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Thermodynamic data are a key resource in the search for new relationships between properties of chemical
systems that constitutes the basis of the scientific discovery process. In addition, thermodynamic information
is critical for development and improvement of all chemical process technologies. Historically, peer-reviewed
journals are the major source of this information obtained by experimental measurement or prediction.
Technological advances in measurement science have propelled enormous growth in the scale of published
thermodynamic data (almost doubling every 10 years). This expansion has created new challenges in data
validation at all stages of the data delivery process. Despite the peer-review process, problems in data
validation have led, in many instances, to publication of data that are grossly erroneous and, at times,
inconsistent with the fundamental laws of nature. This article describes a new global data communication
process in thermodynamics and its impact in addressing these challenges as well as in streamlining the
delivery of the thermodynamic data from “data producers” to “data users”. We believe that the prolific
growth of scientific data in numerous and diverse fields outside thermodynamics, together with the
demonstrated effectiveness and versatility of the process described in this article, will foster development
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of such processes in other scientific fields.

1. INTRODUCTION

Thermodynamic data are a key resource for development
and improvement of all chemical process technologies.
Incompleteness or poor data quality often lead to erroneous
equipment selections (pumps, reactors, heat exchangers)
which preclude further improvements in process efficiency
and safety at the pilot-scale and production-scale stages,
resulting in undesirable and possibly enormous economic
losses. Often, a lack of thermodynamic information makes
it impossible to simulate new chemical processes, neces-
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sitating numerous empirical and expensive trial-and-error
iterations for process optimization. This commonly results
in significant delays and costs without any assurance of
finding the true optimal conditions for the process. This
situation is quite typical, especially within rapidly developing
industries such as pharmaceuticals, specialty chemicals,
biotechnology, and defense. In addition to the highly practical
field of process development, high quality thermodynamic
property data are frequently essential prerequisites for testing
theories and searching for new relationships between proper-
ties of chemical systems, which constitute the basis of the
scientific discovery process.

Historically, peer-reviewed journals are the major source
of thermodynamic information obtained either by experi-
mental measurement or prediction. The enormous growth
of published thermophysical and thermochemical data (al-
most doubling every 10 years due to technological advances
in measurement science) has created new challenges for data
validation at all stages of the data delivery process. Despite
the peer-review process, this has led to many instances of
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published data that are either grossly erroneous or even
inconsistent with the fundamental laws of nature. This trend
also magnifies the problem, among journals publishing
scientific and technical data, of an absence of consensus
concerning the requirements placed on authors for charac-
terization of overall data quality and reliability. Indeed, even
in reporting experimental property data with a relatively
simple metadata infrastructure, such as critical temperature,
comprehensive uncertainty analyses currently remain rare,
particularly with regard to consideration of contributions
arising from sample impurities.! Additional challenges and
opportunities are provided by the availability of published
data via the Internet, which creates unprecedented opportuni-
ties for development of innovative information delivery
processes from “data producers” to “data users”.2 The present
paper describes how these two independent sets of challenges
and opportunities are addressed to communicate, capture,
exchange, and validate the large-scale flow of thermody-
namic property data information. The development of a new
global data delivery process is described in this article. The
delivery process is based on three major components: the
recently established XML-based TUPAC standard for ther-
modynamic data communications (ThermoML?), software
infrastructure®S to support the process, and a thermodynamic
data expert system (ThermoData Engine®’) that allows
generation of recommended data on-demand through imple-
mentation of the dynamic data evaluation concept.®~'* This
new data delivery process has led to a unique cooperation
between five major journals in the field, national and
international standardization organizations, and leading
chemical process design companies.

2. STANDARDIZING THERMODYNAMIC DATA
COMMUNICATIONS

A brief review of the standardization efforts for thermo-
dynamic data communications was recently published.'®
Efforts to develop a standard for thermophysical and ther-
mochemical property data exchange'! were first initiated in
the early 1980s, reflecting a new trend in data collection
through design of electronic databases, which became
possible due to the rapid development of computer technol-
ogy. However, through the end of the 1990s, these projects
did not result in the creation of an internationally established
standard primarily because of two reasons: inadequacy of
the available technology and structural challenges related to
the high level of diversity of thermodynamic property data.

In 2002, the International Union of Pure and Applied
Chemistry (TUPAC) approved Project 2002-055-3-024, “XML-
based TUPAC Standard for Experimental and Critically
Evaluated Thermodynamic Property Data Storage and Cap-
ture,” and established a Task Group'? to create standardized
mechanisms for thermodynamic data communications with
XML (Extensible Markup Language) technology. XML
technology, '3 fully developed within the last 5 years, provides
significant advantages for the development of standards for
data exchange, such as its native interoperability based on
ASCII code, its modular nature, and transparent readability
by both humans and computers. From a practical standpoint,
it is also critical that this technology is currently supported
by both the software and hardware industries. As the result
of this project, a new IUPAC standard (ThermoML) for
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thermodynamic data storage and exchange has been devel-
oped.’-“

The ThermoML structure represents a balanced combina-
tion of hierarchical and relational elements. The schema
explicitly incorporates structural elements related to basic
principles of phenomenological thermodynamics: thermo-
dynamic, thermochemical, 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. Metadata records
precede numerical data information, providing a robust
foundation for generating header records for any relational
database where ThermoML-formatted files might be incor-
porated. The structural features of the ThermoML metadata
records ensure unambiguous interpretation of numerical data
and allow data-quality control based on the Gibbs phase rule.
Moreover, some detailed information included in the meta-
data records could serve as a background for independent
assessment of uncertainties, which could be propagated into
uncertainties of physical parameters for reaction streams, and,
consequently, provide an opportunity for numerical charac-
terization of the quality of a chemical process design.'

ThermoML covers essentially all experimentally deter-
mined thermodynamic and transport property data (more than
120 properties) for pure compounds, multicomponent mix-
tures, and chemical reactions (including change-of-state and
equilibrium).'s ThermoML allows storage and exchange of
property data with full allowance for data traceability and
interpretation. Comprehensive specification of the data source
(bibliographic information), method of property generation
(experimental, predicted, critically evaluated), and multiple
uncertainty assessments are included. Representations of all
quantities related to the expression of uncertainty in Ther-
moML!7 conform to the Guide to the Expression of Uncer-
tainty in Measurement (GUM).'®

The modular nature of XML was exploited to describe
regression equations used for analytical representation of a
variety of thermodynamic properties, including complex
equations of state. That was achieved by the use of the
published MathML'® formats in conjunction with Ther-
moML.2° The Mathematical Markup Language (MathML)
is a low-level specification for describing mathematics as a
basis for machine-to-machine communication in terms of
both content (mathematical meaning) and presentation
(format). Among other X-markup languages, CML (XML
for chemistry)?! and MatML (XML for primarily mechanical
properties of materials)?? are most closely related to Ther-
moML.

ThermoML consists of four major blocks:* Citation
(description of the source of the data); Compound (charac-
terization of the chemical system); PureOrMixtureData
(meta- and numerical property data for a pure compound or
multicomponent mixture); and ReactionData (meta- and
numerical property data for a chemical reaction with
thermodynamic state change or in a state of chemical
equilibrium). The compound description within the Com-
pound block is linked to a description of the sample that
includes its initial source and purity, purification methods
used, and final purity, with specification of the method(s)
of purity determination.



GLOBAL COMMUNICATION PROCESS IN THERMODYNAMICS
3. SOFTWARE INFRASTRUCTURE

For reasons discussed earlier, there has been a great
demand for the establishment of an efficient global data
delivery processes. Previous to the work described here, such
a process did not exist in the field of thermodynamics. In
fact, there are only two well-known processes of this nature
outside the field of thermodynamics: submission and
retrieval of protein structures from the Protein Data Bank
(PDB)3 and submission and retrieval of crystal structures
for smaller molecules from the Cambridge Structural Data-
base (CSD).2* Establishing a global data delivery process
for thermodynamic properties is substantially more complex
than that for the PDB and CSD because of the necessity to
communicate information related to the numerous (>100)
thermophysical and thermochemical properties commonly
reported. Moreover, communicating such data is further
complicated by the extensive system of thermodynamic
metadata (variables, constraints, phases, methods, uncertain-
ties) required. This complexity necessitated development of
a software infrastructure to support the global delivery
process for thermodynamic data. Key pieces of the software
infrastructure are described in the following paragraphs:
Guided Data Capture software, the NIST SOURCE data
archival system, and the NIST ThermoData Engine expert
system.

Guided Data Capture (GDC) software was developed™-
and serves as a data-capture expert by guiding extraction of
information from the literature, ensuring the completeness
of the information extracted, validating the information
through data definition, range checks, etc. A key feature of
the GDC software is the capture of information in close
accord with customary original-document formats. The
compiler’s main interactions with GDC involve a navigation
tree that provides a visual representation in accord with the
hierarchical structure of a typical source document. Numer-
ical values are not shown explicitly in the tree but may be
accessed through the property-specification nodes. Enumer-
ated field values (journal titles, compound identifiers, proper-
ties, units, phases, experimental methods, etc.) are stored in
a local database that is part of the GDC software. Selection
of field values by the data compiler is achieved through
predefined lists, which prevents many common errors. Most
numerical values can be captured through electronic means
(PDF files, spreadsheets, etc.) and rarely require manual
input. All other input is accomplished through predefined
menus, check boxes, or other controlled selection processes.
GDC also provides simple “one-click” graphical representa-
tion of the numerical data. This is a powerful tool for
detection of typographical errors with data sets for thermo-
physical properties that can include data points numbering
in the thousands. GDC can be used to output files in
ThermoML format.

The NIST SOURCE data archival system?” created and
maintained by the Thermodynamics Research Center (TRC)
is a large general-purpose relational data storage facility of
experimental values of thermodynamic, thermochemical, and
transport properties of pure compounds, mixtures of well-
defined composition, and chemical reactions. It includes
numerical values for an enormous variety of properties for
systems involving the wide spectrum of possible phase
scenarios. It is critically important that the SOURCE data
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Figure 1. Global experimental thermodynamic data delivery
process.3*

system contains estimated combined expanded uncertainties
for all of the numerical data stored. This allows, in principle,
determination of the quality of critically evaluated data
generated based on the original experimental data collected
in the SOURCE data system.

The new concept of dynamic data evaluation was devel-
oped at NIST/TRC.®~'° This concept requires the develop-
ment of large electronic databases capable of storing
essentially all relevant experimental data known to date with
detailed descriptions of relevant metadata and uncertainties.
The combination of these electronic databases with expert-
system software, designed to automatically generate recom-
mended data based on available experimental data, leads to
the ability to produce critically evaluated data dynamically
on-demand. This concept contrasts sharply with static critical
data evaluation, which 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 evaluations current. Recently,
the concept of dynamic data evaluation has been imple-
mented for the first time in NIST ThermoData Engine.5’

4. ESTABLISHING A GLOBAL DATA DELIVERY
PROCESS

The combination of an established international standard
for thermodynamic data communications with the software
infrastructure supporting it allows creation of global data
delivery processes. Two major types of these processes are
illustrated here.

Figure 1 illustrates a unique experimental data com-
munication process, established in cooperation between major
journals in the field, leading scientific publishers, national
and international standardization organizations, and com-
mercial enterprises, to deliver data from “data producers”
(thermodynamicists reporting results of measurements of
thermophysical and thermochemical property data in journals
in the field) to “data users” (chemical engineers who use
engineering software applications, including chemical process
design). The GDC software is a key support element for data
submission, and ThermoML serves to ensure interoperability
for propagation of the data across different platforms. The
Web-based “ThermoML Archive”? currently contains—in
ThermoML format—data published by five major journals
in the field: Journal of Chemical and Engineering Data,”®
The Journal of Chemical Thermodynamics,*® Fluid Phase
Equilibria' Thermochimica Acta** and International Jour-
nal of Thermophysics.® It is important to emphasize that
authors are immediate participants in this process, ensuring
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Figure 2. Combining on-demand critical data evaluation with
global data delivery.

that the data become available for use essentially simulta-
neous with publication of the article. The ThermoML
Archive has a structure similar to that of the electronic
version of the original journal articles providing links
(recently, in some instances, reciprocal) to the original
sources. ThermoML software “readers” have been developed
by a number of organizations* (shown at the right side of
Figure 1) in cooperation with NIST/TRC to transfer data
from the ThermoML format to customized formats suitable
for application software and databases. This process is
supported by standardization efforts with the participation
of industry (DIPPR—Design Institute for Physical Properties
of the American Institute of Chemical Engineers), TUPAC,
and the International Association of Chemical Thermody-
namics. Although the “horizontal” data delivery process
between “data producers” and “data users” is emphasized
in Figure 1, it is also clear that a great variety of “vertical”
processes can be established to communicate data within
groups of experimentalists, journals, industrial organizations,
products, and users.

Figure 2 illustrates a recently implemented, more extended,
data delivery process combining Web-based interoperable
dissemination of data from the “producers” to “users” with
conversion of original experimental dara (at the bottom of
Figure 2) to the level of knowledge and wisdom at the stage
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of their use in applications (top of Figure 2). In this process,
the experimental data are collected in the Web-based
“ThermoML Archive” and then downloaded into a compre-
hensive data storage facility (such as the SOURCE data
archival system) transforming the numerical data into
information, where each experimental datum is characterized
with a comprehensive measure of data quality, ie., the
combined expanded uncertainty. Further, this information is
critically evaluated with expert-system software (NIST
ThermoData Engine; TDE) with enforcement of internal
consistency for related properties, thus achieving the status
of knowledge through generation of on-demand recom-
mended data for use in applications. This knowledge allows
design of software applications for in-time decisions for
chemical process analysis, thus attaining the status of wisdom.
All communications between the various components of this
process are supported by the Guided Data Capture software
and the ThermoML structured schema.

5. IMPACT ON QUALITY OF PUBLISHED DATA

The major purpose of development of the new global
thermodynamic data communication process was to stream-
line delivery of data and information from “producers” to
“users”. However, this process has proved extremely power-
ful in enhancing the quality of published data. Figure 3
illustrates the communication flow within the NIST/TRC data
facility. After completion of the peer-review process, this
flow structure allows for (a) checking of experimental data
to be published for integrity (GDC communication line in
Figure 3) and (b) consistency with the recommended data
evaluated on the basis of the complete body of knowledge
available to date (TDE communication line in Figure 3).
Consistency is checked for the particular property as well
as for those linked through thermodynamic identities and
correlations. Below, we illustrate three examples of different
types of such testing.

The GDC communication line (Figure 3) provides an
opportunity to perform initial integrity analysis of the new,
soon-to-be-published experimental data. Figure 4 shows
analysis with GDC of the originally published mass (specific)
density data as a function of temperature for mixtures of
chlorobenzene and dimethyl carbonate. The published data®

Data Producers (Articlke Authors)
Article submissk

| Muajor Journals l
NIST/TRC
In-House
Daia Capture Altor poar " .
10 be resolvec
; | Article Authors 1 b et
Data Capiure Problems
communicated
Files are TDE communication
converted lo
ThermoML
format
Data tiles in ThermoML
format are posted on
the Wed
[ ThermoML Archive B s
basic research

Figure 3. NIST/TRC data facility data flow diagram.
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Figure 4. Mass (specific) density as a function of temperature for
mixtures of chlorobenzene and dimethyl carbonate. The lines
represent results for various mixture compositions. The figures show
the reported experimental data before (upper)** and after (lower)*
correction. The circle indicates the erroneous values in the upper
figure. The graphs were created with the GDC software.’

showed anomalous behavior (Figure 4, upper figure, circled).
The data were later corrected®® (Figure 4, lower figure), once
results of the GDC analysis were communicated to the
authors.

Figure 5 shows the results of the GDC analysis of reported
experimental boiling temperature data for the mixture (tet-
rahydrofuran + tetrachloroethene) as a function of the
mixture composition. The data published originally*’ indi-
cated anomalous behavior in the region with mole fraction
of tetrahydrofuran greater than 0.5 (Figure 5, upper figure).
The erroneous nature of the reported data is further revealed
through a comparison of the pure compound boiling tem-
peratures T;, for the mixture components with those critically
evaluated by the expert system software TDE (see, TDE
communication line, Figure 3). Indeed, the reported boiling
temperature for tetrahydrofuran at 95.8 kPa [Ty = (311.45
+ 0.1) K] is significantly lower than that critically evaluated
with TDE [T}, = (337.38 & 0.03) K]. The originally published
data were later corrected*® after the results of the combined
GDC and TDE analysis were communicated to the authors
(Figure 5, lower figure).

Finally, Figure 6 illustrates the TDE analysis of published
experimental density data in the liquid phase for tetrahy-
drofuran as a function of temperature and pressure. Prelimi-
nary GDC analysis did not detect any anomalies in the
originally published data.** 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
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T/K

Figure 5. Boiling temperatures Tp at constant pressure for
(tetrahydrofuran + tetrachloroethene). The figures show the reported
experimental data before (upper)*” and after (lower)®® correction.
The arrows indicate boiling temperatures for the pure components
critically evaluated with the ThermoData Engine (TDE) software.
O, Ty, = (337.38 &+ 0.03) K at p = 95.8 kPa for tetrahydrofuran
critically evaluated with TDE. O, Ty, = (392.16 &+ 0.06) K at p =
95.8 kPa for tetrachloroethene critically evaluated with TDE. The
graphs were created with the GDC software.’

the two-phase region, which is not possible. The originally
published experimental data were corrected* after the results
of the TDE analysis were reported to the authors. The
corrected values are shown in the lower section of Figure 6.
These data now appear correctly within the single-phase
liquid region.

These examples represent a small fraction of the data
analyzed and corrected within the new global delivery
process for thermodynamic data. Every effort is made to
complete the analysis and necessary data reporting adjust-
ments before articles are published. Nevertheless, based on
2 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 approxi-
mately 1000 articles). In a great many instances, these errors
would be extremely difficult to detect during the article
preparation, submission, and peer-review process. With ever
increasing efficiency of data dissemination and use in
engineering applications, the consequences of not addressing
this situation are very serious. The new thermodynamic data
delivery process provides a unique opportunity for curing
this problem in a systematic and structural manner. 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.
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Figure 6. Densities for tetrahydrofuran. Experimental data (dots)
are reported for density as a function of temperature and pressure
in the liquid phase before (upper)® and after (lower)* 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. FUTURE POSSIBILITIES

The efficiency of the thermodynamic data delivery process
described will be significantly further improved when on-
demand critical data evaluation is extended to multicompo-
nent mixtures and chemical reactions within the TDE
communication line (Figure 3). The currently available
version 1.0 of the NIST ThermoData Engine’ is limited to
pure organic compounds. The developed model for the global
data delivery process can certainly be extended to other
chemical systems, such as biochemicals, ionic systems, and
polymers, and can serve as a model for other fields, such as
chemical kinetics and properties of materials.

Other future developments could include the design of
software tools for strategic measurement planning based on
the developed model for thermodynamic data communica-
tions. Development of these tools would lead to elimination
of unjustified redundant measurements and identification of
‘gaps’ in the existing measurement space as well as deter-
mination of key measurements for validation of new
computational and predictive techniques and would, there-
fore, play a central role in enhancing the existing knowledge
base for industrial applications, with ensuing enormous
potential economic benefit in the development of new
chemical processes.
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