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This paper provides a synthetic account of Georgescu-Roegen's flow-fund theory, as a contribution to the history of ecological economics. It reconstitutes Georgescu-Roegen's perspective on production, and its relationships with other frameworks, such as the neoclassical production function and input-output tables. The overall purpose is to clearly establish the foundations of the flow-fund theory, and to introduce the research perspectives it opens for ecological economics. The paper puts particular emphasis on the relationships between the flow-fund framework and two other aspects of Georgescu-Roegen's thought. First, his methodological perspective on economics, and the role of mathematical models, allows for a better understanding of the foundations of the flow-fund theory. Second, this framework incorporates Georgescu-Roegen's interest in the physical dimension of the economic process and the implications of the laws of thermodynamics. Overall, the paper concludes that the flow-fund theory has solid foundations, and thus represents a credible alternative to standard theories of production. However, in order to show how this framework can shed light on contemporary issues in ecological economics, more applications are needed, especially at the theoretical level. The main challenge for future research is to develop such applications while trying to be faithful to the foundations of the flow-fund theory.

Introduction

In 1997, after engaging in a vivid attack against the neoclassical analysis of natural resources, Herman Daly (1997, 265) asserted that, "Georgescu's fund-flow model of the production process is superior to the neoclassical production function." 1 He suggested that Georgescu-Roegen's theory of production has more realistic features, which truly account for the physical dimension of the economic process. Similar claims have been supported by others, such as Gowdy and Mesner (1998, 149), who argued that, "Georgescu-Roegen's integration of economics, institutions, and biophysical reality culminated in his model of the productive process." Despite its apparent importance, there exists no comprehensive account of the flow-fund theory.2 This paper aims to fill this gap, and provide a synthetic account of the flow-fund theory.

This project builds on the existing literature dealing in various ways with the flow-fund theory. Vittucci Marzetti (2013) provides a survey of the time-explicit model developed by Georgescu-Roegen in this framework and of its subsequent developments. In the present paper, it will only be necessary to briefly comment on this point, before concentrating on the multi-process model. This last aspect has also been explored by other authors, especially by [START_REF] Mayumi | The Origins of Ecological Economics: The Bioeconomics of Georgescu-Roegen[END_REF][START_REF] Mayumi | An Epistemological Critique of the Open Leontief Dynamic Model: Balanced and Sustained Growth, Delays, and Anticipatory Systems Theory[END_REF]. More generally, a number of contributions rely on the conceptual foundations of the flow-fund theory [START_REF] Gowdy | Weak Sustainability and Viable Technologies[END_REF][START_REF] Jeroen | Materials, Capital, Direct/Indirect Substitution, and Mass Balance Production Functions[END_REF][START_REF] Giampietro | Multi-Scale Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM): Theoretical Concepts and Basic Rationale[END_REF][START_REF] Dafermos | A Stock-Flow-Fund Ecological Macroeconomic Model[END_REF]. Nevertheless, as Farrell and Mayumi (2009, 302) have underlined, "a more comprehensive understanding of [Georgescu-Roegen's] production theory in relation to the purpose of economic science and sustainability issues" is still needed. 3 Following this track, the present paper aims to offer a general overview of the foundations and developments of the flow-fund theory.

Hence, this paper is a contribution to the history of ecological economics. As [START_REF] Martinez-Alier | Ecological Economics: Energy, Environment and Society[END_REF], among others, highlighted, the history of ecological economics can be seen as a long-standing effort to bridge the natural and social sciences, whose roots go back at least to the 19 th century. In the 1970s, Georgescu-Roegen, along with others, considerably renewed this perspective and placed physical aspects of the economic process at the center of attention. The flow-fund theory was a central component of his new paradigm, and it provided a way to concretely incorporate the physical dimension of the economic process into economic theory. 4 In this sense, it was an important step in the development of ecological economics. Following this idea, the overall purpose of the present paper is to clearly establish the foundations of the flow-fund theory and to introduce the research perspectives it opens for ecological economics, while also highlighting the challenges it poses.

Two questions are particularly important. First, it is crucial to understand how Georgescu-Roegen's stance on the methodology of economics influenced his theory of production. His conception of the role of mathematical models requires specific attention since the flow-fund theory gives rise to an analytical representation of the production process. Second, this paper examines how issues related to energy and matter have been dealt with in the flow-fund framework. Indeed, given Georgescu-Roegen's seminal contribution to the acknowledgment of the physical dimension of the economic process, it seems important to study how the flow-fund theory reflects this aspect of his thought. Schematically, these two issues correspond to two successive periods in the development of the flow-fund theory.

Since the adjective "methodological" is used extensively throughout the paper, it may be useful to clarify the meaning I give to it. On this point, I follow Spash (2012, 37), for whom methodology "concerns the principles that determine how [tools of scientific investigation] are deployed and interpreted." In the case of Georgescu-Roegen's flow-fund theory, methodological questions deal in particular with the principles that guide the construction of analytical models of production, and the way these are used. This is distinguished from "ontological" aspects, dealing with "the primary entities of concern in any given field, and what are their most general features and relationships." In this respect, the present paper examines the ontological articulation between the physical and economic dimensions of production underlying the flow-fund theory.

Section 2 presents the methodological and theoretical foundations of the flowfund theory, which constitute Georgescu-Roegen's main focus between the mid-1960s and the mid-1970s. Then, section 3 investigates how Georgescu-Roegen deals with the physical dimension of production from the late 1970s until the end of his career. Finally, section 4 provides some concluding remarks on subsequent developments of the flow-fund framework and perspectives for future research.

Methodological and Theoretical Foundations

Georgescu-Roegen presented the flow-fund theory of production for the first time at a conference of the International Economic Association in 1965Association in (1969b)). A few years later, it was the subject of his Ely Lecture at the congress of the American Economic Association in 1969Association in (1970)). However, the most comprehensive account of the foundations of the flow-fund theory was provided in Chapter 9 of The Entropy Law and The Economic Process (1971). Certain aspects of this chapter were also developed in subsequent publications (1972; 1976). In this first phase, Georgescu-Roegen was mostly concerned with methodological and conceptual issues related to the theory of production.

For this reason, it is also important to take into account Georgescu-Roegen's broader methodological position, in particular with respect to the role of mathematical models in economics. Georgescu-Roegen began his career as an important contributor to mathematical economics, even though he always had an interest for conceptual issues that others tended to eschew [START_REF] Gowdy | The Evolution of Georgescu-Roegen's Bioeconomics[END_REF]. This led him progressively to a more radical criticism of the formalist orientation taken by the discipline in the second half of the 20 th century (Mirowski, 1992), which became truly explicit in his introduction to Analytical Economics [START_REF] Georgescu-Roegen | Analytical Economics: Issues and Problems[END_REF], and was further elaborated in The Entropy Law and the Economic Process (1971). Methodological issues remained a central concern for Georgescu-Roegen af-terwards, as his paper on "Methods in Economic Science" (1979b) illustrates. Hence, Georgescu-Roegen's economic methodology deeply influenced his theory of production, which he developed in the same period. This is the reason why it is important to insist on the relationship between both in the following subsections.5 

Conceptual Foundations and the Time-Explicit Model

Georgescu-Roegen's methodology rests on the distinction between "arithmomorphic" and "dialectical" concepts. On the one hand, he characterizes concepts that are discretely distinct as "arithmomorphic," a word inspired by the fact that, "any particular real number constitutes the most elementary example of a discretely distinct concept" (1971,44). The property of discrete distinction is more generally the essence of logic and mathematics. On the other hand, dialectical concepts "are surrounded by a penumbra within which they overlap with their opposites." For instance, Georgescu-Roegen argues that "life" is a dialectical concept because, "there are some crystal-viruses that constitute a penumbra between living and dead matter." Similarly, in economics, he claims that, "any particular want [...] imperceptibly slides into other wants." Thus, in Georgescu-Roegen's perspective, dialectical concepts constitute the basis of our knowledge of the real world.

Through this distinction, Georgescu-Roegen insists on the idea that, "an arithmomorphic model has no value unless there is a dialectical reasoning to be tested" (1971,341). Hence, any scientific undertaking with a meticulous elaboration of concepts describing the object of investigation, and this elaboration must cope with the dialectical nature of the real world. Accordingly, conceptual foundations must be based on direct perceptions, because the "mind [...] is as indispensable an instrument of observation as any physical contrivance" (1971,75). At the same time, concepts necessarily involve a certain degree of idealization because, "abstraction is the most valuable ladder of any science" (319). Stated otherwise, there is a tension between realism and abstraction within even the most elementary concepts of a theory. This is precisely the perspective that Georgescu-Roegen follows in the case of production. To begin with, he strongly criticizes the lack of conceptual rigor in the neoclassical definition of the production function, which he presents as an "illustration of the harm caused by the blind symbolism that generally characterizes a hasty mathematization" (1970,1). The main problem raised by this approach is that the notions of inputs and outputs do not make sense because the underlying process to which they refer is not specified. Therefore, the first step is to give a general definition of the concept of "process" itself, based on the idea that it is delimited by a "boundary." For Georgescu-Roegen, this boundary is fundamentally dialectical, because the world is "a seamless Whole" (1971,212). However, he suggests that this is an indispensable conceptual element to define the process under study. In other words, the concept of process is a "primary notion," that is, "a notion that may be clarified by discussion and examples but never reduced to other notions by a formal definition" (213).

Once the concept of boundary is introduced, the analysis of a production process "reduces to recording only what crosses the boundary" (1971,215). Georgescu-Roegen identifies two distinct categories of elements crossing the boundary. First, "flow" elements are the objects of the transformation, in the sense that they are subject to qualitative change in the process. They enter the process as inputs and they leave the process as outputs in an altered form. Thus, at the analytical level, a flow may be represented by a function of the quantity accumulated up to the time t, counted negatively for the inputs and positively for the outputs. This category typically includes natural resources R and intermediate goods I as inputs, and products Q and waste W as outputs. Second, the "fund" elements are the agents of the process that act upon the flow elements and control their transformation. Funds produce services, but they are not themselves transformed by the process.6 Formally, they are accounted for using a function of the cumulative amount of services rendered at time t. This category typically includes capital equipment K, human labor H, and land L.

Hence, the conceptual foundations of Georgescu-Roegen's theory of production rest on the notions of process, boundary, flows and funds. Once they are rigorously elaborated, it is possible to provide what he calls an "analytical simile," which "must be formulated with the utmost rigor" (1971,337). In the case of the production process, this means that the analytical simile must account for the moments at which flows enter and leave the process, and funds actually render services. This may be called the time-explicit model, and leads to the following relation between the product Q and the other elements:7 

Q(t) = F[R(t), I(t), W (t); L(t), K(t), H(t)]
(1)

Notice that this relation involves functions of time, and not simple numbers. Therefore, according to Georgescu-Roegen (1971, 236), a set of recipes for a given production process is not described by "a relation from a set of numbers to one number," but by "a relation from a set of functions to one function," also known as a "functional." This formalism explicitly accounts for the coordination of activities through time inside the process.

This time-explicit model reduces to a point function only in a specific configuration, where the production process is organized as a "factory system," where all funds are used at every time, and flows go through them continuously. In this case, Georgescu-Roegen suggests that the analytical representation of the production process must include an additional element, named the "process-fund," and denoted C. This fund corresponds to the set of semi-finite products along the line of production.

Given the continuous functioning of the factory system, this set remains unaltered at all time and mirrors "the entire transformation of the material inputs into the final products" (1971,239). In this situation, all the functions are linearly homogeneous with respect to time and characterized by the rates of flows q, r, i, w and the sizes of funds L, K, H, C. Then, formula (1) is equivalent to the following relation:

q = F (r, i, w; L, K, H, C) (2) 
Hence, Georgescu-Roegen shows that the neoclassical production function makes sense only in a very specific case. It requires that all flows are substances which continuously enter the production process at a constant rate, and that all funds are continuously operated. In particular, sectors that depend on seasonal factors or natural cycles, such as agriculture, do not meet these conditions, because the process cannot start at any moment. According to Georgescu-Roegen (1971, 252), this is, for instance, the root of seasonal unemployment and over-capitalization in agriculture. Hence, the time-explicit model offers a more general framework to investigate various organizational issues inside a single production process. Having briefly presented the time-explicit model in the flow-fund framework, I now turn to the case of multiple processes in interaction with each other, which constitutes the main focus of the present paper.8 

The Multi-Process Model

On the same conceptual foundations, Georgescu-Roegen develops a multi-process model, represented by flow-fund tables such as table 1.9 This table represents two processes of production, P 1 and P 2 , the natural environment N , and the consumption process P 3 . Commodities C 1 and C 2 are at the same time flows that circulate between different sectors, and funds that are used in each process. Resources R and wastes W represent the interactions with the environment. Process-fund C, land L, and human labor H are funds.

This formalism proceeds to a significant simplification with respect to the timeexplicit model of a single process. It abandons the functional representation in favor of constant technical coefficients. These coefficients represent either flows and services "over one year " (1971, 254), or rates of flows and services (1976,241). This simplification illustrates an important facet of Georgescu-Roegen's methodology, namely that any analytical representation must "pick up a few but significant elements from the multitude of cluttering facts", in order to provide "simple-minded" models (1971,340). Hence, the features represented in the model depend on the issue it aims to investigate. In the case of the multi-process model, the central problem under scrutiny is not the internal organization of a single process anymore, but the interrelations between multiple processes. Dropping the functional representation 

N P 3 Flow Coordinates C 1 x 11 -x 12 * -x 13 C 2 -x 21 x 22 * -x 23 R -r 1 -r 2 r -r 3 W w 1 w 2 -w w 3 Fund Coordinates C 1 X 11 X 12 * X 13 C 2 X 21 X 22 * X 23 C C 1 C 2 * * L L 1 L 2 * L 3 H H 1 H 2 * H 3
allows addressing this issue with a rather simple model. Another important aspect of the multi-process model is that it is strictly disaggregated. Georgescu-Roegen strongly criticizes the use of aggregate variables. Instead, he insists that the theory of production must care for the underlying structure of the economy, through the study of the interrelations between multiple processes. According to this view, the various flows and funds involved in those processes "are not all qualitatively identical and, hence, have no common measure" (1971,244). From a methodological standpoint, this choice stems from his insistence on relying on our direct perception of the world. Aggregate variables are mere statistical constructs that do not make sense at the conceptual level, because they don't correspond to an identifiable category of real objects.

This methodological position may appear too complex to be practical. As a result, some commentators of the flow-fund theory consider that flows and funds necessarily involve a certain level of aggregation. Van den Bergh (1999, 551), for instance, explicitly states that, "some degree of aggregation is inevitable, certainly in any analytical approach." The reason underlying this kind of assertion seems to be that a fully disaggregated representation would be too complex. But this misses the fact that Georgescu-Roegen's methodology aims at building "simple-minded" models, obtained by picking "up a few but significant elements from the multitude of cluttering facts" (1971,340). Stated otherwise, while the model should not include elements that do not really exist-such as aggregate variables-it may exclude some that actually exist but are not considered relevant for the problem at hand. Thus, the boundary of the process does not determine what must be counted, but what may be counted if it is relevant for the issue at stake.

In this context, one natural question concerns the relationship between this formalism and the traditional input-output model of Leontief. 10 Georgescu-Roegen acknowledges, for instance, that, "the flow matrix and the input-output table are two completely equivalent forms" (1971,255). This does not mean that they are identical, but that they can be transformed one into the other through some reorganization of coefficients. Georgescu-Roegen uses this equivalence to criticize the relevance of the notion of "internal flow" used in input-output analysis. He insists on the fact that, "flows are the elements that are especially associated with a crossing of a boundary" (1971,260). Therefore, there is no sense in speaking of a flow that is internal to a process if one does not specify an internal boundary that would split the process in two separate ones. Instead, it is the process-fund that represents the internal state of the process.

While this underlines a significant conceptual difference, an even more important arises in relation to the notion of funds. The concept of a fund is absent in static input-output models, which usually only represent the flow matrix. Nevertheless, one might consider that an equivalent of funds has been introduced in the dynamic input-output models as the "stock of capital." However, Georgescu-Roegen strongly insists on the conceptual distinction between a stock and a fund. It is possible to use a stock at whatever rate, whereas the essence of a fund is that it requires some duration to provide its services. To illustrate his point, Georgescu-Roegen (1971, 226) argues that, if "a box contains twenty candies, we can make twenty youngsters happy now or tomorrow," but if "one hotel room will probably last one thousand days more, we cannot make one thousand roomless tourists happy now." Of course, this distinction does not bear on the elements themselves, but on their function in the process. A machine waiting to be sold is part of a stock of inventory, but once it starts running, it becomes a fund. 11Finally, the most important difference between input-output and flow-fund theories is certainly methodological. Leontief and Georgescu-Roegen have quite divergent views on the status of models in economics. On the one hand, Leontief conceives of input-output models from an "operationalist" perspective [START_REF] Akhabbar | Wassily Leontief et la science économique[END_REF]. In this approach, the analytical model is developed in close connection with the construction of the empirical data with which it is supposed to be filled. This requires a certain level of aggregation since it would be impossible in practice to collect the data associated with the multitude of distinct production processes operating in the economy. Consequently, the input-output model represents sectors of production, rather than proper processes, and is not strictly disaggregated in the sense discussed above.

On the other hand, in Georgescu-Roegen's methodology, an analytical simile can only perform logical and pedagogical functions, such as "bringing to light important errors in the works of literary economists", and "illustrating certain points [...] to make them more understandable" (1971,337). This is the reason why he dedicates a great deal of attention to the conceptual consistency of his models. Conversely, he denies that such a model allows empirical tests to be performed. Georgescu-Roegen considers that measuring instruments make empirical validation possible in the physical sciences because they provide an objective standard of accuracy for the model. Conversely, he argues that in social sciences, "there is no such objective standard of accuracy" (333).12 As a consequence, models are only helpful tools to think more rigorously about some conceptually well-specified problem. The flowfund theory is clearly developed from this perspective.

The Dynamic Model and Qualitative Change

The analysis of multiple processes above leads to a dynamic model. For this purpose, Georgescu-Roegen (1976,246) considers the very simple flow-fund model, shown here in table 2, where two processes produce goods that serve for both consumption and equipment. In this table, coefficients x ij , X ij , and H j represent fixed proportions. The actual flows and funds of the processes depend on scale coefficients λ j , which affect all factors linearly.

Table 2: Dynamic Flow-Fund Table

P 1 P 2 Flow Coordinates C 1 x 11 λ 1 (t) -x 12 λ 2 (t) C 2 -x 21 λ 1 (t) x 22 λ 2 (t) Fund Coordinates C 1 X 11 λ 1 (t) X 12 λ 2 (t) C 2 X 21 λ 1 (t) X 22 λ 2 (t) H H 1 λ 1 (t) H 2 λ 2 (t)
In addition, z 1 (t) and z 2 (t) denote the amounts of goods C 1 and C 2 that are left for consumption. These consumption levels are equal to the net products of goods minus the share that is saved to increase their corresponding scales of production. 13Hence, the simplest dynamic equations for such a system are the following:

     z 1 (t) = x 11 λ 1 (t) -x 12 λ 2 (t) -X 11 λ1 (t) -X 12 λ2 (t) z 2 (t) = -x 21 λ 1 (t) + x 22 λ 2 (t) -X 21 λ1 (t) -X 22 λ2 (t) (3)
If planned consumption levels are given, these equations allow the required trajectories for the scales of production processes to be determined. However, Georgescu-Roegen underlines that such trajectories exist only if some conditions are satisfied by planned consumption levels. In particular, he argues that if the system is not initially growing, the consumption level must drop to a lower level before it starts rising. [START_REF] Mayumi | An Epistemological Critique of the Open Leontief Dynamic Model: Balanced and Sustained Growth, Delays, and Anticipatory Systems Theory[END_REF] refines this argument and explicitly states the formal constraints that bear on such a system. If y 1 and y 2 are the net products, these constraints include in particular that there exists ξ > 0 such that for any t > 0:14 

     y 1 (0) -z 1 (0) > t 0 dz 1 (τ ) dτ e -ξτ dτ y 2 (0) -z 2 (0) > t 0 dz 2 (τ ) dτ e -ξτ dτ (4)
If the system is initially stationary, we have y 1 (0) = z 1 (0) and y 2 (0) = z 2 (0). The conditions above clearly imply that z 1 and z 2 must necessarily decrease before they start growing, vindicating Georgescu-Roegen's claim.

Georgescu-Roegen acknowledges that, under this form, the dynamic flow-fund model is equivalent to that of the "Leontief system" (1971,270). However, he also insists on the idea that, "an increase in the product flow requires that some additional processes be first created" (273, italics in the original). In other words, saving produced goods is not sufficient to increase the scales of production processes. Goods must in addition be consistently arranged together in order to form a new production line. Moreover, the process must also be "primed", in the sense that its process-fund must be completed before products start flowing out of the process. Therefore, there should be a lag between the moment goods C i are saved on production and the moment they actually increase the scales of production processes. Analytically, this leads to the introduction of delays in equations (3). Once again, [START_REF] Mayumi | An Epistemological Critique of the Open Leontief Dynamic Model: Balanced and Sustained Growth, Delays, and Anticipatory Systems Theory[END_REF] shows that some structural conditions on flows, funds, and delays must be satisfied for a solution to exist.

From a methodological standpoint, the introduction of delays in the dynamic model is intimately connected with the conceptual foundations of Georgescu-Roegen's theory of production, and in particular with the notion of process. However, as Georgescu-Roegen himself notices, the fact that the resulting equations "do not possess the analytical simplicity of the purely dynamic systems has made their study less profitable and has deterred their use in concrete applications" (1971, 274f, 100). While Mayumi's developments show that this model is not completely intractable, it certainly represents a significant increase in complexity. Hence, one may legitimately wonder if this contradicts the principle of building "simple-minded" models, which is foundational to Georgescu-Roegen's methodology. The answer to this question obviously depends on the problem one wishes to investigate with the model, and whether delays in scaling up production capacities represent an important aspect of it. In this sense, it seems more appropriate to consider these delays as an analytical option that can be introduced in dynamic equations only if they are relevant to the issue at hand.

In any case, the dynamic model rests on the assumption that the different elements of a production process combine in constant proportions. In the flow-fund framework, this assumption derives from the strictly disaggregated approach where a change in the level of production corresponds to the addition of as many produc-tion lines, all identical to each other.15 Thus, a doubling of production requires a duplication of the existing process. Moreover, this perspective underlies Georgescu-Roegen's criticism of neoclassical models, which rest on the idea of perfect substitution between factors of production. For instance, he considers that, "a more capital intensive process normally requires a different type of capital," and therefore that, "there is no sense of speaking of the elasticity of substitution between homogeneous capital and homogeneous labor" (1971,(243)(244). In other words, for him, "any change in the combination of factors implies a qualitative change" (1976,243). Therefore, in the flow-fund framework, qualitative changes permit new production processes to appear, instead of merely modifying the proportions in a given process.

It is for this reason that Georgescu-Roegen insists on Schumpeter's distinction between "growth" and "development." The former is a quantitative increase with qualitatively invariant production processes, while the latter is the result of a qualitative change. Schumpeter illustrates this distinction stating that you can "add successively as many mail coaches as you please, you will never get a railway thereby" [START_REF] Schumpeter | The Theory of Economic Development: An Inquiry into Profits, Capital, Interest, and the Business Cycle[END_REF], quoted in Georgescu-Roegen 1976, 243). Thus, the dynamic flowfund model above may only be an analytical simile of growth. Instead, the "inherent dependence on quality" of economic development "puts it well beyond the reach not only of the dynamic models, but of any other conceivable arithmomorphic apparatus" (1976,245). 16 Indeed, qualitative change involves new products, new factors of production and new analytical relations. The type of differential equations used in dynamic models cannot account for these changes, because they necessarily rely on continuously defined variables. More precisely, the mechanisms underlying such changes correspond to what [START_REF] Mayumi | An Epistemological Critique of the Open Leontief Dynamic Model: Balanced and Sustained Growth, Delays, and Anticipatory Systems Theory[END_REF], drawing on the work of Robert Rosen, calls "anticipatory behaviors." Anticipatory behaviors are behaviors that seek to modify the general principles that underlie the functioning of the system. A formal model necessarily involves a definite set of principles, and cannot represent such an internal mechanism of qualitative change.

The distinction between growth and development is also intimately connected to Georgescu-Roegen's discussion of the status of time. He underlines that the mechanical conception of time relies on a parallelism between two mechanical phenomena, one of which serves as a clock. Therefore, there is no reason that all phenomena can be indexed by clock-time once we leave the phenomenal domain of mechanics. From this point of view, in economics, a dynamical model relying on clock-time can represent pure growth because it is in essence mechanical. However, once qualitative changes come into play, mechanical time becomes irrelevant. More generally, the idea that "the march of the entire economic process can be described by a system of differential equations with clock-time as the independent variable-an idea underlying many macro-dynamic models-is in all probability vitiated ab ovo" (1971,139).

Instead, the march of the economic process is intertwined with historical time, which involves the transformation of technologies, institutions, and many other aspects of economic life.

Overall, this section has shown that the first phase of development of the fundflow theory, from the mid-1960s to the mid-1970s, was motivated by methodological and theoretical concerns regarding the theory of production. This leads Georgescu-Roegen to develop a time-explicit model as an alternative to the neoclassical production function. While he recognizes some similarities between the Leontief model and his multi-process model, his approach is distinct in a number of ways, such as the difference between funds and stocks, and the existence of delays in dynamic models. These distinguishing characteristics stem from his methodological perspective, and in particular from his insistence on conceptual foundations. Moreover, Georgescu-Roegen's models are concerned with purely theoretical issues, whereas empirical aspects are central in the operationalist methodology underlying the input-output framework. While these differences may appear marginal to those focusing on analytical formalism, they are crucial once we adopt a broader perspective of economics.

The Physical Dimension of the Economic Process

In the first phase of development of the fund-flow theory examined in the previous section, references to the physical dimension of production remained marginal. It was only in the late 1970s that Georgescu-Roegen (1977, 1978a,b) truly introduced energy and material flows in the multi-process model, and used it to investigate related questions. This reflection led to his article entitled "Energy Analysis and Economic Valuation" (1979a), which provides a comprehensive overview of his outlook on these topics. Moreover, the multi-process model with matter and energy was used repeatedly up until the end of his career (1982; 1984; 1986). This section investigates this aspect of the flow-fund theory.

Energy and Material Flows

Georgescu-Roegen is well known for his insistence on the role of the laws of thermodynamic in the economic process.17 He asserts for instance that, "from the purely physical viewpoint, the economic process is entropic: it neither creates nor consumes matter or energy, but only transforms low into high entropy" (1971,281). This statement combines the first law of thermodynamics, the conservation of energy, with the second law, the rise of entropy. Stated in another way, when energy changes its form, its quantity is conserved, but it is subject to some qualitative degradation. However, Georgescu-Roegen is also concerned with the properties of matter here. Regarding the first law, this simply leads to interpret it more broadly as the conservation of energy and matter separately. The question of the qualitative degradation of matter is more controversial. In fact, this last question is one of the motivations behind Georgescu-Roegen's introduction of energy and material flows in the multi-process model. In particular, he vividly criticizes the "energetic dogma", according to which "energy is the only necessary support of the economic process" (1979a, 1024).18 For this purpose, he proposes a fourth law of thermodynamics, according to which matter is also subject to irreversible dissipation. However, biologists and physicists have questioned this law [START_REF] Cutler | When, Where, and by How Much Do Biophysical Limits Constrain the Economic Process? A Survey of Nicholas Georgescu-Roegen's Contribution to Ecological Economics[END_REF]. Following Mayumi (2001, chap. 5), we can consider that the formal statement of this law is not theoretically compatible with thermodynamics, but that it is relevant in practice, under the form of the impossibility of complete recycling.

For these reasons, Georgescu-Roegen considers that it is necessary to account for the dissipation of both matter and energy when representing the physical aspects of production. This leads to the representation presented in table 3 (1979a, 1042). The six processes are: the production of controlled matter CM from matter in situ M S by P 0 ; the production of controlled energy CE from energy in situ ES by P 1 ; the production of capital equipment K by P 2 ; the production of consumer goods C by P 3 ; the recycling of matter by P 4 ; and the consumption sector P 5 . In this representation, the impossibility of complete recycling leads to the distinction between recyclable material wastes RW -that can be transformed into recycled matter RM -and dissipated matter DM -which is definitively non recoverable. In addition, there are two other forms of wastes: dissipated energy DE; and refused elements R, such as "crushed rock of an open-pit copper mine, most urban waste, and nuclear garbage " (1979a, 1041).

This table raises the question of how such a representation can take into account the laws of thermodynamics. Georgescu-Roegen notices that it is possible to write the laws of conservation for matter and energy as long as it can be assumed that "all flows must be expressed in physical units (calories or moles, for instance)" (1979a, 1028). However, the "refused" elements raise an issue, "because R may include both energy and matter," in such a way that, "we can no longer write the relations for the conservation of these items separately" (1041). Similarly, even though some forms of energy get into the economic process without any material content, as is the case for solar energy19 , most actual energy flows involve matter as well, especially fossil fuels. In this last case, the material basis involves CO 2 emissions, which are among the most important drivers of climate change. For these reasons, it would seem relevant to separate the accounting of flow elements from the accounting of their energy and material contents. This is, for instance, what [START_REF] Frank | Entropy, Limits to Growth, and the Prospects for Weak Sustainability[END_REF] does, in a similarly disaggregated framework. Accordingly, there would be no obstacle incorporating the first law of thermodynamics in the multi-process model. 
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The case of the entropy law is more intricate. As [START_REF] Mayumi | -1994): An Admirable Epistemologist[END_REF] underlines, the standard form of the entropy law only applies to isolated systems, whereas the economic process is an open thermodynamic system. Hence, Georgescu-Roegen's characterization of natural resource inputs as "low entropy" and output wastes as "high entropy" is mostly heuristic, and does not lead to a formal incorporation of the entropy law in the multi-process model. On some occasions, he also considers the economic process as a "dissipative structure " (1978a, 356), following the approach introduced by Ilya Prigogine (1967). In such a system, a flow of matter and energy compensates for the internal production of entropy and allows maintaining the internal structure. Thus, the system can reach a steady state far from thermodynamic equilibrium. In the case of production processes, as Georgescu-Roegen (1971, 238) notices, "a factory system once set in order is a steady state." In other words, once the process-fund is completed, the internal entropy of the process is constant and flows have constant rates. It is precisely for this kind of situation that [START_REF] Frank | Entropy, Limits to Growth, and the Prospects for Weak Sustainability[END_REF] proposes a formal incorporation of entropy, which could be adapted to the multi-process model.

While this may be useful to take the laws of thermodynamics more explicitly into account in the flow-fund framework, it is also important to consider Georgescu-Roegen's own early warning regarding the limits of such an approach: Instead of looking for a thermodynamic homology in the usual mathematical systems of economics, we may now try to represent the economic process by a new system of equations patterned after that of thermodynamics. [...] But to write any set of the initial equations, we must know the exact nature of the individual process to which it refers. And the rub is that in the long run or even in the not too long run the economic (as well as the biological) process is inevitably dominated by a qualitative change which cannot be known in advance. (Georgescu-Roegen, 1971, 17) This means that thermodynamic equations are only meaningful for a given set of processes. Once qualitative change comes into play, it is necessary to rewrite the laws of thermodynamics for the new system. Hence, the actual constraints that these laws impose on the economic process cannot be straightforwardly assessed in the case of development by qualitative change.

Beyond the physical aspects of the economic process itself, one might wonder how the broader biophysical context in which it is embedded may be taken into account in the flow-fund framework. Georgescu-Roegen introduces the flows of natural resources coming from the environment and the flows of wastes returning to it. However, he does not explicitly account for the stocks or the ecological processes from which natural resources are drawn and where wastes are rejected. In this sense, his flow-fund theory focuses mostly on the internal structure of the economic process, and not on the surrounding biosphere. For this reason, Farrell and Mayumi (2009, 304) suggest an extension of his theory with the concept of "meta-fund," which they define as "a special kind of fund where service is provided from outside the defined boundaries of a specified production process." This new category is meant to include environmental aspects, such as the "earth's sun" and "fisheries," but also social ones, such as "institutions, customs and traditions." However, Farrell and Mayumi consider that the "meta-fund is a non-arithmetizable variable," thus rejecting the possibility of formally representing it in the multi-process model. 20Overall, it is clear that the physical dimension of production occupies a central place in the flow-fund theory. Following [START_REF] Spash | New Foundations for Ecological Economics[END_REF], it is possible to reformulate this in terms of a hierarchical ontology, where the economic process is embedded in the physical world. In particular, the introduction of energy and material flows in the multi-process models reflects the idea that the economic process is an open thermodynamic system. However, as the following subsection shows, it does not involve a physical reductionism either.

An Anti-Reductionist Approach to Value and Prices

As underlined by [START_REF] Gowdy | The Evolution of Georgescu-Roegen's Bioeconomics[END_REF], the preoccupation with value is one of the threads that runs through Georgescu-Roegen's career, from his contribution to consumer theory to his thermodynamic approach, and even his work on the institutions of agrarian economies. 21 In particular, he considers that, "low entropy [...] is a necessary condition for a thing to have value", but "this condition [...] is not also sufficient" (1971,282). On the one hand, this underlines that the economic process necessarily involves inputs of high physical quality. On the other hand, it warns against reducing all value to this physical facet. In this context, the notion of "low entropy" remains mostly heuristic. The different forms of energy are distributed continuously along a scale of quality, therefore, there is no clear criterion to say what is low or high entropy. 22 Despite that, Georgescu-Roegen's position clearly corresponds to what Spash (2012) calls an anti-reductionist ontology. In this approach, the economy is embedded in the physical world, but it has some specific features that we must apprehend for their own sake. This is particularly clear in the following assertion:

The economic process, to be sure, is entropic in each of its fibers, but the paths along which it is woven are traced by the category of utility to man. It would therefore be utterly wrong to equate the economic process with a vast thermodynamic system and, as a result, to claim that it can be described by an equally vast number of equations patterned after those of thermodynamics which allow no discrimination between the economic value of an edible mushroom and that of a poisonous one. (Georgescu-Roegen, 1971, 282-283) Hence, Georgescu-Roegen's conception of value ties together the physical and social determinants of usefulness. In this sense, it is opposed to the neoclassical approach, which focuses exclusively on a restrictive conception formulated in terms of individual preferences. However, it is also at odds with the "energetist" perspective, which tends to reduce economic value to its physical facet. The roots of this last approach go back the end of the 19th century. It was especially defended by a number of renowned scientists, such as Wilhelm Ostwald and Frederick Soddy, who both received the Nobel Prize in Chemistry [START_REF] Mirowski | Energy and Energetics in Economic Theory: A Review Essay[END_REF]. 23 At that time, their physically reductionist conception of value was formulated as an intuitive and general principle. In the 1970s, this perspective was revived, with various attempts to give it analytical and empirical foundations, such as those of Malcolm [START_REF] Slesser | Accounting for Energy[END_REF] and Martha [START_REF] Gilliland | Energy Analysis and Public Policy[END_REF]. More precisely, these works intended to prove that there is a relationship between the price of a commodity and the energy consumed directly and indirectly in its production. This approach became known as the "energy theory of value."

Georgescu-Roegen vividly criticizes this perspective, thus illustrating the antireductionist ontology supporting his own conception of the economic process. His criticism relies on the analysis of prices in the flow-fund framework. In order to present it, let us consider table 3, and introduce the following notations: X, the matrix of the first five rows and five columns of the flow coordinates; a = (a j ) j=0,...,4 , the 22 For example, should we consider that a heat source at 100 • C is low entropy, and another one at 50 • C is high entropy? Such a choice would be completely arbitrary.

23 Though Soddy was primarily known as a chemist, he also made a significant contribution to economics, as his book Cartesian Economics (1922) testifies. In particular, he was concerned by the fact that focusing on monetary flows tends to hide the inherently physical nature of the economic process. According to him, financial and fiscal crisis were a consequence of the growing discrepancy between expected monetary returns and physical constraints on production.

row vector of the energy equivalent of produced commodities; and ne = (ne j ) j=0,...,4 , the row vector of the net energy of production processes. Then, energy equivalents are determined according to how controlled energy CE is distributed among the other production processes. Thus, a unitary energy equivalent is attributed to CE, so that a 1 = 1. Furthermore, all non-energy production processes must by definition have a neutral balance in energy equivalent, therefore ne j = 0 for j = 0, 2, . . . , 4. The coefficient ne 1 measures the overall performance of the energy production process P 1 , taking into account the indirect energy necessary to maintain capital equipment. These assumptions imply that the variables satisfy the following equation:24 a.X = ne

(5)

Similarly, in table 3, prices of flows and funds are related to each other through accounting identities between revenues and expenses for each process. For this purpose, we must define: p = (p j ) j=0,...,4 , the row vector of prices for flow elements; P = (P j ) j=0,...,2 , the row vector of income for fund elements; and Y , the matrix of the first five columns of fund coordinates. These variables satisfy:

25 p.X = P.Y (6)
The first important feature of this equation is that it is not equivalent to equation ( 5) defining energy equivalents. Even though they share the same matrix on the left, the differences on the right prevent any theoretical relationship between prices and energy equivalents from being established. Thus, the difference between the two equations crucially relies on the role played by funds in the economic process. It is only if funds are not taken into account that a relationship between prices and energy equivalents may exist. This is the reason why Georgescu-Roegen criticizes the advocates of the energy theory of value for following "the fallacious practice in standard economics of ignoring the essential difference between flows [...] and funds " (1979a, 1044). It leads him to the conclusion that "reducing economic value to energy is a more extreme position than the purest theory of labor value " (1979a, 1048). This highlights once again the anti-reductionist nature of his approach.

In addition, equation ( 6) has another interesting feature: it does not completely determine the relative levels of prices because it contains more unknowns than equations. This derives, in particular, from the fact the price of the flow element of capital is not equal to the income of the fund element of capital. As Mayumi (2001, 72) notices, this is an important difference with Sraffa's approach, and the two frameworks lead to similar price equations only when the rate of profit is equal to 0. In the flow-fund framework, Georgescu-Roegen argues that, "the indeterminateness is removed by additional factors of a purely economic nature, such as tastes and income distribution " (1979a, 1048). Hence, in this approach, the structure of the economic process and institutional aspects codetermine prices. This opens up possibilities for taking into account broader social constraints on price determination, such as those that [START_REF] Georgescu-Roegen | Economic Theory and Agrarian Economics[END_REF], 1969a) investigates in the case of agrarian economies.

Viability, Prices and Solar Energy

When it comes to long-run prospects for energy technologies, Georgescu-Roegen underlines the limits inherent to terrestrial forms of energy. He analyses the limited availability of fossil fuels, the risk associated with nuclear fission, and the technical obstacles on the way of controlled nuclear fusion. 26 This leads him to the conclusion that, "the terrestrial energies on which we can rely effectively exist in very small amounts, whereas the use of those which exist in ampler amounts is surrounded by great risks and formidable technical obstacles" (1975,371). Conversely, he considers that, "the feasibility of using the sun's energy directly is not surrounded by risks or big question marks; it is a proven fact." Nevertheless, he also notices that solar energy has some drawbacks, and, in particular, that "the flow of solar energy comes to us with an extremely low intensity." Not withstanding these difficulties, he concludes that, "we should direct all our efforts toward improving the direct uses of solar energy" (1975,371).

Georgescu-Roegen's position on solar energy subsequently experiences a significant shift, even though he does not formally contradicts this initial standpoint. Above, Georgescu-Roegen only states that solar energy is "feasible," in the sense that its functioning does present technical problems. Later, he insists on the distinction between feasibility and "viability." According to this distinction, a technology is viable if it "is capable of reproducing itself " (1978b, 18). This means that each process composing the technology must be feasible, and that, as a whole, the technology is able to produce more of each commodity than it consumes. Georgescu-Roegen mostly applies this concept to the case of a technology based on solar energy, in order to assess whether the latter represents a relevant alternative to fossil fuels. For this purpose, he introduces table 4 (1979a, 1052), which represents three processes: P 1 produces collected solar energy with solar collectors SC and regular capital K; P 2 produces collectors; and P 3 produces capital.

This technology is viable if it is able to reproduce itself and deliver a surplus of energy and capital to the rest of the economy. Formally, this is represented by the following condition:

     x 11 -x 12 -x 13 > 0 -x 21 + x 22 = 0 x 31 -x 32 -x 33 > 0 (7)
Georgescu-Roegen is particularly interested in the relationship between viability and the existence of a consistent price vector for the system, defined by equation 26 Perturbation of the climate induced by CO 2 emissions was not yet a central concern for Georgescu-Roegen, as for most people at that time. However, he considered the possibility that the additional heat released by the conversion of terrestrial energies "may increase the temperature of the earth to the point at which the icecaps would melt-an event of cataclysmic consequences" (1975,358). 6). Using analytical results established in his previous work on the Leontief model (1951a), he shows that if a technology is viable, then there exists a set of positive prices that corresponds to it. However, he underlines that the converse is not true, and he gives an example where a set of positive prices exists despite the fact that the technology is not viable. Hence, the existence of a consistent price vector is not a sufficient condition for viability, even though it is a necessary one. This leads Georgescu-Roegen to conclude that only a purely technical analysis can prove that a technology based on solar technology is viable. More precisely, he considers that it is necessary to build "a pilot of full-fledged solar technology to prove its viability independent of prices" (1979a, 1053, italics in the original). 
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If solar energy is not viable, it means that its production must necessarily rely on conventional energy resources, such as fossil fuels, for the production of collectors and capital. Georgescu-Roegen (1979a, 1054) represents this situation in table 5, where P 4 produces fossil energy. In this framework, Georgescu-Roegen criticizes the idea that solar energy is not yet functioning on a large scale only because its price is too high compared to fossil fuels. In particular, he shows that if x 11 < x 12 , then the price of solar energy is higher than that of fossil fuels. Hence, the high price of solar energy may be a consequence of the fact that it is not viable, and therefore not a purely economic obstacle. In addition, [START_REF] Mayumi | The Origins of Ecological Economics: The Bioeconomics of Georgescu-Roegen[END_REF] shows that, even when a solar technology is viable, the production of solar energy with the help of fossil fuels may be cheaper. More precisely, he considers the case of a weakly viable solar technologywhere the last equation in condition ( 7) is equal to 0. Under this assumption, he shows that if the efficiency of the fossil process is high enough compared to that of the solar process, then the price of solar energy produced only with solar energy (table 4) can be higher than in the case where capital and collectors are produced by fossil fuels (table 5). Overall, these elements illustrate how the flow-fund framework can be used to analyze theoretical relationships between the physical and economic aspects of production.

Clearly, Georgescu-Roegen does not believe that solar energy already offers a viable alternative to fossil fuels. However, he considers that, "the Sun is the only steady and completely healthy source of energy," even though "it seems very unlikely [...] that it will enable mankind to fly in jets, to live in sky-scrapers, and to travel in automobiles at one hundred kilometers per hours, for example" (1979a, 1055). Hence, his claim against the viability of solar energy is rather a warning that the existence of feasible recipes for the collection of solar energy does not guarantee that they are able to support the current standards of living of industrialized economies.

Moreover, the viability condition in itself is only concerned with the reproduction of the internal structure of the economic process. Contrary to the interpretation of Gowdy and O'Hara (1997, 242), the viability condition is not directly concerned with the "resource and sink functions" of the surrounding environment. Hence, it is not true that a "technology that draws down irreplaceable stocks, or generates irreducible pollution, [...] is not viable." For instance, a technology based on fossil fuels can be viable if it satisfies a formal condition analog to (7), even though it is based on an exhaustible resource and leads to climate change. This does not mean that viability is completely disconnected from resource considerations. As Georgescu-Roegen (1984, 29) acknowledges, a viable technology must necessarily be "supported by some fuel, by some environmental resources," which it cannot create by itself. But issues regarding the depletion of the resource, or the pollution it generates, are rather complementary criteria according to which a technology should be assessed. They are not included in the condition of viability itself. Stated otherwise, viability is a necessary condition for sustainability, but not a sufficient one.

Concluding Remarks

The present paper confirms that the flow-fund theory occupies a central place in Georgescu-Roegen's thought. The paper puts particular emphasis on the relationships between this framework and two other aspects: Georgescu-Roegen's methodological discourse on economics; and his insistence on the physical dimension of the economic process. Schematically, these two aspects correspond to two successive periods in the development of the flow-fund theory. The initial motivation behind Georgescu-Roegen's flow-fund framework was to give consistent methodological and conceptual foundations to the theory of production. Subsequently, he more explicitly introduced considerations regarding the physical dimension of the economic process, while opposing any physical reductionism. Along the way, he used the flow-fund theory to examine various analytical questions, dealing for instance with dynamic changes, energy equivalents, prices, and viability. Despite that, the weakest side of Georgescu-Roegen's work certainly remains the lack of more significant applications of the flow-fund framework.

Various approaches have tried to extend the flow-fund theory in this direction. Among them, Multi-Scale Integrated Analysis of Societal and Ecosystem Metabolism (MuSIASEM) is certainly the approach that has generated the most fruitful research program. In the early presentations of this approach, the flow-fund framework is not mentioned (Giampietro andMayumi, 1997, 2000). However, the MuSIASEM is later presented as an "an application of the flow-fund model proposed by Georgescu-Roegen" (Giampietro et al., 2012, 175). According to this approach, the distinction between flows and funds is a crucial conceptual tool to analyze societal metabolisms. On the one hand, the MuSIASEM is particularly interested in flows such as food, energy, and water. On the other hand, it considers funds such as human activity, land use, and power capacity. This allows investigating both the external and internal constraints that apply to a given societal metabolism. On this basis, the MuSIASEM approach develops several concepts and quantitative methods in order to build an accounting scheme that can be used to study existing situations and hypothetical scenarios. One of the most important challenges in this respect is to choose the relevant scale according to which flows and funds are to be accounted for and to provide a consistent interpretation of the empirical results in order to inform public policies.

Therefore, the main influence of the flow-fund theory on the MuSIASEM approach is the conceptual distinction between flows and funds, and the general understanding of the functioning of the economic process that it conveys. Conversely, the analytical models developed by Georgescu-Roegen, such as the multi-process model and the dynamic model, are not explicitly used in the MuSIASEM. This is mainly a consequence of the fact that the methodological outlook is different. The MuSIASEM approach aims at providing tools of empirical assessment, whereas Georgescu-Roegen's work was mostly concerned with theoretical aspects. This does not make the MUSIASEM a less legitimate application of the flow-fund theory, but it underlines that there is still a need for the development of the flow-fund framework on the theoretical side.

A more recent proposal uses the flow-fund theory as a basis for ecological macroeconomics by combining it with post-Keynesian stock-flow consistent models [START_REF] Dafermos | A Stock-Flow-Fund Ecological Macroeconomic Model[END_REF]. Once again, it is mainly the conceptual distinction between flows and funds that is used, and not the associated analytical models. In particular, the model does not explicitly represent production processes associated with energy and matter, and their corresponding funds. Therefore, it puts aside some aspects of the disaggregated approach, which is at the heart of the flow-fund theory. [START_REF] Mayumi | The Origins of Ecological Economics: The Bioeconomics of Georgescu-Roegen[END_REF][START_REF] Mayumi | An Epistemological Critique of the Open Leontief Dynamic Model: Balanced and Sustained Growth, Delays, and Anticipatory Systems Theory[END_REF] provides the most direct analytical developments of Georgescu-Roegen's flow-fund framework. He investigates the properties of the dynamic model with delays, the determinants of prices, and their relationships with energy equivalents and viability. While these are important achievements, it is certainly possible to further explore the analytical features of the flow-fund framework, in order to gain insights in various issues related to the physical and economic dimensions of production.

Overall, Georgescu-Roegen provided solid methodological and theoretical foundations to the flow-fund theory of production. Thanks to this, it represents a credible alternative to the neoclassical theory of production, which remains popular in ecological economics, in particular under the form of the aggregate production function. 27The flow-fund theory also presents subtle methodological and conceptual differences with respect to the input-output framework. These distinctions are nevertheless important and invite an appreciation of the originality of Georgescu-Roegen's approach. The main challenge for future research is to develop applications of this framework, while trying to be faithful to its foundations.

Table 1 :

 1 Flow-Fund Table of Multiple Processes

	P 1	P 2

Table 3 :

 3 Flow-Fund Table with Energy and Material Flows

		P 0	P 1	P 2	P 3	P 4	P 5
			Flow Coordinates		
	CM	x 00	*	-x 02 -x 03 -x 04	*
	CE -x 10 x 11 -x 12 -x 13 -x 14 -x 15
	K	-x 20 -x 21 x 22 -x 23 -x 24 -x 25
	C	*	*	*	x 33	*	-x 35
	RM	*	*	-x 42 -x 43 x 44	*
	ES	*	-e 1	*	*	*	*
	M S -m 0	*	*	*	*	*
	RW	w 0	w 1	w 2	w 3	-w 4	w 5

Table 4 :

 4 Flow-Fund Table of a Technology Based on Solar Energy

	P 1	P 2	P 3
	Flow Coordinates	
	SE x 11 -x 12 -x 13
	SC -x 21 x 22	*
	K -x 31 -x 32 x 33
	Fund Coordinates	
	SC SC 1		

Table 5 :

 5 Flow-Fund Table with Solar and Fossil Energy

		P 1	P 2	P 3	P 4
		Flow Coordinates	
	SE	x 11	*	*	*
	SC -x 21 x 22	*	*
	K -x 31 -x 32 y 33 -y 34
	F E	*	-x 12 -y 43 y 44
		Fund Coordinates	
	SC SC 1			

This is in stark contrast with other aspects of Georgescu-Roegen's thought, such as his conception of thermodynamics, his bioeconomic perspective, and his evolutionary approach, which have been widely studied[START_REF] Cutler | When, Where, and by How Much Do Biophysical Limits Constrain the Economic Process? A Survey of Nicholas Georgescu-Roegen's Contribution to Ecological Economics[END_REF][START_REF] Mayumi | Information, Pseudo Measures and Entropy: An Elaboration on Nicholas Georgescu-Roegen's Critique[END_REF][START_REF] Bobulescu | The Making of a Schumpeterian Economist: Nicholas Georgescu-Roegen[END_REF][START_REF] Gowdy | The Evolution of Georgescu-Roegen's Bioeconomics[END_REF][START_REF] Bobulescu | The Making of a Schumpeterian Economist: Nicholas Georgescu-Roegen[END_REF][START_REF] Missemer | The European Journal of the History of Economic Thought[END_REF].

 3 Farrell and Mayumi (2009, 302) themselves recognize that their own "focus is comparatively narrow

." 4 Here, "physical" refers to flows of matter and energy going through the economic process. In particular, it does not refer to any "mechanical" conception of the economic process, which Georgescu-Roegen criticizes extensively.

[START_REF] Khan | Representation, Language, and Theory: Georgescu-Roegen on Methods in Economic Science[END_REF] already provides a discussion of Georgescu-Roegen's position regarding economic models. However, it focuses on a controversy about models of the market with a continuous set of traders, which Georgescu-Roegen only mentioned in passing. His theory of production appears to be a more relevant illustration of his methodology.

Georgescu-Roegen (1971, 229) acknowledges that the idea of "capital equipment being kept as a constant fund" is a "fiction," since it is subject to wear and tear. However, he underlines that what counts is not the preservation of its material aspect but its ability to provide services. For this purpose, he introduces the notion of maintenance flow as a way to account for that aspect.

All functions involved in this relation are defined on the interval [0, T ] of the duration of the process. This interval represents the temporal component of the process.

See forinstance Vittucci Marzetti (2013) for a more detailed presentation of the time-explicit model and a survey of the related literature.

This table is adapted from that ofGeorgescu-Roegen (1971, 254), with only two production processes for simplicity. As in Georgescu-Roegen's representation, a star indicates that the flow is null in the corresponding coordinates.

This question is all the more important that Georgescu-Roegen contributed to the literature on input-output analysis(1950; 1951b; 1951a).

The role of funds is also crucial in the determination of prices. In particular,Georgescu-Roegen (1971, 262-268) relies on this feature to solve Marx's problem of the transformation of values in prices. This issue is left out of the present paper, but the role of funds in the determination of prices is discussed in more details in subsection 3.2.

However, Georgescu-Roegen notices that other methods of inquiry are available in social sciences. For instance, it is possible to "feel into facts, or resort to introspection, or, above all, find out the motives of his subject by interrogating him"(1971, 363).

 13 Notice that the notion of "savings" refers here to a purely material aspect, as opposed to a monetary aspect. As such, whether money is exogenous or endogenous is not a problem here.

Formally, we have y 1 (t) = x 11 λ 1 (t)-x 12 λ 2 (t) and y 2 (t) = -x 21 λ 1 (t)+x 22 λ 2 (t). More precisely, inequalities (4) must be valid for balanced and sustained growth paths, defined by the fact that y 1 and y 2 are growing.

In particular, this differs from the input-output framework. The latter relies on the assumption of constant proportions because it makes it possible to directly associate the parameters of the model with empirical data. Thus, it derives from the operationalist methodology of Leontief[START_REF] Akhabbar | Wassily Leontief et la science économique[END_REF].

This is the reason whyMissemer (2017, 503) suggests that Georgescu-Roegen's approach fits best in the "agrowth" category, because he is concerned "neither with growth, nor with degrowth", but "with qualitative change, with development".

The present paper relies only on elementary knowledge of classical thermodynamics. See for example the first part of[START_REF] Herbert | Thermodynamics and an Introduction to Thermostatistics[END_REF] for a more complete introduction.

Georgescu-Roegen attributes this position to various authors coming from different disciplines, such as Howard Odum in ecology, Harrison Brown in chemistry, Alvin Weinberg in physics, and Kenneth Boulding in economics.

Here, I only mean that the flow of solar energy is immaterial. Of course, material funds, such as plants and solar panels, are necessary to transform it into useful forms of energy.

This distinguishes this approach from a number of works proposing formal models of interactions between economic and ecological processes, such as those of[START_REF] Martin | Entropic Irreversibility and Uncontrolled Technological Change in Economy and Environment[END_REF][START_REF] Martin | Entropy, Liberty and Catastrophe: The Physics and Metaphysics of Waste Disposal[END_REF].

 21 More generally, the relationship between social values and economic value is an important question in ecological economics. See for instance[START_REF] Martinez-Alier | Weak Comparability of Values as a Foundation for Ecological Economics[END_REF] for an investigation of this issue.

This equation is equivalent to the system of equations (11) obtained byGeorgescu-Roegen (1979a, 1045).

This is equivalent to equations (19) and (20) obtained byGeorgescu-Roegen (1979a, 1047- 1048). Notice however that X denotes a matrix of the rows and columns from the table, whereas he uses the transposed matrix.

For instance, among the most recent contributions using aggregate production functions, see[START_REF] Santos | Useful Exergy Is Key in Obtaining Plausible Aggregate Production Functions and Recognizing the Role of Energy in Economic Growth: Portugal 1960-2009[END_REF] and[START_REF] Keen | A Note on the Role of Energy in Production[END_REF]. These works are part of a broader research program, which seeks to introduce biophysical considerations in aggregate production functions. See especially[START_REF] Ayres | The Economic Growth Engine: How Energy and Work Drive Material Prosperity[END_REF] and[START_REF] Kümmel | The Second Law of Economics: Energy, Entropy, and the Origins of Wealth[END_REF] for more details.
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