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FOREWORD 

TO THE 2005 PUBLICATION 

 
 The content of this volume is my doctoral dissertation originally titled Automated Synthesis of 

Thermal Systems Using Heuristic Search and Exergy Analysis. The research behind this work won the E. F. 

Qbert Outstanding Paper Award of the American Society of Mechanical Engineers. The award statement 

spoke of “innovative research,” and I thought the word innovative was particularly fitting. Indeed, the key 

motivation behind this work was the quest for a computational method that could produce innovative 

designs of systems: not merely an optimization of numerical parameters of a known system concept but 

rather a synthesis of novel combination of components.  The goal of this book is to introduce a 

computational method that comes surprisingly close to a process of invention. Hence the new title of this 

edition, Artificial Invention. 

 

 The proposed approach touches on several well-defined fields of study, including flowsheet 

synthesis, design of power cycles, liquefaction and refrigeration systems, and heat exchange networks. It 

also introduces a generalization and extension of the technique called pinch technology. However, the most 

significant contribution of this work is the systematic computational approach to innovative design of 

engineered artifacts in general, not only thermal and power systems. It demonstrates that transformational 

approach to design can yield design concepts comparable to human inventions.  

 

 The main ideas of this approach have been implemented in a computer program called TED, 

which invents conceptual schematics of optimized thermal systems (the name of the program is a loose 

acronym of Thermal Energy systems Designer). TED is an inventor of its systems in the sense that it 

generates the structure (topology) of the system “from scratch.”  It does not merely optimize numerical 

parameters (e.g., flows or pressures) for a given topology, for TED is not given the topology of the system.  

Nor does TED select and combine predefined and stored systems or cycles, for it does not have a library of 

known systems and cycles.  Nor does TED arrive to its result by pruning some predefined generalized 

topology, for it does not assume any. 

 

 Invention, whether artificial or human, is rooted in exploration. A key claim of this work is that 

innovative design can be modeled as a search process using elements of search algorithms that originated in 

the field of Artificial Intelligence. The synthesis process is modeled as a heuristic search conducted in a 

state-space of all possible design versions (design states). TED explores one design possibility after another 

in a systematic fashion, looking for a solution to the design requirements. 
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 Invention, however, is not an unguided exploration. Because TED specializes in invention of 

thermal systems, it evaluates each design state using a special technique of exergy analysis applied to an 

infinitesimal temperature interval. This allows one to describe the thermal system by several integral 

characteristics which are functions of temperature. A particularly important integral characteristic – a 

measure of system's Second Law infeasibility – is introduced in this work; it allows a uniform treatment of 

both feasible and infeasible design states. The method of exergetic analysis used by TED utilizes (and 

possibly – subsumes) ideas of the pinch technology.  Artificial invention systems that specialize in systems 

other than thermal would require other domain-specific techniques for evaluating design states. 

 

 An invention process cannot succeed unless the inventor’s exploration is combined with learning. 

This work introduces a particular form of learning and demonstrates its crucial importance to the effective 

exploration of the design space. Every design state, except for the initial state, has a parent state from which 

it was produced. If the newly produced child state is worse (i.e., has lower likelihood of leading to a desired 

solution) than its parent, TED grows more skeptical about the potential of the parent state and reduces its 

expectations regarding this branch of the design space. Then the same is done with the grandparent, and so 

on.  This reevaluation of parents based on the behavior of their descendants is a form of learning based on 

backpropagation. By learning to be skeptical about less promising design approaches, the artificial inventor 

guides itself toward a successful invention. 

 

 Ultimately, the proof of inventor is in inventions. In this volume, the reader finds several examples 

and step by step traces of the process by which TED invents a number of sophisticated and 

thermodynamically advanced system designs that would be non-trivial to generate by other means. Some of 

these inventions do not follow any particular known classic cycles or system concepts; these are TED’s 

own creations. In other cases TED rediscovered at least two significant and well known inventions: the 

Linde Dual-pressure system and the Claude system.  Then TED continued to optimize one of these schemes 

and arrived at a somewhat more sophisticated and efficient system. 

 

 Some would argue that the term artificial invention is an oxymoron, and that a machine-made 

invention is, in some fundamental way, preconceived by the machine’s creator and therefore cannot be 

truly innovative. Whether or not such objections are valid, tools like TED can evolve into powerful 

practical tools that would assist human inventors. And if the objections are valid, I am satisfied that this 

work encourages important questions about the very nature of human creativity and inventiveness.   
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ABSTRACT 

 
 This dissertation proposes a computational technique for automated "invention" of conceptual 

schemes of thermal systems. The input provided to the automated problem solver is a description of the 

streams entering and leaving the system. The output is a network of elementary processes: compression, 

expansion, heating, cooling, and chemical processes. The problem solver seeks a network that is feasible, 

and offers an optimal (or at least favorable) combination of energy and capital costs. The synthesis process 

is modeled as a heuristic search conducted in a state-space of all possible design versions. The main ideas 

of the dissertation have been implemented in a computer program called TED, which invented a number of 

nontrivial schemes. 

 

 TED starts with an initial state (or states), which may be either proposed by the user or generated 

automatically. TED evaluates each state using a special technique of exergy analysis applied to an 

infinitesimal temperature interval. This allows us to describe the thermal system by several integral 

characteristics which are functions of temperature. One particularly important integral characteristic - a 

measure of system's Second Law infeasibility - is introduced in this work; it allows a uniform treatment of 

both feasible and infeasible design states. 

  

 TED then selects the most promising of the available designs. This selection is guided by a 

specialized search algorithm BP* which is shown to be probabilistically admissible. The results of the 

exergy analysis are used to perform a look-ahead evaluation of the design states.  BP* also uses 

backpropagation of the state evaluation function to reduce the amount of backtracking.  

 

 TED then improves the selected design by applying one of the transforming operators and thereby 

generating a new design. Each transformation involves addition of an incremental network of thermal 

processes to the original state and reduces either irreversibility (exergy loss) or infeasibility of the thermal 

system. The application of the transformations is controlled by a heuristic move generation function that 

selects the most promising transformations. The new design is added to the database of the available design 

states. 

 

 The search continues with these evaluate-select-transform iterations until an (approximately) 

optimal design is found. 






































