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Introduction

Neoclassical economists do not consider energy as an important driver of economic growth. In their perspective, economic growth comes from the accumulation of different capitals: technical capital, human capital, technological capital or public capital. Energy resources are also a capital: they belong to the so called natural capital. However, this capital is not specific so that, in the long run, it appears to be substitutable by other capitals [START_REF] Solow | The Economics of Resources or the Resources of Economics[END_REF][START_REF] Stiglitz | Growth with Exhaustible Natural Resources: Efficient and Optimal Growth Paths[END_REF].

Ecological economists have vigorously opposed these views in many ways. Two major contribution are the neo-thermodynamic theory of growth developed by Robert Ayres and Benjamin Warr [START_REF] Ayres | The economic growth engine: how energy and work drive material prosperity[END_REF] and the biophysical approach developed by [START_REF] Cleveland | Energy and the U.S. Economy: A Biophysical Perspective[END_REF][START_REF] Husson | Relating Financial and Energy Return on Investment[END_REF].

For Ayres and Warr and their followers [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], the measurement of energy from useful exergy allows the Solow residual to disappear. Thus energy would explain most of the 20 th century economic growth. However, the fragility of this approach lies precisely in the analytical framework in which it is situated. It falls under the same post-Keynesian criticism formulated during the Cambridge controversy towards Agregate Production Function [START_REF] Felipe | The Aggregate Production Function: 'Not Even Wrong[END_REF][START_REF] Robinson | The Production Function and the Theory of Capital[END_REF][START_REF] Sraffa | Production of commodities by means of commodities: prelude to a critique of economic theory[END_REF]. In other words, the physical and monetary dimensions of production are not distinguished but rather confused [START_REF] Hornborg | Ecological economics, Marxism, and technological progress: Some explorations of the conceptual foundations of theories of ecologically unequal exchange[END_REF][START_REF] Pellegris | Le découplage entre la consommation d'énergie et le PIB : questionnements théoriques et évaluations empiriques du rôle de l'énergie dans le processus de croissance économique. Pirgmaier, E[END_REF].

Faced with these limitations, the biophysical approach may appear more robust. According to these authors, economic development depends on the energy surplus, which directly rely on the EROI. To prove this, they establish a relationship between the EROI, the price of energy, the energy bill and thus the GDP. The mechanism can be summarized in the following figure: According to these economists, the EROI determines the price of energy [START_REF] Heun | Energy return on (energy) invested (EROI), oil prices, and energy transitions[END_REF] while the price of energy would, for a given energy intensity of GDP, affect the weight of the energy bill1 . Finally, an increasing energy bill would subtract sums used for consumption or investment and reduce the rate of economic growth [START_REF] Bashmakov | Three laws of energy transitions[END_REF][START_REF] Fizaine | Energy expenditure, economic growth, and the minimum EROI of society[END_REF][START_REF] Murphy | Energy return on investment, peak oil, and the end of economic growth: EROI, peak oil, and the end of economic growth[END_REF]. For example, in the US case, [START_REF] Fizaine | Energy expenditure, economic growth, and the minimum EROI of society[END_REF] estimate that the maximum bill to expect positive economic growth is 11%, which would correspond to an EROI of 11:1. However, this litterature has two limitations. Firstly, this work is (implicitly) based on the energy theory of value [START_REF] Costanza | Embodied Energy and Economic Valuation[END_REF][START_REF] Farber | Economic and ecological concepts for valuing ecosystem services[END_REF]. Although not always explicitly claimed (Pirgmaier, 2021), the EROI does correspond to the energy embodied in energy production. Yet this theory of value has been criticised for its substantialism and reductionism [START_REF] Hornborg | Ecological economics, Marxism, and technological progress: Some explorations of the conceptual foundations of theories of ecologically unequal exchange[END_REF].

Secondly, this work is questionable in terms of the method used. While the channel identified is a demand channel (the weight of the bill affects consumption and investment), the model used by Court and Fizaine (2016) take capital and labour, two supply variables, as the control variables. The model used does not therefore allow for a proper test of the hypothesis, which weakens the significance of the results.

In this paper, we argue that these difficulties can be overcome by turning to another paradigm: Marxist political economy. Thus, this paper can be understood as part of a collective movement to restore the Marxist perspective within the ecological economics [START_REF] Burkett | Marx's reproduction schemes and the environment[END_REF][START_REF] Foster | Ecological Economics and Classical Marxism: The "Podolinsky Business[END_REF]Pirgmaier, 2021). To show this we proceed in three steps. Section 2 shows that the Marxist framework allows us to theoretically identify a profit rate channel through which energy exerts a limiting character on the growth process. Sections 3 and 4 propose an empirical evaluation of this channel: section 3 presents our method while section 4 presents and discusses the results. Section 5 concludes.

The theoretical existence of a profit rate channel

Three elements structure the Marxist framework: (1) the adherence to the labour theory of value (2) the importance of the rate of profit in the economic dynamic, especially (3) the equalization of profit rate among industries. Let us see how these concepts are articulated to think about the limiting character of energy on the growth process.

The labor theory of value

Summarized briefly, the labour theory of value considers that the relative prices of goods are given by the quantities of labour (direct and indirect) that the goods incorporate. This theory therefore makes room for natural constraints: the more difficult goods are to produce, the higher the relative price will tend to be. From this point of view, the labour embodied in the production of energy is therefore a possible alternative to the EROI (embodied energy) to account for the price of energy.

Contrary to the energy theory of value, the labor theory of value is still discussed and some recent work have shown its relevance [START_REF] Cockshott | Testing Marx: Some new results from UK data[END_REF][START_REF] Cockshott | Robust correlations between prices and labour values: a comment[END_REF][START_REF] Tsoulfidis | Price-value deviations: further evidence from input-output data of Japan[END_REF][START_REF] Wright | Marx's transformation problem and Pasinetti's vertically integrated subsystems[END_REF][START_REF] Zachariah | value and equalisation of profit rates: a multi-country study[END_REF] to analyze relative prices dynamics.

The rate of profit

The rate of profit is a fundamental variable that determines the rate of accumulation, i.e. the rate of growth. Marx analyses the rate of profit as the ratio between two variables:  the rate of exploitation, which relates the amount of profits (P) to the wage bill (W)  the organic composition of capital (OCC), which relates the value of constant capital (that is machines and raw materials, C) to the value of variable capital (that is the value of the worforce, W).

𝑃𝑟𝑜𝑓𝑖𝑡 𝑅𝑎𝑡𝑒 = 𝑃 𝑊 𝐶 𝑊 + 1
The organic composition of capital is not a purely technical indicator, as prices will influence this ratio. Nevertheless, there is a technical component that Marx calls the technical composition of capital (TCC) which relates the quantity of machines (c) to the quantity of workers (L).

𝑇𝐶𝐶 = 𝑐 𝐿

If we add to the analysis, pc the unit price of capital and w the individual wage, the OCC can be expressed by the following equation:

𝑂𝐶𝐶 = 𝑐 𝐿 * 𝑝𝑐 𝑤 𝑂𝐶𝐶 = 𝑇𝐶𝐶 * 𝑝𝑐 𝑤
Thus, because it is a component of constant capital, when the price of energy increases, all else being equal, the price of constant capital (pc) increases. The organic composition increases, especially in the sectors where the technical composition (CTC) is the highest.

The equalization of profit rates among industries

This has two consequences: the most capital-intensive branches experience a fall in their profit rate, which drives the average profit rate of the economy down. However, this situation is not sustainable: in order for the capitalists in these industries to continue to produce, a change in relative prices must take place, otherwise they would have an interest in investing in industries with a less capital-intensive technical composition, as the rate of profit is currently higher there. Through this mechanism of capital reallocation, producing relative price movements, profit rates tend to equalize among industries. At the end of this process, all industries, whether intensive or not, gradually tend to align themselves with the new et lower (average) macroeconomic profit rate. The fall in the macroeconomic rate of profit is thus spread and borne by all branches of production 

Methods

In order to test the existence of the profit channel, we develops an econometric analysis of the relationship between the relative price of energy and the profit rate based on a panel of 16 countries over the period 1995-2019. Our starting hypothesis is that there is a significant and negative relationship between the relative price of energy and the profit rate of an economy.

Variables

We retain four variables to carry out this econometric work: a dependent variable that we seek to explain, the profit rate, and three explanatory variables. Among these three variables, we find, first of all, the relative price of energy, which is the variable of interest to us and whose influence on the profit rate we are trying to understand. To this variable, we have added two control variables, which are highly likely to influence the rate of profit according to the Marxist perspective mentioned above: the exploitation rate and the technical composition of capital. First, the exploitation rate, since this is the numerator of the rate of profit formula (see above). A fall in the rate of profit can be compensated by an increase in the exploitation of workers, that is, in the share of value added accruing to capitalists. This is one of the counter-tendencies identified by Marx to the tendency of the rate of profit to fall (Marx, Cohen-Solal and Badia, 1959). Second, the technical composition is also important as suggested in section 2: the effect of the energy price on the profit rate depend on how capital intensive is the industry or the country under study.

Data

All the data come from the OCDE database. Following the example of other Marxist works [START_REF] Basu | Quantitative empirical research in marxist political economy: a selective review[END_REF], the rate of profit series were obtained by relating the net operating surplus to the net value of capital. For the relative price of energy, we relate the energy price index to the consumer price index. When the energy price increases faster than the consumer index, the relative price of energy increases. For the exploitation rate, we relate the net operating surplus to the payroll.

The main innovation in terms of indicators relates to the technical composition of capital. Following [START_REF] Giampietro | The Metabolic Pattern of Societies: Where Economists Fall Short[END_REF], we considere that the capital intensity of an industry can be observed from the energetic metabolic rate (EMR) which relates the quantity of (primary) energy to the hours of work mobilized. Such a ratio offers the advantage to be truly technical in the sense that it does not rely on monetary aggregates but only on physical aggregates.

Linear regressions and estimators

Once the data are computed, we test the stationarity of our variables (see appendix 6.1.) before running multivariate linear regressions. We first run different models in order to confirm the number of explanatory variables to use (table 1). The result of these four pool OLS confirm the relevance of model D with all three explanatory variables (table 2). In a second step, we consider four econometric regressions that complement the last one (Pool OLS) that we have just presented. These new regressions allow us to confirm the robustness of our approach, as do Carpenter and [START_REF] Guariglia | Cash flow, investment, and investment opportunities : new tests using UK Panel data[END_REF]for an estimation of fixed capital accumulation on panel data. In the end, we report in Table 3 the following 5 regressions for our tri-variate equation:

1-A pool model with an OLS estimator (Pool Ordinary Least Square) where all our data are treated as a single geographic set. This model has already been estimated since it is the result of equation D, a model that will be called "Pool" in the following. 2-A country fixed effect model with within estimator ("Country" model) where the regression is conducted for each of the 16 countries. A fixed effect model means that "the difference between individuals can be captured by the constant" (Greene et al., 2011, p.345). Here, the estimated model will therefore have a different constant for each of the 16 countries. 3-A time fixed effect model with OLS estimator ("time" model) where the regression is conducted for each year. Example: we compile all the data from all the countries for the year 1995 and we look at the relationship that emerges. Unlike the previous model, there is not a constant for each country but for each year selected. 4-A model with country and time fixed effects with OLS estimator ("two effects" model) which combines the two previous models since we control here both the country and the year. 5-A random model with a random estimator: like a fixed-effect model, a random model will consider that being in country A, rather than in country B, will affect the relationship between profit and energy price. However, unlike the fixed-effect model, the random-effect model considers that it is possible for countries to respond differently to a change in energy price. In statistical terms, the relationship is not just affected by a different constant. We can first note that, with the exception of the "two-effects" model, whatever the model chosen, our variables are all significant. For all these other models, our independent variables are not only significant, but above all the coefficients are compatible with our hypotheses:  The increase in the price of energy tends to negatively affect the profit rate ("country," "time,"

Results

Results of multivariate regressions

"random" and "pool" models)  The exploitation rate tends to affect the profit rate positively (all models)  The increase in the technical composition of capital tends to affect the rate of profit negatively ("pool" and "time" models) or positively ("random", "country", and "two effects" models)

To choose between these different models, we run several tests (see appendix 6.2.). First, we distinguish a pool OLS pool from a country fixed effect model. In our case, it seems reasonable to consider a country fixed effect. Indeed, we can estimate that there are unobservable variables, specific to each of the countries studied. For example, some countries have a particular position in the value chain that allows for a higher profit rate than elsewhere, as the analysis of profit rates has revealed. The use of a Fisher test confirms this intuition and highlights significant effects linked to heterogeneity between countries.

We then determine whether a country fixed effect model should be preferred to a random effect model. To do this, we perform a Haussman test. With a p value < 0.05, this test leads us to prefer the fixed effect model. Finally, we need to decide whether the country fixed effects should be combined with a year fixed effect ("two way fixed" model). Here again, there is a test to guide us: the Lagrange multiplier test for time effect (Breusch-Pagan) for cylindrical panels. With a p-value > 0.05, this test leads us to prefer the model with only a country fixed effect. Finally, a last comparison must be made: that between a model with time fixed effects and a model with country fixed effects. The Fisher test allows us to decide in favor of the country fixed effects model. Finally, we test different characteristics that can modify the robustness of the selected model. Our data exhibits heteroskedaticity, serial correlation and cross sectional dependence (see appendix 6.3.). According to [START_REF] Baltagi | Econometric Analysis of Panel Data[END_REF], autocorrelation and cross-sectional dependence can be problematic for macroeconomic panels with large time series (beyond 20 to 30 years). Since our study covers a 24year period and our data are macroeconomic, we consider a procedure to take care of their presence. Heteroscedasticity also makes the estimates provided by the least squares method questionable (our various estimators are all derived from this method). The econometric literature suggests two different ways to take into account the behavior of model errors.

The first solution consists in keeping a model using the least squares method (Ordinary Least Square) but with robust standard errors [START_REF] Bai | Feasible Generalized Least Squares for Panel Data with Crosssectional and Serial Correlations[END_REF]. In the case where heteroscedasticity, autocorrelation and dependence between sections are present, [START_REF] Hoechle | Robust Standard Errors for Panel Regressions with Cross-Sectional Dependence[END_REF] recommends using the Driscoll-Kraay estimator.

The second solution proposed by [START_REF] Bai | Feasible Generalized Least Squares for Panel Data with Crosssectional and Serial Correlations[END_REF] is to use an FGLS (Feasible Generalized Least Square) model when the number of years T is greater than the number of individuals N, which corresponds to our situation (T= 25 and N=16). This type of model allows estimation in the presence of autocorrelation, dependence between sections within the panel and heteroscedasticity across the panel. 

Interpretation

The estimation of the two models is consistent with our hypotheses. The relative price of energy appears to be negatively correlated with the profit rate. The coefficient is -3.4. This means that when the relative energy price index increases by one unit, then the profit rate decreases by 3.4 percentage points. The interpretation of one unit of relative price is not immediately obvious. To understand it, we need to recall the values of relative prices: the relative price of energy ranges from about 0.75 to 1.10, between 1995 and 2019, for all countries combined. The change in the relative price of energy over the period is therefore less than one unit. The increase of one unit represents, in the case of a relative price of 0.75, an increase of 130%. Over the period studied, the energy price index increased by only 0.35 units, or about 46%. If we accept a rough calculation, it turns out that the increase in the relative price of energy would have cost 0.46*3.4 = 1.19 points of profit rate between 1995 and 2019. The effect therefore appears to be substantial over the period.

We can say that this empirical work largely validates the hypotheses formulated by the Marxist analytical framework. The latter thus appears heuristic in order to understand the way in which energy, an indispensable use value in the economy, exerts its effects on the dynamics of growth. In particular, we highlight a profit rate channel that, until now, seems to have been neglected by the literature in ecological economics which prefers the weight of the energy bill. Controlling for the exploitation rate and technical composition of capital, the effect of the relative price of energy is significant on the rate of profit, confirming the hypothesis of an action through the organic composition of capital.

Energy bill as part of the profit rate channel

It is possible to put this opposition between the rate of profit and the weight of the energy bill into perspective. Indeed, if we examine the formula of the weight of the energy bill in GDP, it is possible by rearranging the equation to include the variables we have used in our regression. The profit rate channel exhibits two control variables that are part of the definition of the energy bill. This could explain why, in the case of France, Marxist authors like [START_REF] Husson | Relating Financial and Energy Return on Investment[END_REF] observe a high correlation between the energy bill and the profit rate (fig. 3). It also confirms that the energy bill can be used in a supply channel (the profit rate channel) rather than a demand channel (as suggested by the biophysical approach). 

Concluding remarks

In this article, we have shown the heuristic character of the Marxist framework to show how energy acts as a limiting factor in the growth process. This framework makes it possible to identify a supply channel, the rate of profit channel, which appears more robust than a demand channel, the energy bill channel, highlighted by the authors of the biophysical approach. Indeed, the statistical work conducted on data from a panel of 16 OECD countries confirms the existence of this channel over the period 1995-2019. In contrast to the work of the biophysical approach, the control variables used are consistent with the hypothesis tested. Moreover, the reformulation of the energy bill (as a product of three factors: the relative price of energy, the technical composition and real labor productivity), suggests that the energy bill can also be interpreted in the context of a supply channel.

An interesting extension of this work would be to compare the results in terms of labor embodied in energy production with those in terms of energy embodied in energy production (EROI). 

Heteroskedaticity, auto-correlation and cross sectionnal dependance
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 1 Fig 1. Energy surplus as a limiting factor to economic growthSource: author
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 2 Figure2summarize what we call the profit rate channel:

  bill/GDP nGDP : nominal GDP ; rGDP : real GDP Pe : energy price; P : price; Pe/P : energy relative price Qe : energy quantity; h : hours worked ; Qe/h : technical composition of capital rGDP/h : real productivity of labor

Fig. 3

 3 Fig.3 Energy bill (as % of GDP) and the profit rate, France (1949-2006). Taux de profit = profit rate; consommation d'énergie en valeur (% du PIB) = energy bill (% of GDP) Source : Husson 2009

Table 1 .

 1 Different equations estimatedWith α, a constant ; β1, β2 et β3 coefficients of the explanatory variables explicatives and ε the error term. PR_NRJ = relative price of energy; Expl = exploitation rate; TCC = technical composition of capital. Source : auteur

	Model	Equation
	A	𝑃𝑟𝑜𝑓𝑖𝑡𝑅𝑎𝑡𝑒 = 𝛼 + 𝛽1𝑃𝑅 𝑁𝑅𝐽 + 𝜀
	B	𝑃𝑟𝑜𝑓𝑖𝑡𝑅𝑎𝑡𝑒 = 𝛼 + 𝛽1𝑃𝑅 𝑁𝑅𝐽 + 𝛽2𝐸𝑥𝑝𝑙 + 𝜀
	C	𝑃𝑟𝑜𝑓𝑖𝑡𝑅𝑎𝑡𝑒 = 𝛼 + 𝛽1𝑃𝑅 𝑁𝑅𝐽 + 𝛽2𝑇𝐶𝐶 + 𝜀
	D	𝑃𝑟𝑜𝑓𝑖𝑡𝑅𝑎𝑡𝑒 = 𝛼 + 𝛽1𝑃𝑅 𝑁𝑅𝐽 + 𝛽2𝐸𝑥𝑝𝑙 + 𝛽3𝑇𝐶𝐶 + 𝜀
		Modèles

Table 2 . Pool OLS with the different explanatory variables.

 2 

Source : auteur.

Table 3 . Results of multivariate regression of the rate of profit on the relative price of energy, the operating rate and the technical composition of capital.

 3 

	Models

Table 4 . Results of 3 models : fixed effect, Discroll & Kray and FGLS.

 4 It is clear that taking into account autocorrelation, heteroscedasticity and dependence between sections does not change our results. Both methods (Discroll & Kray and FGLS) give us significant coefficients (table 4)

			Models	
		« Country »	« Discroll &	« FGLS »
			Kray »	
	Relative price of energy	-3.4 ***	-3.4*	-3.4***
	Exploitation rate	0.09 ***	0.09*	0.09***
	Technical composition of	0.21***	0.21***	0.21***
	capital			
	R²	0.50	0.50	0.39
	Adj. R²	0.48	0.48	
	Number of observations	400	400	400
		*** p < 0.001 ; ** p<0.01 ; * p<0.05	
		Source : author	

Table . 7 Testing for heteroscedasticity, autocorrelation and cross-sectional dependence.

 . 

		Test	H0	Result	Interpretation
	Heteroskedaticity	Breush-	Homoskedaticity	88.522***	Heteroskedaticity
		Pagan		(BP)	
	Auto-correlation	Breush-	No auto-	264,89***	Auto-correlation
		Goodfrey-	corrélation	(chisq)	
		Woolridge			
	Cross-sectionnal	Breush-	No dependance	586,4***	Cross-sectionnal
	dependance	Pagan LM		(chisq)	dependance
	Cross-sectionnal	Pesaran CD	No dependance	5,544***	Cross-sectionnal
	dependance			(z)	dependance
			*** p < 0.01 ; ** p<0.05 ; * p<0.1	

Source : author

Indeed, the energy bill in relation to GDP can be expressed as the product of the energy price (p) and the energy intensity (E/GDP). Energy bill/GDP = p * E/GDP

Energy price Energy bill/GDP

GDP growth

Appendix

Unit root tests