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Abstract: The benefits of energy efficiency are recognized in multiple socio-economic spheres. Still,
the quantitative impact on macroeconomic performance is not fully understood, as modeling tools
are not thermodynamically consistent—failing to explicitly include the useful stage of energy flows
and/or thermodynamic efficiencies in primary–final–useful energy transformations. Misspecification
in the link between energy use and the economy underplays the role of energy use and efficiency
in economic growth. In this work, we develop and implement the Macroeconometric Resource
Consumption model for Portugal (MARCO-PT), 1960–2014. Based on the post-Keynesian framework
developed for the United Kingdom (MARCO-UK), our model explicitly includes thermodynamic
energy efficiency, extending the analysis to the useful stage of energy flows. The model’s stochastic
equations are econometrically estimated. The historical influence of key variables—namely ther-
modynamic energy efficiency—on economic output is assessed through counterfactual simulations
and computation of year-by-year output elasticities. The MARCO-PT model adequately describes
the historical behavior of endogenous variables. Although its influence has decreased over time,
thermodynamic efficiency has consistently been the major contributor to economic growth between
1960–2014, with an average output elasticity of 0.46. Total useful exergy is also a major contributing
factor, with an average output elasticity of 0.29. Both have a higher influence than capital, labor, or
other energy variables (final energy, prices). An adequate integration of thermodynamic efficiency is
thus crucial for macroeconomic models.

Keywords: energy efficiency; economic growth; energy economy modeling; thermodynamics; output
elasticity

1. Introduction

Increasing attention has been given to energy efficiency as a key resource for economic
and social development. The multiple benefits approach of the International Energy
Agency (IEA) [1] illustrates the vast potential for energy efficiency—a “first fuel”—in areas
of macroeconomics, productivity, health, pollution, and energy security, among others.

The area of macroeconomic benefits from energy efficiency is especially important
for policymakers and the general public, dealing mostly with the potential role of energy
efficiency as a driver (and/or constraint) of economic growth. As a mainstream branch of
economic analysis, the macroeconomic assessment has built up a large body of knowledge
over many years. Still, the ways by which energy use and energy efficiency influence
macroeconomic performance are not yet fully understood. To harvest the potential benefits
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of energy efficiency—and translate them into policy action—these must be acknowledged
not just qualitatively but quantitatively. Comparisons across studies are conflicted by,
among other factors, the methods used and the definition adopted for improvements in
energy efficiency.

Standard neoclassical growth theory overlooks the role of energy use and energy
efficiency, instead attempting to explain observed economics through either capital accu-
mulation or human labor growth but ending up having to attribute a considerable share of
historical growth in industrialized countries to a residual term—total factor productivity.
Often, total factor productivity is assumed to be exogenous or proxied by indicators that
are hard to quantify, a feature that has been carried over to models that forecast economic
growth and its implications for climate change (Section 2.1).

Unlike the standard neoclassical approach, in the field of ecological economics, we
can find both the recognition of the importance of energy as a driver of economic growth
and the argument that its importance is tied to its quality, in a thermodynamic sense,
and the stage at which it delivers economic value. The growing research field of exergy
economics has uncovered a strong relationship between economic growth and useful exergy
consumed. The latter corresponds to energy measured after all conversion processes, at
the point where it delivers energy services, and with the exergy metric, considering its
potential to perform physical work (exergy content, indicative of energy quality). Previous
work that adopts this energy metric has successfully linked it with changes in total factor
productivity and economic growth (Section 2.2).

Despite its importance, the insights obtained particularly from the subfield of exergy
economics have not found their way into the principal tools of macroeconomic modeling,
i.e., computable general equilibrium and macroeconometric models. These two approaches
are fairly distinct in their assumptions, flexibility, and assessment. While policymakers
benefit from complementing their decision processes with both types of models, as long
as they are limited to the final stage of energy flows and fail to acknowledge energy
quality, none of them can be considered thermodynamically consistent. Hence, they are ill-
equipped to adequately weigh the macroeconomic impacts of changes to energy efficiency
(Section 2.3).

To address this shortcoming in macro energy–economy models, the Macroeconometric
Resource Consumption (MARCO) model has been developed and originally implemented
for the UK economy. This post-Keynesian macroeconometric model explicitly incorporates
thermodynamic energy efficiency and extends energy flows to the useful stage. Through
counterfactual simulations, the MARCO-UK model concluded that the useful exergy
consumed and thermodynamic energy efficiency have had the biggest cumulative impact
on historical economic growth, compared both to traditional factors of production and
more conventional energy variables (Section 2.4).

We believe it is a logical step to adapt and implement the MARCO framework in
other developed economies to compare results. Hence, the present work does this for
Portugal 1960–2014. Section 2 details the background and motivation summarized above.
The methods detailed in Section 3 address some conceptual shortcomings of the original
MARCO-UK and, therefore, constitute a better blueprint for the future implementation
of the model in other economies. The results presented in Section 4 are compared with
those of the MARCO-UK and discussed in the context of previous findings concerning the
link between useful exergy, efficiency, and economic growth in the Portuguese economy.
Section 5 concludes and points out directions for future work.

2. Background and Motivation
2.1. Neoclassical Growth Theory—Ignoring the Role of Efficient Energy Use

Growth accounting is one of the workhorses of mainstream empirical analyses of
economic growth [2–5].

The most basic mainstream neoclassical growth models consider capital accumula-
tion and human labor as the only two factors of production contributing to economic
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output. These factors are weighed by their respective shares of payments in national
accounts—capital paid in operating surplus (rents, profits) and labor paid in compensation
of employees (wages, salaries)—and combined and corresponded to a level of output via an
aggregate production function (APF), generally of the Cobb–Douglas type—Equation (1),

Y = A·KαK ·LαK (1)

where Y is gross domestic product (GDP), K is capital, L is labor, αK and αL are the cost
shares, and A is an exogenous multiplier term, often called the total factor productivity (TFP).
While neoclassical growth theory expects the combined contribution from capital and
labor to be sufficient in accounting for historical economic growth, empirical work has
repeatedly shown that this is not the case for developed economies. In his landmark
growth accounting paper, Robert Solow concluded that the exogenous TFP term A in
Equation (1)—a “Solow residual”—accounts for over 85% of US growth (1909–1949). Since
Solow’s original results, residual TFP has been pointed out as the major driver of growth in
industrialized economies [6].

In dealing with the problematic concept of TFP, a strand of research has proposed to
accept it and look for the underlying factors that explain TFP changes—whether wanted
(technical and/or organizational innovation [7]) or unwanted (measurement errors, omit-
ted variables, aggregation bias [8–13]). However, while the combined efforts have led to
captivating avenues of research, a better understanding of the drivers of growth, and addi-
tions to countries’ statistical repositories [2–5,14,15], a considerable portion of TFP cannot
be “explained away” by either refined measurements of capital and labor or considering
broader investment concepts or technological spillovers [16].

Other strands of research opt to look beyond the concepts of the neoclassical pro-
duction function, TFP, and their simplifying assumptions and limitations. The aggregate
production function is open to critique due to “aggregation issues”: the condition under
which heterogeneous outputs and inputs can be summed across micro-production func-
tions to give an APF are so stringent that it is hard to believe such an aggregate function
exists [17,18]. The arguments concerning the aggregation problem state that the APF is
merely capturing an underlying accounting identity, which explains the good statistical fits
commonly obtained. The implications for empirical analysis include—but are not limited
to—the fact that the elasticity of substitution estimates does not reflect technological pa-
rameters [17,19]. Also, the famous Cambridge “capital controversy”, sparked by the work
of Piero Sraffa and Joan Robinson [20,21], pointed out that the aggregate measurement
of capital inputs involves adding up incomparable heterogeneous assets. The aforemen-
tioned studies constitute key moments in post-Keynesian macroeconomic theory [22].
Post-Keynesian economics rejects the methodological individualism that underlies much
of mainstream economics. It also rejects the need for optimizing microfoundations and the
concept of long-run supply-side equilibrium while maintaining that aggregate demand
matters both in the short and the long run. Supply operates as a potential constraint on
economic expansion, driving growth only when they effectively restrict demand (e.g., in a
scenario of full employment, the increase of labor productivity becomes imperative for the
elevation of overall output).

Regardless of how economic growth is justified, it is important for policymakers to
understand what drives it and how it can be modeled. It is not uncommon for widely
used economic growth scenarios to be built upon neoclassical aggregate production func-
tions, relying on projections for TFP that are either exogenous to the model or based on
several—often abstract—indicators (innovation, education, institutions, etc.) [23]. Most of
the Integrated Assessment Models (IAMs) that inform mitigation scenarios of the Intergov-
ernmental Panel on Climate Change (IPCC) resort to neoclassical production functions and
tend to treat TFP—and therefore most of economic growth—as exogenous [24], risking low
confidence in the quantitative predictions of such models [25].
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2.2. Ecological Economics—Energy’s Potential to Perform Work as a Driver of Growth

While providing a poor explanation for the drivers of economic growth, the basic
neoclassical approach also—notably—omits energy from its framework. The often-cited
argument [26] is that energy, allocated a considerably smaller share of payments in national
accounts, has a negligible productive power when compared to capital or labor. Intuitively,
it is hard to believe that production can be modeled without an essential role for energy. In
fact, misspecification in the interactions between energy and economic production might
account for the relevance attributed to residual TFP as the major driver of growth. That is,
at least, the predominant view in the field of ecological economics.

Within this field, there is a vast literature dedicated to introducing energy, in some
form, into the aggregate production function framework alongside capital and labor. Ini-
tial attempts still assumed perfect (or almost) substitution among factors [27–31], but
subsequent econometric analyses find evidence for complementarity (or weak substitutabil-
ity) [32,33] and introduce more realistic constraints on energy–capital substitution [34–37].
While concluding that energy scarcity will hamper future growth, most of these models
still assume indefinite TFP growth can assure economic development.

Other strands of work have focused directly on the link between energy efficiency
changes and the rate of economic growth. While uncovering evidence that the two are
positively correlated, the definition of energy efficiency—i.e., what is meant by it and what
is included—varies between different studies. Generally, this definition is based on the first
law of thermodynamics—the conservation of energy principle—and on transformations
from the primary to final stages of energy flows (e.g., electricity generation from coal).
However, first law efficiencies fail to acknowledge energy degradation due to irreversibili-
ties and changes in energy quality [38]. Stopping at the final stage of energy flows also fails
to account for energy delivered to economically productive end-uses and services.

The matter of energy quality can be assessed by redefining energy efficiency to consider
the second law of thermodynamics. While energy is conserved, the exergy content of
energy—its potential to perform physical work, i.e., to be productive, decreases as energy
is transformed [39]. Second law (exergy) efficiencies account for energy quality in a
comparable way. The benefits of shifting the focus from an energy to an exergy perspective
are acknowledged by several institutions [40]. The definition of energy (or exergy) efficiency
must also be extended to encompass the useful stage of energy/exergy flows responsible
for delivering economic value (e.g., electricity converted to light in a lightbulb) [41]. The
final-to-useful transition is, in fact, where most thermodynamic losses occur (Figure 1).
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The second law definition for thermodynamic energy efficiency has sparked new
insights regarding the contribution of energy to economic growth (motivated by the in-
creasing data availability on final and useful exergy consumption from societal accounting
studies [43–46]). Historically, economic growth has depended on increases in the supply
of useful exergy, achieved through a combination of increasing primary/final energy sup-
ply, shifting towards higher-quality carriers (e.g., oil to electricity), and improving the
efficiencies at all stages of the energy conversion chain [42,46–53]. These insights have
led to models for economic output that eliminate the need for exogenously driven TFP
growth, representing instead the dynamics of technological progress in terms of increasing
the efficiency of exergy conversion from the primary to the useful stage [42,46].

While relevant, these models do not fully capture the quantifiable macroeconomic
impacts of changes in energy efficiency. Modeling the complex interactions between energy,
production, prices, employment, and/or the environment requires advanced tools, i.e.,
macroeconomic energy–economy models.

2.3. Energy–Economy Models at the Macro Level and Their Limitations

The primary advanced methodologies for simulating the macroeconomic effects of
alterations in energy efficiency are computable general equilibrium (CGE) models and
macroeconometric models. These analytical frameworks find application across govern-
ments, international organizations, enterprises, and academia in evaluating economic and
energy-related policies [54–57]. While both methods share notable resemblances, with
their core reliance on social accounting matrices, they also exhibit significant disparities,
particularly concerning the treatment of human behavior.

CGE models are based on a standard Arrow-Debreu [58] general equilibrium frame-
work, drawing on neoclassical macroeconomic theory. These models can be comparative
static or dynamic [59]. The former focuses on modeling the reactions of the economy at only
one point in time, while the latter focuses on modeling dynamic adjustment paths. Perfect
knowledge of agents is assumed, which allows modeling optimizing behavior, something
CGE models almost always do. Frictionless markets allow price adjustments to balance
supply and demand [60] (newer generations allow for market imperfections [61]). These
models prove useful when studying economies of countries for which time series data are
scarce and can be replaced by strong, reasonable assumptions embedded in the model.

The approach generally adopted by macroeconometric models draws on Keynes’
analysis that the best estimates of future behavior are the trends that one can currently
observe [62]. These models allow for the possibility of fundamental uncertainty; hence,
modeling optimizing behavior is not possible. The economy is conceptualized as a non-
equilibrium system in the sense that markets are often inefficient, and prices do not auto-
matically adjust to market-clearing levels [63,64]. Without optimization, macroeconometric
models resort to alternate assumptions to populate model parameters. Historical trends
are assumed to be the best estimates of future behavior, and econometrics provides the best
tools to derive quantitatively the behavioral relationships. One advantage of these models
compared with the CGE approach is that they enable counterfactual simulations to be run
over the model’s time frame, isolating the effects caused by changes to any variable on the
whole economy. Such simulations have the flexibility to cause disequilibrium, propagation
of disturbances, and policy effects over the system [65].

Policy insights are highly dependent on the economic assumptions in each type of
model. CGE models provide an assessment of how the optimal use of available resources
might change, given a set of policy constraints. Macroeconometric models also provide
an assessment of how resource efficiency might change, but in addition, they show the
impacts of using more or less available resources. While introducing a regulatory policy
in a CGE model constitutes an additional constraint—and output can only decrease—in
a macroeconometric model, the same policy can increase the level of output if it is able
to draw on previously idle resources. Ultimately, it is unlikely that any single model can
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capture all relevant economy-wide effects of energy efficiency. Policymaking benefits from
exploring the complementarity of both CGE and macroeconometric models.

Regardless of their differences and similarities, both types of economy-wide mod-
els currently employed [66,67] cannot be considered thermodynamically consistent. De-
spite including capital, labor, and (primary or final) energy use as key inputs to produc-
tion [68,69], they do not explicitly include thermodynamic efficiency and the useful stage
of energy/exergy use or energy services. This is a very significant omission, especially con-
sidering the recent findings on the links between energy/exergy efficiency and economic
growth, as summarized in Section 2.2.

2.4. The Thermodynamically Consistent MARCO Model

The MARCO (Macroeconometric Resource Consumption) model represents a pi-
oneering step in energy–economy-wide modeling, incorporating thermodynamic effi-
ciency and energy services as explicit components [50]. Distinguishing itself from pre-
vious macroeconometric models [70,71], the MARCO introduces the concept of the use-
ful stage of energy/exergy consumption (following the “energy carriers for energy use”
thermoeconomics-based exergy analysis boundaries [39,72], as opposed to the extended
exergy analysis boundary [52,53]), serving as a proxy for energy services.

Being a post-Keynesian macroeconometric model, its development is rooted in em-
pirical data, highlighting the significance of aggregate demand in propelling economic
expansion while supply adapts to fulfill this demand. Borrowing from the principles of
ecological economics, the model posits energy and capital as predominantly complemen-
tary inputs. Rather than depending on exogenous TFP, the MARCO model internalizes
technical advancements, attributing all economic growth to factors within the model. Coun-
terfactual (ex-post) simulations enable explicit isolation and measurement of the impact of
improvements in thermodynamic efficiency and useful exergy on economic growth.

Applied to the United Kingdom’s economy over the past five decades, the MARCO-
UK model reveals that thermodynamic exergy efficiency—in conjunction with capital
investment—consistently exerts a significant influence on GDP growth [50]. When thermo-
dynamic efficiency was restricted to 1971 levels, there was a notable 25% reduction in GDP
by 2013, corroborating earlier findings in ecological economics [42,46,48]. Moreover, the
MARCO-UK model underscores that useful exergy has a higher impact on economic growth
than either final energy or energy prices, aligning with assertions in ecological economics
regarding the close connection between useful exergy and economic growth [42,49,73–75].

The United Kingdom has demonstrated comparable economic growth and patterns
of structural transformation, along with advancements in thermodynamic efficiency, akin
to other industrialized nations. Hence, it is legitimate to ask whether the findings of the
original application of the MARCO-UK model are replicable in other developed economies.
To address this, the present work focuses on the development and application of the
MARCO modeling framework to the Portuguese economy (PT) over the past 50 years.

Portugal is a good candidate for this type of analysis: in the last 50 years, there have
been both periods of considerable improvements and stagnation in the thermodynamic
final-to-useful energy/exergy efficiency of the country [44,76]. Furthermore, previous
analyses carried out with Portuguese energy/exergy and economic data have uncovered
robust evidence of a close relationship linking thermodynamic efficiency with total factor
productivity [42] and overall useful exergy consumption with economic growth [49]. These
observations make Portugal an interesting choice for a proof-of-concept expansion of the
MARCO model beyond the UK economy. The methodology presented in the next section
can be implemented for other economies in the future and the obtained results compared
with those presented in this work and in the original MARCO-UK paper.
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3. Materials and Methods

The MARCO-PT, like its UK counterpart, is a model with post-Keynesian character-
istics in the sense that aggregate demand drives economic growth, and supply adjusts to
meet demand.

The MARCO-PT framework integrates principles from ecological economics, specifi-
cally recognizing energy’s indispensability within the economic system and the predomi-
nantly complementary relationship between energy and capital inputs (on the one hand,
additional energy is required to operate an extra machine and, on the other hand, invest-
ment in capital is also required to activate energy efficiency gains). Energy flows are traced
beyond the primary and final stages, extending to the useful stage just prior to conversion
into energy services. These useful energy flows are quantified in terms of exergy, accounting
for both their quantity and quality in the economy. The transition between energy stages is
governed by two types of thermodynamic efficiencies: primary-to-final and final-to-useful.
An enhancement in final-to-useful efficiency allows the same quantity of final energy to
yield a greater amount of useful energy.

Thus, key energy variables within the MARCO-PT model encompass energy consump-
tion across primary, final, and useful stages, along with thermodynamic efficiencies at both
the primary-to-final and final-to-useful transitions, quantified in exergy units. At the final
energy stage, three sectors contribute to energy consumption: households (C), industry
(IND), and others (OTH, such as agriculture, government, and services). Figure 2 depicts a
simplified schematic representation of the MARCO-PT model’s structure.
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(MARCO-PT) model structure. Adapted from [50].

3.1. Model Equations

Two different types of equations constitute the model: (a) definitional or identities;
(b) econometric or stochastic (or behavioral). Definitional equations are based on the iden-
tities of the system of national accounts. For example, by the expenditure approach, GDP
(Y) is the sum of private consumption (C_T), government consumption (G), investment (I),
and the trade balance (X − M):

Yt = C_Tt + Gt + It + Xt − Mt (2)
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Equation (2) is an identity that holds true for all time. So are the following two
identities, based respectively on the income and production approach to measure GDP:

Yt = YFt + Wt + NETTAXt (3)

Yt = GVAt + NETTAXt (4)

where YF is the gross operating surplus, W is compensation of employees, GVA is gross
value added (at basic prices), and NET_TAX is net taxes on production.

The stochastic equations within the MARCO-PT model are grounded in empirical
data, with parameters estimated through econometric methods. These equations estab-
lish connections among several crucial variables in the model. For instance, labor supply
(L) is determined by GDP (Y) and other factors of production, including capital services
(K_SERV) and useful exergy (UEX_TOT)—as expressed in Equation (5). Similarly, invest-
ment expenditure (I) is influenced by factors such as firm profits (YF), capital productivity
(Y/K_NET), labor productivity (Y/L), and the efficiency of useful exergy consumption
(Y/UEX_TOT)—as depicted in Equation (6).

Lt = f (Yt, K_SERVt, UEX_TOTt) (5)

It = f (YFt, Yt/K_NETt, Yt/Lt, Yt/UEX_TOTt) (6)

The MARCO-PT model includes 29 identities and 25 stochastic equations. All equa-
tions are listed in the Supplementary Materials (Section S1). Data corresponding to all
variables included in the model is referenced in Supplementary Materials (Section S2).

The variables and parameters of stochastic equations, such as Equations (5) and (6),
are tested by employing suitable econometric techniques. Coefficients are derived from
ordinary least squares (OLS) regression with log-transformed variables [77]. Estimated
coefficients are scrutinized for statistical significance and conformity with theoretical pre-
dictions. The stochastic equations are also assessed for their goodness-of-fit and covariance
in forecasting the dependent variable based on variations in the independent variables.
Residuals are examined for normality, homoskedasticity, and serial correlation. For each
stochastic equation, the existence of a common long-term equilibrium relationship between
variables is tested using appropriate stationarity and cointegration techniques [78]. If no
evidence of cointegration is detected, the dependent variable is modeled with short-run
dynamics only (lagged terms) in a vector autoregressive (VAR) model. If cointegration is de-
tected, the dependent variable is modeled with both short-run and long-run dynamics—the
latter an error-correction term—in a vector error-correction model (VECM).

The estimation of stochastic equations is the core of the development and implemen-
tation of the MARCO-PT model. Truly, the stochastic equations are the model. In this
paper, this estimation is conducted by taking as a starting point the stochastic equations
previously determined for the MARCO-UK model [50]. The reasoning for this is that we
wish to evaluate whether (or how well) the framework of the MARCO-UK model adapts to
the characteristics of the Portuguese economy. The iterative process by which the stochas-
tic equations for Portugal are estimated and incorporated into the MARCO-PT model is
summarized in the flowchart of Figure 3 and detailed below.

The VECM stochastic equations in the MARCO-UK model—with both long-run and
short-run terms (LR+SR)—are econometrically tested with data for Portugal. This means
testing each individual variable time series for stationarity through appropriate unit root
tests—Augmented Dickey–Fuller [79] and Phillips–Perron [80]. It also means testing for
cointegration among the variables using the trace and max-eigenvalue statistics of the
Johansen procedure [78]. The Johansen procedure can test up to n − 1 cointegrating rela-
tionships among variables, where n is the number of variables included in the cointegration
space. If variables are integrated in the same order, and cointegration is observed, the
VECM formulation is adopted to forecast the dependent variable. On the other hand, if
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econometric testing fails to detect cointegration for Portuguese data, the VECM is reformu-
lated as a VAR with short-run terms only (SR).
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If stochastic equations—VAR or VECM—taken from the MARCO-UK model, when
re-estimated for Portugal (what is meant, throughout this paper, as directly adopting an
equation from the MARCO-UK model to include in the MARCO-PT model, is, in fact,
taking the form of the MARCO-UK equation and re-estimating its parameters with data
from Portugal), show a good fit to historical data, statistically significant coefficients,
acceptable values for normality, serial correlation, and homoscedasticity test statistics, and
high covariance in forecasting the dependent variable, then these stochastic equations are
included in the MARCO-PT model to run a basefit solution.

When the stochastic equations taken from the MARCO-UK model fail to accurately
fit Portuguese historical data; and/or forecast dependent variables with a high level of
covariance; and/or test statistics for normality, homoscedasticity, and serial correlation
fall outside acceptable values; and/or coefficients are not significant, then the stochastic
equation enters an iterative process of re-evaluation and re-estimation, as illustrated in
Figure 3. The statistical significance of estimated coefficients for lagged terms is checked,
and non-significant lagged terms are removed. Dummy variables and trends are included
to account for breakpoints or other sui generis moments in Portuguese economic history
(most notably, the Democratic Revolution of 1974), and their statistical significance is
also assessed. If the sign of any given independent variable goes against the theoretical
expectation for that variable in the economy (e.g., a rise in energy prices has a positive
effect on energy use), the equation is also re-evaluated.

Building the MARCO-PT model framework is, therefore, an iterative process. Re-
evaluating a given stochastic equation according to one criterion (e.g., inclusion of dummy
variables) might afterward demand re-evaluating the same equation according to a dif-
ferent criterion (e.g., after including a dummy variable, some lagged terms are no longer
significant). In this sense, the process is one of trial and error until satisfactory equations
are obtained.

Once all individual stochastic equations are estimated for Portugal and deemed statisti-
cally robust and adequate to fit/forecast historical data, they are included in the MARCO-PT
modeling framework and used in obtaining a basefit solution to the model (Section 4.2).
Details on the statistical tests carried out throughout the iterative process illustrated in this
section are presented in the Supplementary Materials (Section S3).

3.2. Data

Annual time series data are collected for Portugal, mirroring as much as possible the
list of macroeconomic, energy, and environmental variables included in the application of
the MARCO model to the UK economy (due to lack of data availability, the MARCO-PT
model does not include annual time series data on net wealth/total net worth, money
supply – M4) – or consumption-based CO2 emissions).

The sources of data that feed the MARCO-PT model are listed in the Supplementary
Materials (Section S2) for all considered variables. Most national account data on expendi-
ture (consumption, investment, trade) and income (gross operating surplus, compensation
of employees, gross value added), as well as capital inputs, are obtained from the macroe-
conomic database of the European Commission (AMECO) [81]. Data on human labor
(engaged individuals, hours worked, population) are obtained from the Penn World Tables
(PWT10.0) [3]. Data on primary, final, and useful energy and exergy use, along with the
corresponding efficiencies, are obtained from the work of [44,76]. Data on energy prices are
obtained from Portuguese-specific databases—that of the Directorate-General for Energy
and Geology (DGEG) [82] and the Banco de Portugal long-time series [83]. Additional data
are obtained from Eurostat [84] (heating degree days), the World Bank [85] (GDP from the
rest of the world), the global carbon atlas [86] (CO2 territorial emissions per capita), and
specific papers [87] (capital services).

The time period covered by all annual time series included in the implementation of the
MARCO-PT model is 1960–2014. This range is justified by the best available energy/exergy
datasets for Portugal at the time of this analysis [44,76], which have not yet been extended
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beyond 2014. However, these same datasets have the advantage of covering a significantly
long time period going back as far as 1960. Future iterations of the MARCO-PT model will
make use of updated energy/exergy datasets for more recent years.

3.3. Basefit Model and Validation

The set of all definitional (i.e., identities) and stochastic equations discussed in the
previous section forms the framework of the MARCO-PT model. A complete list of the
formulation and estimated coefficients for all equations included in the MARCO-PT model
is presented in the Supplementary Materials (Section S4).

Once all equations are determined and the model is finalized, it is dynamically solved
using the Gauss–Seidel iterative method [88]. This allows for the determination of annual
values for the endogenous variables in the model based on the known values of exogenous
variables and on the known initial values of the endogenous variables themselves.

If the Gauss–Seidel method fails to converge or converges towards a solution that
does not accurately describe the historical values for one or more of the variables in the
model, the corresponding individual stochastic equations are re-evaluated according to the
process described in Figure 3. Re-evaluation and re-estimation of the model are repeated
until an acceptable basefit solution—one that adequately estimates the historical values for
each of the endogenous variables in the model—is obtained from Portuguese data. This
basefit solution forms the scenario against which all other scenarios based on counterfactual
simulations are compared.

3.4. Counterfactual Simulations and Output Elasticities

As previously mentioned, after a satisfactory basefit solution to the MARCO-UK
model has been achieved, Ref. [50] carry out a series of counterfactual simulations aiming,
primarily, at understanding the role of thermodynamic final-to-useful exergy efficiency in
historical economic growth, when compared with other plausible factors. The ability to
perform such isolation provides an advantage over other modeling approaches, e.g., CGE
models [89,90].

The counterfactual (ex-post) simulations for the UK in [50] were run for 1971–2014,
isolating the cumulative effect on economic output (GDP) caused by keeping a given
variable in the model (e.g., thermodynamic efficiency) constant and equal to its value at the
beginning of the period.

Here, we acknowledge the advantage provided by the MARCO framework to perform
counterfactual simulations but avoid using it in such a way as to bring the model outside
the space for which it has been calibrated in its basefit solution. So, instead of constraining
selected model variables to their initial values and studying the cumulative effects on GDP
for the whole timeframe, we opt to constrain the same selected variables for a single year
and evaluate the effect on GDP in the following year. This process is then repeated for every
year in the timeframe, and an average output elasticity is computed for every selected
variable, by taking the geometric mean of year-by-year elasticities.

Specifically, we take a given variable in the MARCO-PT framework (Z), and for a given
year (t − 1 to t), assume that the annual growth rate was a fraction (γ) of the corresponding
growth rate of the basefit estimate for this variable. Then, we compare the projected value
for the variable at t, assuming a growth rate that is γ times that of basefit, with the estimate
for the variable in the basefit for the same year—Equation (7).

Z′
t

Zt
− 1, with Z′

t = γ·
[

1 +
(

Zt − Zt−1

Zt−1

)]
·Zt−1 (7)

For each such counterfactual simulation, the MARCO-PT is run, and the projected
economic output at t + 1 (Y′

t+1) is compared with the corresponding value in the basefit
simulation (Yt+1)—Equation (8).

Y′
t+1

Yt+1
− 1 (8)
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An output elasticity for the year t + 1 is obtained as the quotient of Equation (8) by
Equation (7) as in Equation (9):

εZ,Y
t+1 =

(
Y′

t+1
Yt+1

− 1
)

(
Z′ t
Zt

− 1
) (9)

Repeating the same process for every year in the time frame (n being the number of
years) and taking a geometric mean of yearly output elasticities obtained from Equation (9),
we compute an average output elasticity for each variable Z, for the whole period as in
Equation (10).

ε̂Z,Y =
(
∏n

t=1960 εZ,Y
t+1

) 1
n (10)

The output elasticity of Equation (10) tells us, on average, how much of a percentual
change in economic output can be attributed to a 1% increase in the selected model variable
Z. Being computed on a year-to-year basis, our approach evaluates the effect on economic
output from selected variables without forcing the model to generate scenarios outside of
its calibrated space.

We select for our analysis six variables to test their effect on economic output. These
variables are listed below:

1. Thermodynamic final-to-useful aggregate exergy efficiency (EXEFF_FU).
2. Total final energy use (sum of households FEN_C, industry FEN_IND, and other

FEN_OTH).
3. Investment expenditure (I).
4. Labor supply (in number of employees L).
5. Energy prices (paid by households P_EN_C, industry P_EN_IND, and others P_EN_OTH).
6. Total useful exergy (UEX_TOT).

4. Results and Discussion
4.1. Econometric Test Results

Detailed results from econometric tests carried out on the model’s variables and
equations can be found in the Supplementary Materials (Section S3).

Stationarity tests suggest that the majority of variables are integrated of order one—I(1),
i.e., stationary in first differences but not in levels. The hypothesis that time series are
integrated of a higher order than one cannot be rejected for variables measuring capital
stock and services (K_GRS, K_NET, K_SERV) and the consumer price index (CPI). The
reason for this may be that when the alternative is an autoregressive parameter near unity
(which must be seen as the empirically relevant case when testing common macroeconomic
variables), the power of Dickey–Fuller-type tests is known to be low [91,92]. Throughout
the analysis, we assume all variables to be I(1). This is relevant for cointegration testing
since the Johansen procedure requires that time series be integrated in the same order.

Cointegration tests suggest that, for each stochastic equation in the model, there is at
least one cointegration relationship linking the dependent and independent variables in a
long-run equilibrium. The hypothesis of more than one cointegration relationship cannot
be rejected for some stochastic equations. But, for the present work, we opt to consider
only the alternative hypothesis of, at most, 1 cointegrating relationship. Yet, exploring the
detected additional cointegrating relationships for groups of variables in some stochastic
equations should be a priority in future iterations of the MARCO model.

4.2. Basefit Solution

Estimated coefficients for each of the stochastic equations in the model are shown in
the Supplementary Materials (Section S4).

Figure 4 compares the actual values for economic output, or GDP (Y), and the basefit
model solution of the MARCO-PT model for the same variable.
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Figure 4. Basefit simulation for gross domestic product (GDP) in Macroeconometric Resource
Consumption model for Portugal (MARCO-PT). Economic output (real GDP) for the Portuguese
economy 1960–2014, as observed historical values (full black line) and projected basefit solution from
the MARCO-PT model (grey dashed line).

The basefit solution to the MARCO-PT model adequately replicates the historical
economic output of the Portuguese economy 1960–2014. The same can be said for most
other variables in the model—see Supplementary Materials (Section S5).

This first iteration of the MARCO-PT model generates good historical fits to ob-
served data concerning the components of economic output, energy variables related
to use (FEN_C, FEN_IND, FEN_OTH, UEX_TOT) and prices (P_EN_C, P_EN_IND,
P_EN_OTH). Hence, the model is adequate to investigate the impact that changes in
energy-related variables have had on historical economic growth.

4.3. Simulation Results and Output Elasticities

As described in Section 3.4, the impact of each selected variable on economic output is
determined by an average output elasticity (Equation (10)).

Table 1 shows the average output elasticities computed for each of the six variables
listed in Section 3.4 both for the overall period and the five subperiods of around 10 years
each. The evolution of computed year-by-year output elasticities over time (Equation (9))
is represented in Figure 5. Due to the lagged terms in some of the stochastic equations, the
initial value for all simulations, including the basefit solution, is 1965, not 1960.

Table 1. Average output elasticities for each selected variable in the Macroeconometric Resource
Consumption model for Portugal (MARCO-PT) for whole period and subperiods. Values can be
interpreted as % increase in economic output when selected variable increases by 1%. Green means a
positive effect on economic output (dark green: elasticities above 0.5); red means a negative effect on
economic output (dark red: elasticities below −0.1).

Scenario Variable
Average Output Elasticity

1965–1975 1976–1985 1986–1995 1996–2005 2006–2014 1965–2014
Scenario 1 Exergy efficiency 0.5434 0.5145 0.4797 0.4177 0.3028 0.4564
Scenario 2 Final energy −0.0035 −0.0098 −0.0045 −0.0002 0.0006 −0.0036
Scenario 3 Investment 0.2683 0.2496 0.2648 0.2892 0.2435 0.2636
Scenario 4 Labor supply −0.0339 −0.0457 −0.0792 −0.1792 −0.1822 −0.1011
Scenario 5 Energy prices 0.0135 0.0284 0.0372 0.0030 −0.0011 0.0165
Scenario 6 Useful exergy 0.3345 0.3019 0.2959 0.2775 0.2118 0.2868
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Of the six variables selected for analysis in Section 3.4, the two largest historical
influences on Portuguese GDP over the whole period 1965–2014 are: (1) aggregate thermo-
dynamic final-to-useful exergy efficiency (EXEFF_FU), with an average output elasticity
of 0.46 (Figure 5, blue line); (2) total useful exergy consumption (UEX_TOT), with an
average output elasticity of 0.29 (Figure 5, green line). Investment expenditure in capital
(I) is only the third largest overall historical influence, with an average output elasticity of
0.26 (Figure 5, orange line). Neither total final energy use (FEN_T; Figure 5; red line) nor
energy prices (P_EN_C, P_EN_IND, P_EN_OTH; Figure 5; grey line) have a significant
impact on historical GDP (average output elasticities of less than 0.05 in absolute terms).
On the other hand, labor supply growth is shown to have a negative impact on historical
economic output 1965–2014 (average output elasticity −0.10; Figure 5; purple line).

The following subsections discuss these scenarios in detail, providing interpretation.

4.3.1. The Historical Impact of Energy Efficiency

The results shown in Figure 5 and Table 1 reveal several important findings concerning
the role of energy in Portuguese historical economic growth.

The largest influence of growth, according to the average output elasticities computed
for the whole period, is attributed to thermodynamic final-to-useful exergy efficiency. A 1%
increase in this variable translates, on average, to a 0.46% increase in economic output. The
second largest influence on growth is attributed to the quantity of useful exergy consumed
in the economy. If the latter variable grows by 1%, an average 0.29% increase is expected in
economic output. These results, by themselves, reveal the important role that energy—at
the useful stage and measured by exergy content—has had on the Portuguese economy
throughout the studied period. This finding is in line with the findings of the MARCO-UK
model and supports the earlier modeling work of Robert Ayres and Benjamin Warr in
their Resource-Exergy Services (REXS) model [46], where a significant role is evidenced for
thermodynamic efficiency gains in US economic growth.

The importance of useful exergy consumption and thermodynamic final-to-useful
energy efficiency to economic growth is even more evidenced when compared with the
small impact estimated for either final energy consumed or energy prices. Increasing
either by 1% leads to an expected average change in economic output close to 0%. Of
all the energy-related variables considered in counterfactual simulations in this work,
thermodynamic final-to-useful energy efficiency and total useful exergy consumed affect
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historical economic growth the most. This is also in line with the findings of the MARCO-
UK model and provides additional support for assertions in the field of exergy economics
that energy at the useful stage, in exergy terms, is more closely linked with economic
growth [42–44,49,73,75,93,94]. As for the MARCO-UK model, the explicit inclusion of
thermodynamic final-to-useful energy efficiency as an additional energy variable reduces
the influence of final energy supply—and other explanatory variables—on growth.

From Table 1, we can see that thermodynamic final-to-useful exergy efficiency consis-
tently exerts the largest influence on historical economic growth for all subperiods. Still,
the largest average output elasticities for this variable (and total useful exergy consumed)
are found in the earliest decades (1965–1985). This corresponds to the period of fastest GDP
growth in the country. The earlier decades also correspond to the widespread electrifica-
tion of the economy, corresponding to increases in overall efficiency and the possibility
of delivering more useful exergy to production. The later decades saw a stagnation in
final-to-useful exergy efficiency, mostly due to the proliferation of (less efficient) automobile
utilization.

Both Table 1 and Figure 5 show that the output elasticities of thermodynamic final-to-
useful exergy efficiency and total useful exergy consumption have been decreasing over
time, particularly after the year 2000. This also occurs for the output elasticity of investment,
and by the end of the period, these three variables have a similar positive influence on
economic output.

4.3.2. Divergent Influences of Capital and Labor

The results presented in Table 1 and Figure 5 (orange and purple lines) reveal the
estimated impact of the traditional inputs to production—investment in capital stock and
human labor supply, respectively—on historical economic growth in Portugal.

Of the six studied variables in counterfactual simulations, investment in capital rep-
resents the third largest influence on historical economic growth, just below total useful
exergy consumption. A 1% increase in capital investment is expected to produce, on aver-
age, a 0.26% increase in economic output. In the MARCO-UK model, capital investment
is also identified as the third largest influence on the historical economic growth of the
selected variables. From Figure 5 (orange line) and Table 1, the influence of capital invest-
ment on growth over time seems to be stable, as evidenced by its output elasticity changing
little throughout the whole period.

Labor supply, on the other hand, is revealed to have an increasingly negative influence
on historical economic growth, as shown by the negative, decreasing output elasticity for
this variable. For the period as a whole, as labor supply grows by 1%, economic output is
expected to decrease, on average, by 0.10%. Since 1995, the negative influence is even larger,
with an average output elasticity closer to −0.2. The MARCO-PT framework is a post-
Keynesian, demand-driven model and relies on a certain relation of substitutability between
capital investment and human labor supply, by which labor shortage is compensated with
additional capital investment to meet demand.

This is illustrated in Figure 6 (top right—dashed line), where the year-by-year capital
investment elasticity of human labor is represented. A 1% increase in labor supply leads to a
decrease in capital investment throughout the whole period, averaging −0.61%. Conversely,
a 1% decrease in labor supply would, on average, result in an increase in capital investment
of 0.61%, thus suggesting that the latter acts as a substitute for human labor in the MARCO-
PT model: when labor supply goes down, capital investment goes up.

However, we cannot say that the relation of substitutability between capital investment
and human labor works both ways. Looking at the year-by-year labor elasticity of capital
investment—Figure 6 (top left—dashed line)—we see that it is positive for the whole
period, albeit at a low, stable value of around 0.09. This means that a 1% decrease in capital
investment would lead to, not an increase in human labor supply (as might be expected
of substitute inputs to production), but a decrease of about 0.1% in human labor supply.
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Although small in magnitude, this behavior is more in line with complement inputs to
production rather than substitutes.
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Figure 6. Year-by-year elasticities between selected variables in the Macroeconometric Resource
Consumption model for Portugal (MARCO-PT). Top left: human labor (L) elasticities of capital
investment (I)—dashed line and of total useful exergy (UEX_TOT)—dotted line. Top right: capital
investment (I) elasticities of human labor (L)—dashed line and of total useful exergy (UEX_TOT)—
dotted line. Bottom: total useful exergy (UEX_TOT) elasticities of capital investment (I)—dashed
line and of human labor (L)—dotted line.

Ultimately, this apparent contradiction concerning the substitutability or complemen-
tarity of capital investment and human labor may come down to if the labor supply is
short, workers can work more hours and operate more capital to keep the same levels
of production; if capital investment is short, increasing the number of workers will only
lead to more engaged workers without capital to operate. In any case, these results sup-
port previous findings with the MARCO-UK model, namely that—of the two traditional
inputs to production—human labor has a much lower effect than capital investment on
economic growth.

On the other hand, the complementarity of traditional factors of production—capital
and labor—with energy services (proxied by total useful exergy consumption) in the
MARCO-PT model is suggested from observing Figure 6. Figure 6 (bottom) shows how
the year-to-year total useful exergy elasticity of both capital investment and human labor
supply is positive throughout the whole period, averaging 0.21 (capital investment—dashed
line) and 0.39 (human labor—dotted line). Additionally, both capital investment elasticity
of useful exergy and labor elasticity of useful exergy are positive throughout the whole
period, averaging 0.17 in the case of labor (Figure 6 top left—dotted line) and 0.96 in the
case of capital investment (Figure 6 top right—dotted line). This suggests that both capital
and labor inputs to production require useful exergy flows to be put to work. An expansion
of the capital stock through investment of fixed capital and/or an increase in labor, requires
an increase in useful exergy. Steve Keen said it most eloquently: “labour without energy is a
corpse, while capital without energy is a sculpture” [95] (p. 41).
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4.4. Insights into the Role of Efficiency Energy Use on Economic Growth

Overall, the obtained results support the theoretical arguments and empirical findings
from earlier work, particularly in the field of ecological economics (in the subfield of exergy
economics).

First, previous studies have already posited that there is a tighter link between energy
use and economic growth when useful exergy—the stage of quality-adjusted energy flows
closest to energy services—is considered. Among these studies, we highlight the pioneering
work of Robert Ayres and Benjamin Warr, in which the adoption of the useful exergy metric
has improved modeling historical US economic growth [73] and evidence for causality
from energy use to economic output [47]. We also highlight previous work that produced
similar conclusions for the Portuguese economy [44,49] and other European countries [43].
In our work with the MARCO-PT model, we have evidenced how useful exergy and ther-
modynamic final-to-useful exergy efficiency had a larger historical influence on Portuguese
economic growth than other—more standard—energy variables, such as final energy use
or energy prices. Our results, therefore, support the argument that useful exergy is more
closely connected to economic growth than other energy use variables.

Second, several studies have observed—following distinct methods—that the pro-
ductive power of energy inputs (measured by their output elasticity) far outweighs their
small share of costs. This is in direct contradiction with mainstream neoclassical growth
models. We cite two of these studies: (1) a semi-parametric approach applied to 50 years
of growth of 15 European countries [96]; (2) an unconventional parametric production
function approach applied to Germany, Japan, and the US [97,98]. Both examples have in
common the recognition that a thermodynamic approach is needed in modeling economic
growth and adopting the useful exergy metric to account for productive energy uses. Our
work with the MARCO-PT model corroborates their findings, with the historical influence
of useful exergy and energy efficiency on growth being significantly larger than neoclassical
theory assumes from its cost share. On the other hand, the MARCO-PT model projects the
output elasticity of labor to be much smaller than its cost share, something that has also
been previously evidenced in [97].

Third, as previous work has shown, improvements in the second law of thermody-
namic energy conversion efficiency (i.e., final-to-useful exergy efficiency) have a great
influence on economic growth. This has been uncovered by, among others, the work
of [42] for the Portuguese economy, where a long-run statistically significant relation-
ship is observed by which changes in the largest driver of economic growth—total factor
productivity—are adequately proxied by changes in final-to-useful exergy efficiency. Our
work with the MARCO-PT model finds, similarly, that changes in final-to-useful exergy
efficiency have had a great positive impact on economic output for the past 50 years.

5. Conclusions

In this work, we develop and implement a thermodynamically consistent Macroecono-
metric Resource Consumption model for the Portuguese economy (MARCO-PT), capturing
the complex interactions between macroeconomic, monetary, energy, and environmental
variables.

Construction of the model is conducted by incorporating identities from national
accounts and stochastic relationships—with short-run and long-run dynamics—evaluated
and estimated using data for Portugal, 1960–2014. The outcome of this methodical and
iterative process is an adequate projection of historical trends for endogenous variables
in the model based on known exogenous variables. The model structure then allows for
counterfactual (ex-post) simulations to be run, which, in turn, allow for computing year-by-
year elasticities between variables of the model. Comparing the magnitude (and trend) of
output elasticities for selected variables provides insights into the weight of each variable
in influencing historically observed economic growth. In this sense, the analysis conducted
here differs from that carried out with the UK counterpart (MARCO-UK) of the proposed
model. Rather than running counterfactual simulations holding one variable constant for a
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period of 50 years—which may push the model outside of its calibrated space—we opt to
test the immediate annual effect of each variable on output. While the two methods differ
in their approach, our results for the Portuguese economy support the findings for the UK.

Average output elasticities for the six selected variables in our work reveal that the two
largest historical influences on economic growth can be attributed to: (1) thermodynamic
final-to-useful energy efficiency (average output elasticity 0.46); (2) total useful exergy
consumed (average output elasticity 0.29). The influence of these two variables on growth
is larger than either more conventional energy variables (total final energy consumed or
energy prices) or the traditional factors of production (capital investment and human labor
supply). On average, a 1% increase in thermodynamic final-to-useful energy efficiency
leads to a percentage growth in GDP that is 1.5 times that of a comparable increase in
capital investment.

While always positive, the influence of thermodynamic final-to-useful energy effi-
ciency is not the same throughout the whole period 1965–2014. It is higher (average output
elasticities 0.50–0.55) in earlier decades (1965–1985) and declines in later years (average
output elasticity 0.30 between 2005–2014). This might be due to the transition to a service-
based economy, but further investigation is warranted. Despite this drop, it consistently
has the largest influence on growth throughout the whole 50-year period. The period of
highest average output elasticity of thermodynamic efficiency coincides with the period of
fastest growth of GDP in the Portuguese economy. Mainstream neoclassical approaches
to growth theory attribute this increase in GDP to an increase in exogenous total factor
productivity and attempt to explain it with abstract considerations of technological and/or
institutional change while neglecting the role of energy. In contrast, the MARCO-PT model
offers a thermodynamically consistent approach to describe historical economic growth.

Concerning the traditional factors of production, results from our analysis reveal
divergent influences on economic growth. Capital investment plays, as expected, a strong
role in the economy, with an average output elasticity of 0.26 (third largest of studied
variables—almost tied with supply of useful exergy). This influence is also stable through-
out the whole 50-year period. Capital investment also seems to be able to act as a substitute
for human labor supply, perhaps justifying the small (and negative) influence that the latter
has on economic growth. Useful exergy supply seems to behave as a complement to both
capital investment and human labor supply.

The aforementioned results have important implications for economic growth mod-
eling, particularly for growth scenarios incorporated in IAMs that inform climate change
policies. Given the size of the contributions of useful stage exergy and efficiency to eco-
nomic growth, it is imperative that such models become thermodynamically consistent.
The economic growth models embedded in IAM generating IPCC’s scenarios often as-
sume high capital-energy substitutability. This is only one of the many issues surrounding
the modeling choices with constant elasticity of substitution (CES) production functions
adopted in these models [99]. The implication is that the scenarios assume that absolute
energy decoupling is both readily feasible and inexpensive [100]. While reducing energy
demand is a key mechanism for emission reduction, the implications for economic growth
of reducing energy demand are insufficiently explored in IAMs. Also, none of these models
adequately include rebound effects [101], which are poorly understood at the macroe-
conomic level but could be substantial. Thermodynamically consistent modeling, such
as shown in this work with the MARCO-PT model, constitutes a step towards a better
understanding of the role of energy in the economy—both a driver and a constraint—and
consider the best policy response.

Thinking about the future, the MARCO model is a versatile framework, having
been adopted for different research and policy purposes in the UK [102]. The frame-
work is also undergoing constant revision and improvement, aiming for: (a) added
granularity—splitting sectors into subsectors and distinguishing between renewable and
non-renewable energy inputs; (b) introducing additional constraints and feedback loops—
e.g., financial and labor availability constraints, etc.; (c) inclusion of transport and Informa-
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tion and Communication Technologies (ICT). For Portugal, the model is currently being
adapted to study the socio-macroeconomic impacts of implementing various energy policy
measures put forward by the Portuguese Environmental Agency. The MARCO model can
be implemented for other countries, thereby confirming the results obtained so far and/or
identifying the idiosyncrasies of different countries.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/en17112688/s1, Supplementary Materials: The Portugal Macroeconometric
Resource Consumption Model (MARCO-PT). The Supplementary Materials is divided into sections:
Section S1 presents all MARCO-PT model equations; Section S2 lists the model’s variables, units,
and data sources; Section S3 presents results for statistical tests conducted on the model’s variables;
Section S4 lists the estimated coefficients for each of the model’s stochastic equations; Section S5
presents, graphically, the basefit solution of the model, for each endogenous variable. Reference [103]
is cited in the supplementary materials.
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