TDE UPDATES) is generated for this purpose,
allowing each instance of TDE to set or restore the working
database (TDE-SOURCE) to any of the available discrete states
rather than maintaining traceability information for every
individual data point. The process by which TDE checks for

updates and maintains current TDE-SOURCE information is
described in detail elsewhere.31

Figure 11. Simultaneous generation of a variety of thermophysical properties by the deployment of the Span-Wagner equation of state for pyridine within
the NIST ThermoData Engine (A, p, vapor pressure; B, F, density; C, csat, heat capacity at the saturation line; D, ∆l

gH, enthalpy of vaporization). All
properties presented as functions of temperature.

Figure 12. Properties, models (A), and principal algorithm (B) deployed by the NIST ThermoData Engine for thermophysical properties of binary
mixtures.

Figure 13. Operational model deployed by the NIST ThermoData Engine
for critical data evaluation of the binary mixture properties.
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The NIST/TRC Web-Oracle infrastructure developed is based
on a multitier architecture35 containing five layers and consists
of two identical components (one behind the firewall and one
outside the firewall (Figure 15)) to ensure robust security for
communications. The data and retrieval codes are communicated

from the testing component (behind the firewall) to the
disseminating component (outside the firewall) offline. The five
layers of infrastructure include:

• Tier 1: Client Application layer
• Tier 2: Web Listener layer (Client Controlled)

Figure 14. Critically evaluated by the NIST ThermoData Engine, vapor-liquid equilibria (pressure versus mole fraction of ethanol at various temperatures)
data for the ethanol + 1-bromobutane mixture. The deployed activity coefficient model is NRTL.

Figure 15. NIST/TRC Web-Oracle infrastructure schema.
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• Tier 3: Web Server layer
• Tier 4: Application Server layer
• Tier 5: Database Server layer
Communication is initiated through a request generated by

the end-user at the Client Application layer. This request is sent
over the network to one of several ports on the NIST/TRC Web-
hosting server depending on the protocol used (such as File
Transfer Protocol (FTP) or Hypertext Transfer Protocol (HT-
TP)36). A Web Listener layer processes incoming network
communication and forward data requests to the Web Server
layer. This software then accesses an application programming
interface (API) contained within the Application Server layer.
The API functions to reformulate the data request into a database
query, which is submitted to the Database Server layer. The
Database Server layer then searches the tables of the SOURCE
Data Archival System to collect the appropriate information.
The Database Server layer then returns this resulting set to the
Application Server layer. The functions defined within the
Application Server layer process this input and use it to populate
a data file of appropriate format, such as the format associated
with the HyperText Markup Language (HTML). This file is then
translated by the Web Server layer into the appropriate response
format, usually HTTP, and delivered via the network to the
Client Application layer on the end-user’s machine, which
translates the incoming document into the appropriate visual
representation.

This infrastructure is used not only to disseminate experi-
mental data updates to support TDE but also to provide access
to other NIST/TRC databases such as the Ionic Liquids
Database, ILThermo,37,38 and Web Thermo Tables (WTT).39,40

Free-access, open-domain dissemination of the ThermoML-
formatted data files containing thermophysical and thermo-
chemical property data obtained via cooperation with five major
journals in the field is supported by the NIST/TRC Web
Archive.41

3. Impact of the Implementation of the ThermoGlobe
on Principal Application Areas

Below we shall illustrate examples of the impact of the
implementation of the Global Information System in Science

concept for the field of thermodynamics on various principal
application areas.

Impact Area: Efficiency of Information DeliWery. It is quite
obvious that the efficiency of delivery of thermophysical and
thermochemical property information from “data producers” to
“data users” plays a critical role in an effective use of this
information in a broad range of applications from the scientific
discovery process to chemical process and product design. While
most of the scientific journals publishing this information
provide access to their articles for the readers over the Web,
scientists and engineers worldwide who are dependent on this
information cannot take full advantage of this opportunity
because it is very difficult to interpret the property data as
automated large-scale computer-to-computer communication
from the PDF (Portable Document Format) or HTML formats
used by the journals and publishers online. As a result, new
experimental thermophysical and thermochemical property data
reported in the scientific literature are “migrated” to the
engineering application software and databases over a very long
period, of months or, in many instances, years. Intellectual and
economic consequences of this delay are enormous.

This problem has to a significant degree been addressed with
the use of the ThermoGlobe components in establishing the first
global data delivery process in the field of thermodynamics.42

Five components of the ThermoGlobe (GDC, NIST/TRC Data
Entry Facility, ThermoML, ThermoML Opener, Web-Oracle
infrastructure) are used to create the delivery infrastructure for
this process (Figure 16), while the other two components
(SOURCE and ThermoData Engine) are instrumental for data
quality control (see next section Impact Area: Journal Publica-
tion Quality). Five major journals in the field (Journal of
Chemical and Engineering Data, Journal of Chemical Ther-
modynamics, Fluid Phase Equilibria, Thermochimica Acta, and
International Journal of Thermophysics) have endorsed this
process43-47 and encouraged their authors to be immediately
involved in it. In this process (Figure 16), the authors of the
articles submitted to the participating journals download GDC
software freely available from the NIST/TRC Web site,5 as a
part of the overall article submission procedure. GDC is then
used by the authors to generate GDC data files containing

Figure 16. Schematic representation of the global data delivery process in thermodynamics. Currently, there is a significant number of the organizations that
have already developed ThermoML “readers”. The organizations identified here are examples since these organizations approached TRC for advice during
the development of their ThermoML readers. These organizations are cited only in the interest of complete technical description, and neither constitute nor
imply endorsement by NIST or by the US government.
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experimental thermophysical and thermochemical property
information pertaining to the subject articles. These files are
sent over e-mail to the NIST/TRC Data Entry Facility,
processed, and after analysis for internal thermodynamic
consistency, converted to the ThermoML format by use of
ThermoML schema,48 as the IUPAC standard for thermody-
namic data communication. This standard has been approved
by the IUPAC Committee on Printed and Electronic Publications
(CPEP)49 and endorsed by the International Association of
Chemical Thermodynamics (IACT).50 These ThermoML-
formatted data files are posted within the ThermoML Web
archive,41 keeping the file structure similar to that for PDF and
HTML files of the articles of the participating journals. Scientists
and engineers worldwide have unlimited capabilities to down-
load the data files from the ThermoML Web Archive. The
downloaded ThermoML-formatted data files can then be
converted to a format suitable for a particular software or
database engineering application by use of either the ThermoML
Opener or other specifically designed ThermoML “reader”
software. This data delivery process significantly shortens the
period of information propagation from experimentalists “pro-
ducing” new thermophysical and thermochemical property data
to scientists and engineers using these data in a broad range of
applications. These applications include, but are obviously not
limited to, chemical process design (see section Impact Area:
Chemical Process Design), development of new property
modeling and prediction methods,51-53 and database produc-
tion.54

While the process illustrated in Figure 16 emphasizes
“horizontal” data propagation from “data producers” to “data
users”, similarly, a number of “vertical” data communication
processes have been implemented, providing efficient data
propagation between various experimentalists, journals, orga-
nizations, products, and users.

Impact Area: Journal Publication Quality. The dramatic
increase in the volume of reported technical information within
the last two decades creates challenges in establishing data
quality protocols capable of preventing erroneous data from
coming to the public domain with a “stamp” as peer-reviewed

and being considered therefore as highly reliable. This situation
is, in particular, true for published thermophysical and thermo-
chemical property data. Indeed, while the total number of
experimental data points published continues to grow signifi-
cantly (Figure 1), the nature of the peer-review process has not
been changed to any significant degree over the last 50 years.
That mismatch has in many instances made it virtually impos-
sible to detect, during the peer-review process, mutual thermo-
dynamic inconsistencies of the data soon-to-be-published or even
violations of the fundamental laws of nature. On the other hand,
new technologies for data communication including the Internet
are extremely efficient in propagating both correct and erroneous
information. This “efficiency” in propagating erroneous infor-
mation is further aggravated by the subsequent use of it in the
development of new property models and, frequently, in
designing new industrial applications. Accumulation of the total
amount of “error” is happening on many stages of the scientific
data production and communication, from original measurement
to uncertainty analysis, to data recording and processing, to the
preparation of the article to be published, to the article
transformation during the publication process.10,55

The implementation of the ThermoGlobe as the Global
Information System in Thermodynamics provides unique op-
portunities for curing this problem in a systematic and structural
manner. The data flow diagram42 shown in Figure 17 illustrates
the two distinct components of the data processing at the NIST/
TRC Data Entry Facility. One of them is associated with the
in-house data processing, and the other one results from
cooperation with the major journals in the field. In principle,
the new data to be published undergo two-stage testing of
integrity and consistency. The first stage, performed with the
use of Guided Data Capture software, targets detection of any
internal data inconsistencies, while the second stage is designed
for consistency analysis between the new data and the “entire
body of knowledge” by use of the ThermoData Engine. Each
stage of data testing corresponds to a particular communication
channel with authors and the editors (Figure 17), developed to
communicate potential inconsistencies and to further resolve
them. Below we illustrate this process with several examples.

Figure 17. Data flow diagram at the NIST/TRC Data Entry Facility.42
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The first example (Figure 18) constitutes a resolution of
internally inconsistent data by use of the GDC communication
channel (Figure 17). Originally published data for mass density
of the mixture of the ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate and methanol as a function of the mixture
composition (mole fraction of 1-butyl-3-methylimidazolium
tetrafluoroborate) at various temperatures56 when visualized with
the GDC graphical representation tools indicate nonmonotonous
behavior near 0.8 mol fraction (Figure 18, A). After this
inconsistency had been communicated, the authors corrected
the data, eliminating the anomaly57 (Figure 18, B).

The second example illustrates the use of both GDC and TDE
communication channels (Figure 17) simultaneously. Originally
published data for the boiling temperature of the mixture
(formamide + water) at constant pressure (2.5 kPa) as a function
of the composition (mole fraction of formamide)58 when
visualized with the GDC graphical representation tools indicate

somewhat nonmonotonous behavior (Figure 19, A). In addition,
the boiling point of the pure formamide (the end point of the
curve) is far beyond the sum of the uncertainties, inconsistent
with the critically evaluated value generated by the TDE ((385
( 2) K). After these findings were communicated, the authors
corrected their data59 (Figure 19, B), eliminating the inconsistency.

The third example42 illustrates the use of the TDE com-
munication channel (Figure 17). Figure 20 illustrates the TDE
analysis of published experimental density data in the liquid
phase for tetrahydrofuran as a function of temperature and
pressure. Preliminary GDC analysis did not detect any anomalies
in the originally published data60 (Figure 20, A). However,
comparison of the published values with those along the
saturation line obtained with on-demand critical data evaluation
by TDE showed that the reported single-phase data crossed the
saturation line into the two-phase region, which is not physically
possible. The originally published experimental data were

Figure 18. Mass (specific) density as a function of mole fraction for mixtures of 1-butyl-3-methylimidazolium tetrafluoroborate and methanol. The lines
represent results for various temperatures. The figures show the reported experimental data before (A)56 and after (B)57 correction. The graphs were created
with the GDC software.6

Figure 19. Boiling temperatures T at constant pressure (p ) 2.5 kPa) for (formamide + water). The figures show the reported experimental data before (A)58

and after (B)59 correction. The arrow indicates the boiling temperature for pure formamide critically evaluated with the ThermoData Engine (TDE) software:
T ) (385 ( 2) K at p ) 2.5 kPa for formamide. The graphs were created with the GDC software.6
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corrected61 (Figure 20, B) after the results of the TDE analysis
were reported to the authors. These data now appear correctly
within the single-phase liquid region.

On the basis of two years of experience with the new data
delivery process, we estimate that 10 % of articles reporting
experimental thermodynamic data for organic compounds
contain some erroneous information (the analysis is based on
approximately 1000 articles).42 It is a safe assumption that the
situation described here with regard to thermodynamic data is
typical for many other scientific fields dealing with large arrays
of scientific experimental data.

Taking these findings into account, the five major journals
in the field of thermodynamics (Journals of Chemical and
Engineering Data, Journal of Chemical Thermodynamics, Fluid
Phase Equilibria, Thermochimica Acta, and International
Journal of Thermophysics) have agreed to establish the Ther-
moGlobe data quality protocols as a required component of their
overall article submission process effective January, 2009.

Impact Area: Chemical Process Design. Recent progress in
laboratory synthesis of numerous specialty chemicals, drug and
biofuel development, as well as the increasing cost of energy
and environmental compliance have created new challenges for
chemical process design. These challenges are numerous and
multifaceted. One of the most difficult and principal challenges
is to create software capabilities to support chemical process
design for products of a given chemical structure or, in other
words, to create new technologies for on-demand product design.
Development of such technologies was impossible for many
years due to deployment of the established “static” protocols
for generating critically evaluated thermophysical and thermo-
chemical property data “feeding” process simulators.

The ThermoData Engine (TDE), one of the ThermoGlobe
components, implementing the concept of dynamic data evalu-
ation for thermophysical and thermochemical property data,
provides for the first time an opportunity for the development
of a new generation of simulator software capable of designing
chemical processes and products on-demand.62

One of the principal ways of communicating data from TDE
to the process simulator is illustrated in Figure 21.7 As shown
in Figure 21, this communication is based on ThermoML data
file processing, while the local TDE-SOURCE database on the

user end is continuously updated from the NIST/TRC central
server over the Web by use of the NIST Web-ORACLE
communication infrastructure. Such a process can be organized
as sequential running of the TDE and the simulation engine on
the selected compound/mixture basis. Thus, the ThermoML-
formatted TDE data output file can be interpreted and processed
by the designed ThermoML “reader” incorporated within the
simulation engine. The other option is to run TDE in the “batch”
mode, generating a ThermoML output file of the parameters of
the property models for a large group of compounds/mixtures
(for example, for all the compounds characterized with reliable
experimental data). This file can further be interpreted by the
designed ThermoML “reader”, and the data can be propagated
into a customized database within the simulation engine (Figure
22). The simulation engine then provides options to the user to
query the database for a particular compound/mixture and use
the generated data to support the chemical process/product
design activities. If such a process is deployed for all pure
compounds characterized with reliable experimental data, the
simulation engine is capable of supporting chemical process
design projects encompassing about 20 000 compounds.

Full advantage of the dynamic nature of the TDE in
application to chemical process design is achieved by the direct

Figure 20. Experimental density data (dots) for tetrahydrofuran are reported as a function of temperature and pressure in the liquid phase before (A)60 and
after (B)61 correction. The saturation line (i.e., the line of separation between the one- and two-phase regions) critically evaluated with TDE is shown in the
plot. The lines above the saturation density curve correspond to the isobars evaluated by TDE for the single-phase region. The graphs were created with the
TDE software.6,42

Figure 21. Schematic representation of the communication between the
ThermoData Engine and commercial simulators on the basis of ThermoML-
formatted file input-output.
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“bundling” of the TDE and commercial process simulators using
Dynamic-Link Library (DLL) technology.63 Application of this
technology makes it possible to use a graphic interface
developed as a part of the process simulator to be populated
with data generated by TDE. Such a “bundling” of TDE and
the process simulator truly places the user at the focal point of
the process (Figures 23 and 24). Indeed, the user generates a
compound-based query depending on the nature of the chemical
process to be designed or modified. This query is communicated
from the process simulator to the compound identifier database
of TDE over the dynamic link (Figure 23). The compound
identifier is then used by TDE to generate all critically evaluated
data for the requested system and return the results to the process
simulator via another dynamic link. The process simulator then
propagates the generated property data to support chemical
process/product activities. Such an implementation of the TDE
technology makes it possible to support chemical process design
projects for more than 100 000 pure compounds. Further
enhancement of the DLL bundling by use of chemical structures
results in additional and rather dramatic capabilities related to

chemical process design, making it possible to analyze processes
encompassing millions of pure compounds (Figure 24). Various
options for communication between TDE and commercial
simulators described above are currently deployed by a variety
of flagship chemical process design software products and used
by tens of thousands of customers worldwide, leading in essence
to a pronounced change in the very nature of chemical process
design.

In the future, this impact might be even more significant,
when TDE capabilities in the assessment of the combined
expanded uncertainties for thermophysical properties will be
propagated into the uncertainties of the reaction streams and
used as a factor in selecting appropriate equipment elements
for technological schemas.

Other Impact Areas. In this section, we will outline various
aspects of the ThermoGlobe impact on such areas of research
activities as strategic experiment planning, molecular modeling
and property prediction, the scientific discovery process, and
instrument calibration and validation.

Figure 22. Process simulator access to the ThermoData Engine via the database of the property equation parameters.

Figure 23. Process simulator access to the ThermoData Engine via a dynamic link based on compound identifier indexes.
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Wakeham et al.64 envisioned that the future of experimental
thermophysical property measurement science will represent a
transformation “from accuracy to fitness for purpose”. They
indeed emphasized that, in a great many instances, the sole
desire for high accuracy of measurements, which was a driving
force in the field for many years, did not lead to a better
understanding of natural phenomena, nor did it help in further
advancement of theory and simulation. Therefore, one can
legitimately conclude that the effort and resources associated
with these measurements were, to a significant degree, inef-
ficiently used. The validity of this point, in our view, is beyond
doubt. However while it is true that frequently this was caused
by “a tendency to validate the instrument by first proving its
operation using well-known properties”,64 we believe that, more
often than not, the fundamental reason for such inefficiency lays
in a complexity of the analysis similar to what is defined in
economics as “significant return on investment”. Such an
analysis, which we would call here strategic experiment
planning, is impossible now without an algorithmic approach,
including assessment of the entire body of knowledge, avail-
ability of experimental thermophysical property data, the
variable ranges studied, the associated uncertainties, the state
of the prediction methods, availability of the parameters for
deployment of the prediction methods, and how these parameters
can be obtained using targeted measurements, etc., and, indeed,
how the intended measurement can address the underlying
scientific or engineering problem under consideration. Since the
very definition of the Global Information System in Science
implies operation over the entire body of knowledge in the field,
we intend to use ThermoGlobe to develop a software product
for strategic experiment planning for thermophysical properties.
We hope that such a software product, when made available to
the scientific and engineering communities, can serve as a guide
for experimentalists in choosing the systems and properties to
be measured as well as appropriate conditions of these measure-
ments such as variable ranges and thermodynamic constraints.

Development of high-quality molecular modeling and prop-
erty prediction methods is impossible without basis on an
extensive set of experimental or critically evaluated data of
defined quality. ThermoGlobe provides a foundation for the
development of group contribution,65 corresponding states,66 and

high-level prediction methods such as molecular simulation67

and ab initio-based Quantitative Structure-Property Relation-
ship (QSPR) techniques.68 It also provides guidance in estab-
lishing the limits of applicability of a variety of property
prediction methods toward particular classes of chemical
compounds and their mixtures. In some instances, ThermoGlobe
deployment makes it possible to determine inconsistencies of
the experimental data used as key parameters for the develop-
ment of prediction methods and to communicate a necessity
for new measurements, leading to a potential resolution of the
determined inconsistencies.69,70

It is clear that Global Information Systems in Science have
tremendous potential in supporting the scientific discoVery
process. In application to ThermoGlobe that constitutes sup-
porting the process of establishing relationships between various
thermophysical properties, as well as relationships between
thermophysical and other properties (magnetic, electrical, me-
chanical, etc.). It is, in particular, promising to search for such
relationships between various thermophysical and physiological
properties. Establishing such relationships might be very
beneficial for progress in the pharmaceutical industry in further
enhancing the processes of drug development.

Finally, similar to being “bundled” with various chemical
process design software products, the ThermoGlobe components
can be bundled with software supporting commercial instru-
ments for thermophysical property measurements, serving as
an automated tool for ongoing instrument calibration and
Validation.

Conclusions

1. The concept of the Global Information System in Science
is defined.

2. The major components of the Global Information System
in the field of Thermodynamics, ThermoGlobe, have been
identified and developed.

3. A detailed analysis of the impact of the ThermoGlobe on
efficiency of information delivery, journal publication quality,
and chemical process design is given.

4. The potential of impact of ThermoGlobe on other areas
such as strategic measurement planning, molecular modeling

Figure 24. Process simulator access to the ThermoData Engine via a dynamic link based on compound structure.
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and property prediction, scientific discovery process, and
instrument calibration and validation is outlined.

5. Development of ThermoGlobe has facilitated development
of Global Information Systems in other scientific fields outside
the field of Thermodynamics and, in particular, in application
to chemical kinetic properties.71

6. Global Information Systems in Science will play a critical
role in the future development of the scientific cyberspace
infrastructure.
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