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Overview
Drilling, extracting, processing and transporting resources (ores and energy) require resources. In his last report to the Club of Rome (1), Ugo Bardi takes a look at the history of natural resources used by mankind, and concludes that the issue is not about the quantity of resources available, but about how to extract it.
Phillipe Bihouix goes further along this idea (2). He claims that the major problem lies on the fact that the extractions of energy and matter (we call “matter” the non-energy mineral resources, most of which being metals) are interdependent. This dependence leads, he claims, to a vicious circle: as less energy resources are available, more metals are needed to extract energy. However metal resources are also scarce, so that more energy is required to extract them. In other words, and in line with Bardi’s analysis, limits to growth would not be related to the stock of resources (which will only be an issue in the very long term), but a medium-run problem in the coupled flow of energy and matter needed for growth. 
This article aims at evaluating the qualitative effects of these issues of flow of resources in a dynamic macroeconomic model in order to test whether Bihouix’s thesis holds water.
Methods
In order to test this argument, we design a multidisciplinary model using both economic and geoscientific inputs. 
On the economic side, we develop an extension of the Goodwin-Keen model. This model relies on a re-interpretation of the Lotka-Volterra dynamics by Goodwin (3) describing the evolution of the employment rate and the wage ratio, enriched by Keen (4) who added the dynamics of private debt. In this model, the production is represented by a rough Leontieff production function. The extension we propose consists in using an Input-Output approach to model production, in order to catch inter-sectoral frictions. We can therefore underline the role of the interdependence between energy and matter. We model a simplified economy where production is divided in four sectors: production of consumption goods (c), capital goods (k), final energy (e) and matter (m). The corresponding Input-Output matrix is the following, where each element  refers to the quantity of input i needed to produce one unit of output j:

The dynamics of the net production  is then deduced thanks to a mass balance equation :

The gross production vector  is directly linked to the investments made in each of these sectors, which are determined by the private profits.
The dynamics of the private debt, employment and wage ratio are obtained similarly to the Goodwin-Keen model.

[bookmark: _GoBack]The geoscientific part of the model consists in choosing the right coefficients of the matrix for the two natural resources. Using the outputs of an independent geophysical model (5) and continuing the current observed trends, we set the evolution of these coefficients such as  progressively tends to 1 throughout time, and the two coefficients   and  slowly increase through time. 
The model obtained after calculation is a dynamic system of 8 differential equations, describing the evolution of the GDP, wage ratio, employment rate, debt and natural stocks through time. We study these equations numerically, by simulating the variables’ evolution and exploring the phases space.
Results
We perform numerical simulations in order to determine the long-run equilibria of the dynamic system, and their basin of attraction. We observe several cases where the production falls, leading to a deep crisis : the employment rate and wage ratio decrease dramatically, and the debt explodes. 
These results reveal two different types of scenarios leading to a collapse:
· Physical collapses: the depletion (in flow terms) of the resources leads to a fall in production.
· Financial collapses: an explosion of the debt is observed, caused by excessive investments due to the depletion (in flow terms) of natural resources.
Conclusions
Under certain conditions, our model confirms the conclusion of the Club of Rome in the 70’s: “if the present growth trends […] continue unchanged, the limits to growth on this planet will be reached sometime within the next one hundred years” (6). Our predictions are even more alarming regarding the nature of theses limits: the issue is not the lack of stock of natural resources, but lies on the fact that we might not have enough resources to extract and transform resources, bringing the threat of these limits closer in time.
The model presented in this paper is quite new and innovative. It opens the door for a number of research avenues, among which:
· improving our understanding of the coupling between energy and matter and their macroeconomic impact; 
· testing various energy policies that would address the curse of resource scarcity (in flow terms);
· testing different scenarios of energy transition.
References
(1) U. Bardi, Extracted. Chelsea Green Publishing. 2014.
(2) P. Bihouix, Quel futur pour les métaux ? EDP Sciences. 2010.
(3) R. M. Goodwin, A Growth Cycle. Cambridge University Press. 1967.
(4) S. Keen, Finance and Economic Breakdown : Modeling Minsky’s  “Financial Instability Hypothesis”. Journal of Post-Keynesian Economics. 1995.
(5) O. Vidal, F. Rostom, A Prey-Predator model for Copper. Work In Progress. 2015.
(6) D. Meadows, D. Meadows, J. Randers, W. W. Behrens, The Limits to Growth. Universe Book. 1972.
