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Abstract
Greenhouse gas emissions have doubled between 1971 and 2012, with CO2 accounting for 76 percent 
of greenhouse gas emissions. This research analyses the extent to which excess CO2 emissions are 
directly associated with energy consumption or are due to imperfections in the production processes 
of goods and services. A microeconomic specification of the energy market is developed and applied 
by means of econometric techniques including panel data for 20 countries with a total population 
equivalent to 61 percent of the world’s population over the period 1995-2015. Although consumers 
generally cannot directly change the emissions caused by goods production processes, they can act 
on the emissions caused by their domestic energy consumption. Therefore, in this research, through 
a cost-benefit analysis, four inexpensive and sustainable energy systems for domestic consumption 
in nine countries are compared, resulting in the use of thermal water, where it can be applied, as the 
most socially efficient system.

Keywords: Carbon dioxide emissions, Global warming, Energy consumption, Energy productivity, 
Cost-benefit analysis. 
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Introduction

Carbon dioxide (CO2) in natural proportions is not harmful, but as a consequence of the 
combustion of fossil fuels, the concentration of this gas has been increasing, causing an 
increase in the density of the atmosphere, inducing a rebound of infrared radiation that 
should normally escape from the earth, but ends up being trapped causing an increase 
in the temperature of the atmosphere and the earth’s surface, a phenomenon known as 
the greenhouse effect. CO2 emissions are considered particularly responsible for global 
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warming and is the most abundant greenhouse gas. Excess CO2 emissions seem to be 
directly associated with economic activity and in particular may be due either to energy 
consumption or to imperfections in the production processes of goods and services. The 
aim of this paper is to analyse to what extent CO2 emissions are directly associated with 
the economic activity and energy consumption and what households can do to reduce 
CO2 emissions caused by their domestic energy consumption. It has been verified that the 
concentration of CO2 in the atmosphere is increasing to the detriment of oxygen. Following 
Friedlingstein et al. (2019), researchers at the Mauna Loa Observatory, from 1975 to 
2019 this concentration has increased in volume from 330 parts per million to 415. The 
atmosphere naturally contains a certain proportion of CO2, but it has been observed from 
Keeling (1960), Helm (2012) and Abels-van Overveld et al. (2020) for PBL Environmental 
Assessment Agency Netherlands, among others, that anthropogenic emissions have 
increased 2.4 fold from 1971 to 2015 to occupy 76 percent of the volume of greenhouse 
gases. Whatever the reason, the point is that the atmosphere is densifying most likely due to 
the increase in CO2 concentration (Anderson, Hawkins & Jones, 2016). It is known that the 
Earth is one of the few planets in our solar system that, for various reasons, emits infrared 
radiation to the outside, but the denser the atmosphere the less radiation comes out, because 
it bounces off the atmosphere and returns to the Earth. The effect this produces is a warming 
of the planet’s surface and the lower layers of the atmosphere, following Plass (1956a, 
1956b), Florides and Chritodoulides (2009) and Susskind, Schmidt, Lee and Iredell, (2019) 
among other authors. In this sense, it has been observed by IPCC (Intergovernmental Panel 
on Climate Change, 2019) and Carella et al. (2018) for the UK Hadley Centre, that from 
1980 to 2018 the average temperature at the Earth’s surface has increased by one °C. Two 
phenomena have been observed in relation to this increase in temperature: 1) An increase 
in the melting of glaciers in general and of the polar ice caps in particular (Chamberlin, 
1899), which is causing a gradual rise in sea level. In fact, following Cazenave et al. (2018) 
from the World Meteorological Organization of United Nations, it is known that between 
1997 and 2016 the average sea level on the planet has risen by 6.3 cm. 2) It has also been 
found that an increase in temperature causes diluted oxygen in the sea to evaporate, so that 
it has been found by Gibbin, et al. (2021) from the International Union for Conservation 
of Nature at COP25, that between 1960 and 2010 the percentage of diluted oxygen in the 
oceans has decreased on average by 2 percent. The effect of the increased CO2 concentration 
in the atmosphere has an additional effect: it has been found that the sea absorbs 25 % of 
anthropogenic CO2 emissions, following Watts et al. (2018). The dissolution of CO2 in 
seawater produces carbonic acid and in fact, it has been found by Hand (2015) of the UK 
Ocean Acidification Research Programme, that between 1999 and 2019, the average pH of 
the sea has decreased from 8.2 to 7.7 and there has been some acidification of the sea. We 
do not know whether these trends will continue or not, but it is clear that all these facts are 
having an impact on the earth’s climate and also on the human economy and way of life. 
The fact is that since the Industrial Revolution, CO2 concentrations in the atmosphere have 
only increased, densifying the atmosphere and probably causing some global warming of 
the planet.



Reducing Carbon Dioxide Emissions From Energy Use  123

The relationship between CO2 emissions and energy consumption, as well as the 
relationship between energy consumption and production, or production growth, has 
been widely analysed since the pioneering work of Kraft and Kraft (1978), from which 
numerous researches on this topic are derived. There are enough studies that have 
attempted to empirically demonstrate these relationships in economies such as the United 
States (Abosedra and Baghestani, 1989), Gardner and Joutz (1996) and Soytas, Sari and 
Ewing (2007); Canada (Ghali et al. 2004); Mexico (Caballero and Galindo, 2007) and 
Gómez (2011); Central American and Caribbean countries (Apergis and Payne, 2009). 
Studies in Asian countries have been conducted by Razzaqi, et al. (2011) and specifically in 
Bangladesh by Alam, et al., (2012); in China (Zhang and Cheng, 2009) for the period 1960-
2007; in Taiwan (Cheng, 1997) for the period 1980-2007; in Pakistan (Siddiqui, 2004); in 
Iran (Zamani, 2007); in India (Mallick, 2009); in Turkey (Jobert and Karanfil, 2007) and 
Halicioglu (2009) for the period 1960-2005; In Africa, Belloumi (2009) in Tunisia for the 
period 1971-2004. In European countries, studies have been conducted in France (Ang, 
2007), Greece (Tsani, 2010), Russia (Zhang, 2011) and in Spain (Labandeira et al. 2017). 
Srnivasan and Siddanth (2015) also found relationships between energy consumption and 
production level. 

The aim of this paper is to analyse the extent to which CO2 emissions are directly 
associated with energy consumption or the production process and to analyse how domestic 
energy consumption could be reduced. The analysis is conducted across 20 countries over 
the period 1995-2015 with annual data from the International Energy Agency (2019). The 
countries in which the analysis is conducted represent 61 per cent of the world’s population 
in 2018. The structure of this article is as follows: Section 2 contains the energy market 
structure and performs the modelling of the equations that attempt to explain the causal 
relationship between energy consumption and production and between CO2 emissions 
and energy consumption. Section 3 contains the results obtained from the estimations 
of the equations obtained in the second section for the 20 countries in the sample and 
four proposals for energy systems for domestic consumption, evaluated in eight countries 
of the sample by means of a cost-benefit analysis and section 4 contains some relevant 
conclusions.

Energy Market Structure

Energy is a consumption good for consumers and, at the same time, a production factor for 
firms. We assume an economy in equilibrium where there is a small number F of firms in 
imperfect competition, usually in oligopoly, in charge of supplying energy to a population 
of H consumers and to a large number N of firms producing consumer goods, which 
for simplicity we assume in perfect competition. We assume the absence of political or 
governmental interventions and call eH the quantity of energy demanded by consumers as 
a good and c and R respectively the quantities of consumer goods and factors of production 
other than energy; pe, pc and pR are the respective unit prices. We assume that the unit 
price of energy (pe) is the same whatever the use of this energy. Energy used as a factor of 
production will be denoted as eN if it plays the role of a factor of production in the N firms 
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producing consumer goods c and when energy appears as a factor of production for the F 
firms supplying energy it will be denoted as eF. We have assumed that the economy is in 
equilibrium: the supply of energy provided by the F firms is demanded entirely as a good 
by the H consumers and as a factor of production by the N plus F firms in the economy. 
Denoting as eS the amount of energy supplied by each of the F firms and, assuming that the 
agents are representative, the equilibrium in the internal energy market can be expressed 
in this form:

	 � (1)

where the first member is the total energy supply and the second member is the total 
demand. We will simply denote as e the energy consumption1 in the market equilibrium. 
We are assuming that the H consumers in the economy are a large number and are therefore 
competitive, i.e., the quantity of goods and energy demanded by each of them is very small 
relative to the overall quantities demanded in the market, so that each consumer individually 
cannot influence the market equilibrium price and are therefore price-accepting. The same 
is true for the N consumer-goods-producing firms, which we assume operate under perfect 
competition. However, the F energy-supplying firms are a small number of firms. The 
empirical application of the present theoretical model will be carried out on 20 countries 
in Europe, Asia, America and Africa. In general terms these energy supply companies 
operate in imperfect competition, in an oligopoly regime, generally non-collusive. For the 
sake of simplicity, we assume that the product they offer is homogeneous: energy. To avoid 
the situation of zero profits, which does not usually occur in reality in the equilibrium of 
energy supply companies, we will choose to analyse Cournot (1838)-type non-collusive 
competition in this type of companies. The Cournot model takes quantities as the firm’s 
strategy, i.e. firms compete on quantities, but not on prices as in Bertrand (1883). The 
Cournot model is often well suited for application in the electric power market and are 
the preferred choice when detailed modelling of technical characteristics. Cournot models 
are easy to solve and provide, under the right conditions, a unique Nash equilibrium. An 
overview of the application of Cournot models in the analysis of market power issues can be 
found in Bushnell et al. (2008) and in Palazuelos (2019) among others. Other applications 
of Cournot to energy markets are discussed in Day et al. (2002) and Ventosa et al. (2005). 
However, following Klemperer and Meyer (1989), it is considered that the oligopolistic 
Supply Function Equilibria (SFE) model can represent power markets in a more realistic 
way than the Cournot model. SFE models assume that firms compete through continuous 
and fluid bidding in an oligopolistic market in the face of uncertain demand, so firms 
take their supply function as a strategic variable. SFE models allow finding intermediate 
solutions located between Cournot and Bertrand and even collusion. The main drawbacks 
of SFE models, as well as their derived models, are that they often have multiple equilibria, 
may have unstable solutions and require strong simplifications with respect to market and 
cost structures, all of which make SFE models difficult to compute, compared to Cournot 

1. Energy consumption in transportation has not been explicitly considered in this model.
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models. Some authors such as Hu et al. (2004) conclude that, especially in the presence of 
congestion, the Cournot model is more efficient than the SFE model. For all these reasons, 
in this paper we will use the Cournot model to explain the oligopolistic behaviour of the 
F energy supply companies, in order to specify a relationship between the production of 
goods and services and energy consumption.

Consumers’ energy demand

Consumers maximize their utility conditional on their budget constraint. The utility 
function proposed for consumers, who choose between energy consumption (eH) and other 
consumer goods represented by a composite good (c), is for simplicity of Cobb-Douglas 
type and has the following expression, for 0 < α < 1:

	 � (2)

We assume that the prices of goods eH and c do not vary with the quantity demanded by 
the consumer because, according to Mas-Colell et al. (1995), consumers are considered to 
be price-acceptors and cannot affect these prices because the quantity of energy (eH) and 
consumer goods (c) demanded by each of them is insignificant in relation to the market, 
which implies that each consumer cannot influence it. Calling m the monetary disposable 
income per capita of the consumer, which we also assume constant in the short run, the 
behaviour of the individual agents in each period will then be as follows:

	 1max ( , ) α α−=H HU e c e c subject to: eH  pe + cpc = m� (3)

Solving this maximization we obtain: ,
α

= e
H

pm e  considering that this consumer is 

representative, in the absence of taxes we know that: Hm = Y (monetary income or monetary 

GDP of the economy), i.e.: .
α

= ⋅e
H

pY H e  Therefore, the aggregate demand for energy by 
consumers, as a consumption good, will turn out to be:

	
α⋅ =H

e

YH e
p � (4)

Energy demand of firms producing consumer goods

In the economy there are N firms in perfect competition, firms that accept the price not being 
able to vary the price of c and that produce the consumer goods c maximizing profit. We 
assume that the goods c are, for simplicity, produced from a Cobb-Douglas type production 
function based on a series of production factors represented by a composite production 
factor (R), plus energy (eN), which in this case functions as a production factor. That is:

	 1β β−= Nc Ae R � (5)
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with 0 < β < 1. A is the coefficient of technical progress or technology which we assume 
to be neutral in the Hicks sense. The objective of each of these firms is to maximize profit  
B = pcc – pe eN – pR R. The demand for energy as a factor of production is a derived demand 
for profit maximization. That is:

	 1β β−= − −c e N RNMaxB Max p Ae R p e p R � (6)

We assume that the markets for consumer goods c and factors R are in perfect competition, 
so that prices pc and pR appear as given. Now, if we assume that the F firms producing 
and supplying energy operate as a non-collusive Cournot-type oligopoly, then the price of 
energy pe is no longer given, nor is it equal to the marginal cost of energy, but depends on 
the quantity of energy, according to the energy demand function: pe = pe(eN). This implies 
that the profit maximization from which the derived demand for energy as a factor of 
production is now extracted, is: 

	 ( )
1 1

1 1

1 1

0

11

β β

β β

β β

β

ε

β
µ

− −

− −

− −

 ′ = = − + 
 

= − −

= −

e
c N eN

N

c eN

e
c N

N
dpB p Ae R e p
de

Bp A

e

e R p

pp Ae R

where ε is the elasticity of the derived energy demand faced by the firm and μ the mark-up on 
the marginal costs of the energy-supplying firm. From this maximization, it follows that the 

amount of energy as a factor of production (eN) demanded by the firm is: ,µ β⋅ ⋅ ⋅= c
N

e

p ce
p

and for the N firms the demand will result:

	 ( )µ β⋅ ⋅ ⋅ ⋅= c
N

e

p c Ne N
p

� (7)

Energy demand of energy supplying firms

The F firms that supply the good energy offered (eS) also use part of it as a factor of 
production (eF), according to a certain production function that for simplicity we also 
assume as a Cobb-Douglas type and whose arguments are energy as a production factor 
(eF) and the rest of production factors, represented by a composite factor R:

	 1β β−=S Fe Ae R � (8)

where eS is the energy produced by each of the F companies assumed to operate in 
Cournot oligopoly regime and supply energy to the companies producing consumer 
goods. Energy demand is derived from profit maximization by each of the F firms: 

1max max β β−= − −e e F RFB p Ae R p e p R but now the unit price of energy, pe, is not given, 
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but depends on the quantity of energy demanded as a factor of production: pe = pe(eF). 
The profit maximization from which the energy demand function is derived as a factor of 
production for each of the F supplying companies will now have the following expression:

	

( ) ( )
1 1

1 1

0

1 11

β β β

β β

β

β
ε ε

− −

− −

   ′ = = + − +   
   

 = − − −  

e e
e F eF F

F F

eF

dp dpB eF AR e e p e p
de de

AR e p

where ε is the elasticity of demand for energy as a factor of production and (1-1/ε)  is 1/μ, 
where μ is the same mark-up previously defined since we have assumed that the unit price 
of energy is the same whether it is a consumer good or a factor of production. Solving the 
maximization, the quantity demanded of energy as a production factor by each of the F 
companies is: eF = [1-μ (1-β)]eS. Therefore, the quantity of energy demanded by all the 
F companies will be:

	 [ ]1 (1 )µ β= − − ⋅F Se F e F � (9)

And the total energy demanded by the economy will be: eD = HeH + NeN + FeF. That is:

	 [ ]( ) 1 (1 ) ( )µ βα µ β⋅ ⋅ ⋅ ⋅= + + − − ⋅c
D s

e e

p c NYe e F
p p � (10)

Since the total income of the economy or money income is Y = (pc c)N + (pe eS)F, we 
have that (pc c)N = Y - (pe eS)F and substituting (pc c)N in (10) we obtain the total energy 
demand:

	
( ) (1 )( )α µ β µ+ ⋅= + − ⋅D s

e

Ye e F
p

where the unit price of energy is not constant, but depends on the overall energy demand: 
pe = pe(eD). 

Energy market equilibrium 

If we assume that the economy is energetically closed, i.e., consumers and firms receive 
energy only from the F supplying firms, then all the energy produced by the supplying 
firms is distributed in this way: eS · F = eF · F + eN · N + eb · H where the first member is 
the total energy supply and the second member the total demand (eD). In equilibrium: eS · 
F = eD = e, where e is the energy consumption when the energy market is in equilibrium. 
Substituting, we finally have that:

	 ( )α µ β
µ
+ ⋅=
⋅ e

e Y
p

� (11)

where pe is not constant and the monetary income Y has been broken down into its two 
components: general price level (p) and real income (y). Taking natural logarithms in (11), 
we can obtain a first explanatory linear expression of energy consumption in an economy; 



128  F. Barreiro-Pereira and Touria-Abdelkader Benmesaud-Conde

but when regressing the equation along a database, most probably the coefficient λ0 would 
be highly significant, manifesting the existence of omitted variables. One of them may 
be related to the population level (PO) of the economy since it seems evident that higher 
population may correspond to higher energy consumption. In order to have sufficient 
degrees of freedom, the prices of goods and factors, have been included in the regression 
intercept, finally estimating the following equation:

	 0 1log log logλ λ λ ε= + + +e e ee y PO � (12)

where ε is a random disturbance and e is the annual energy consumption2 measured in 
thousands of tons of oil equivalent (ktoe3). PO is the population of the country measured 
in millions of inhabitants, and y is the real output of the economy measured at power parity 
purchasing in billions of constant 2010 US$. On the other hand, and following Barreiro4 
et al. (2021), the equation to explain emissions will finally have the following expression:

	 0 1log log log ( )γ γ γ ε= + + +e e eEm e TPO � (13)

where Em is the annual CO2 emissions discharged by each economy. The variable TPO 
is M·ΔT, where ΔT is the difference between the annual average maximum and minimum 
temperatures measured in Celsius degrees (°C) with respect to an ideal temperature, which 
in our case has been taken as 19°C. M is the mass of the bodies to be heated or cooled 
and has been taken as the total population (PO) of the country measured in millions of 
inhabitants.

Data and Empirical Results

As mentioned above, the objective of this research is to determine whether CO2 emissions 
to the atmosphere are primarily due to energy consumption or imperfections in the 
countries’ production process, or both, and in what proportion. To find out, equations of 
energy consumption and emissions have been regressed over 20 countries during the period 
1995-2015 with annual data: Ireland, France, Germany, Spain,  Portugal, Iceland, United 
Kingdom, India, China, Russia, Brazil, South Africa, Indonesia, Japan, Saudi Arabia, 
Iran, United States, Mexico, Nigeria and Morocco. The application has been carried out 
with data from the International Energy Agency (2019).  Table 1 shows the results of the 
estimations of the equation (12) -regressions I to XII- and of the equation (13) -regressions 
XIII to XIV- for half of the countries in the sample, plus the overall regression on the 20 

2. According to the International Energy Agency (2019), total final consumption is defined as: residential energy consump-
tion, transportation, industrial, services and primary sector, but energy consumption in transportation, industrial and primary 
sector are considered associated in this work to the “Economic Activity”. Residential energy consumption and services are 
assumed as “annual energy consumption” (e).
3.  1 ktoe = 11630000 kWh.
4. A more complete version of the first part of this research, which also includes Bertrand’s models in addition to Cournot’s, 
can be found in Barreiro-Pereira, F. & Abdelkader, T. (2021). The Contribution of Economic Activity and Energy Consump-
tion to CO2 Emissions. Proceedings 13th World Congress of the RSAI, 702-715.
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countries with panel data (models XII and XIV).  From these regressions, we extract the 
coefficients of logey and of logee, respectively coefficients λ and γ from equations (12) 
and (13). According to the estimates, these coefficients turn out to be significant at 99 per 
cent in general, except in regressions IV, V, VI and XVII where the significance of the 
estimators is somewhat lower.

The regressions for the countries have been performed by ordinary least squares (OLS) 
method, correcting as far as possible for autocorrelation by assuming that the residuals 
follow a first-order autoregressive process (AR1), although in some of the estimates there 
is still temporal autocorrelation of the residuals. All regressions have high or acceptable 
R2-adjusted coefficients of determination. Table 1 does not report the regressions for the 
entire sample of countries, only for ten of them, but the remaining coefficients λ and γ not 
reported in Table 1 are reported below in columns IV and V of Table 3. Regression XII in 
Table 1 shows the panel estimate for the 20 countries in the sample over the 1995-2015 
period in terms of the relation-ship between the log of energy consumption and the log of the 
real output (equation 30), with the best panel estimate being the Random Effects estimate, 
since the p-value of the Lagrange multiplier test (Breuch and Pagan, 1980) is less than 0.05, 
which rejects the OLSQ-plains estimation, while the p-value of the Hausman (1978) test is 
greater than 0.05 which, rejects the Fixed Effects estimation. As for the panel estimation 
of the logarithm relationship between CO2 emissions and energy consumption (equation 
13), the results indicate that the best panel regression is the Between Groups estimation, 
reported in regression XIV. To detect whether or not there is spatial dependence in energy 
consumption and emissions across the 20 countries in the sample, the I-test (Moran, 1950) 
was applied. The results in Table 1 show a slight spatial dependence in energy consumption 
and no spatial dependence in emissions. To verify whether the possible spatial dependence 
is due to dependence on the endogenous variables (lag dependence) or on the disturbances 
(error dependence), other tests based on the Lagrange multiplier applied to the residuals 
of an OLSQ regression have been used: Burridge’s (1980) LM(err) and robust RLM(err) 
tests, which measure the spatial dependence in error, and Anselin’s (1998) LM(lag) and 
robust RLM(lag) tests, which measure the spatial dependence of the endogenous variables. 
None of these last four tests shows any evidence of spatial dependence in either energy 
consumption or emissions, possibly due to the dispersion of the countries selected in the 
sample.

To verify whether the series involved in the regressions in Table 1 do not have unit 
roots, i.e., whether they are stationary, the Harris and Tzavalis (1999) test for panel data 
was used. The results of this test indicate that all the series involved are stationary, as can 
be seen in Table 2 in which the Rho parameters of the lagged variables are all less than 
unity. 

Given that they are all stationary, it is of interest to know whether there are causal 
relationships between the exogenous and endogenous variables of the two regressions in 
Table 1. For this purpose, the Granger (1969) causality test has been used and the results 
of which are shown in Table 2. It can be seen from this table that there is Granger causality 
between real income (y) and population (PO) on energy consumption (e); and there is also 
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Granger causality between TPO (temperature multiplied by the population) and energy 
consumption (e) on the volume of emissions (Em), because the respective regressions with 
lagged explanatory variables imply a higher prediction of the endogenous variable.

The economic interpretation of the λ estimators is relevant, since: log ,
log

λ ∂ ∆= = ⋅
∂ ∆

e

e

e ye
y y e

 

i.e., they are energy-income elasticities, from which we can know how much energy 

consumption varies when the country’s production varies: .λ∆ = ⋅
∆

e e
y y  

From equation (13) we can deduce that 
log ( ) ( ) ,

log
γ ∂ ∆= = ⋅

∂ ∆
e

e

Em Em e
e e Em  from which 

we can infer how much emissions increase by energy consumption:

	 γ∆ = ⋅
∆
Em Em
e e

� (14)

We want to know to what extent the increase in CO2 emissions, when energy consumption 
increases, is greater or smaller than the increase in CO2 emissions, when GDP increases. 

The term log log ,
log log

λ γ ∂ ∂   ∆⋅ = = ⋅  ∂ ∂ ∆  
e e

e e

e Em yEm
y e y Em

 therefore, the increase in emissions 

when real income (real GDP) increases is:
	 λ γ∆ = ⋅ ⋅

∆
Em Em
y y

� (15)

From (14) and (15) we can see, which emits more, whether the production process of (y) or 

the energy consumption process (e), i.e., how much the difference is worth: .∆ ∆−
∆ ∆
Em Em
y e

 

The results, with data from 2015, are shown in column VII of Table 3.  When this 
difference is positive, the increase in production emits more CO2 than the increase in 
energy consumption.

Assuming that the production functions of the firms in the economy are homogeneous 
of degree one, as corresponds to the production functions (5), whose arguments are energy 
as a production factor (eN) plus a series of production factors (R), some of which we 
assume fixed during 2015, then if we consider energy as a variable factor all production 

Table 2.  Stationarity and Granger causality between variables

Stationarity
Obs.: 100

Harris & 
Tzavalis

Panel Endog Explan. Lagged 
Explan

Panel R2-adj. Granger 
Causality

Yt =ρYt-1+εt Rho
Ln e LnPO

Ln y

RE 0.5474
ρLn e(-1) 0.66 < 1 RE LnPO RE 0.5503 PO → e
ρLn Em(-1) 0.85 < 1 FE Ln y RE 0.5495 y → e
ρLn TPO(1) 0.50 < 1 FE FE 0.8105
ρLn PO(1) 0.87 < 1 FE Ln Em Ln e Ln e FE 0.8106 e → Em
ρLn y(1) 0.74 < 1 RE LnTPO LnTPO FE 0.8132 TPO → Em

Source: own elaboration. Note: FE (Fixed Effects); RE (Random Effects).
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factors are efficiently used by the firm when production is between the technical optimum5 
and the technical maximum of a productivity function where energy acts as a variable 
factor. At that stretch, the average productivity function of energy lies above the marginal 
productivity function of energy as a factor of production (Figure 1).

FIGURE 1  Productivity function and derived functions
Source: Own elaboration.
Notes: Productivity Function: Y = f(e , R̅ ); Average Productivity: y/e. Marginal Productivity: y'(e). In stage I some factor of 
production is inefficient; in stage II [y/e ≥ y'(e) ≥ 0] all factors of production are efficient, including energy (e). In stage III 
all factors of production are inefficient

Aggregating the productivity functions of the firms in the economy it can be deduced that the 
efficient use of all factors of production, including energy, is obtained when over the aggregate 
productivity function, the average productivity of energy (Table 3, column II) is equal to or 
greater than the marginal productivity of energy (Table 3, column III) the latter being non-
negative: (y/e) ≥ (Δy/Δe) ≥ 0. Therefore, the shaded results in columns II and III belong to 
countries that probably did not efficiently use energy as a factor of production in 2015.

5. Maximum of the average productivity function. Technical maximum is the maximum of the productivity function.
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According to the results in Table 3, it can be assured under the assumption of aggregate 
production functions with constant returns to scale but decreasing returns to capital factor 
that, of the 20 countries analysed only Spain, Portugal, France, India, the United States, 
Saudi Arabia, China and Iceland used energy efficiently in 2015 since, in relation to energy, 
their average productivities are higher than the marginal ones [y/e ≥ y’(e) ≥ 0] and therefore 
they do not have sufficient incentive to reduce emissions. 

From the estimates for the 20 countries in the sample, of which for 10 of them are 
shown in Table 1, we obtain the corresponding estimators of λ and γ for each country, 
which are collected in columns IV and V of Table 3. Using expressions (14) and (15) with 
2015 data we obtain the results in column VII.

Table 3  Energy productivity and contribution to CO2 emissions (2015)

Countries Average Energy 
Productivity 

(y/e)  2015.Bil-
lions  US$ ctes 
(2010) / ktoe

Marginal En-
ergy Produc-
tivity (Δy/Δe) 

2015

λ · γ γ CO2 Emis-
sions  Tn 

of CO2 per 
capita (2015)

Contribution to  
CO2 emissions 

Em Em
y e

∆ ∆
−

∆ ∆

I II III IV V VI VII
Ireland 0.026 0.096 0.26 0.96 7.29 > 4.54 0.028 < 0.117
UK 0.019 0.045 0.74 1.73 5.93 > 4.64 0.110 < 0.117
Spain 0.018 0.012 1.19 0.77 5.28 > 4.64 0.195 > 0.122
Portugal 0.017 0.017 0.80 0.85 4.53 0.132 > 0.122
Mexico 0.0168 121.6 0.0002 1.27 3.54 -0.004 < 0.117
Morocco 0.0167 0.020 0.67 0.82 1.54 0.142 > 0.122
France 0.0163 0.016 1.73 1.81 4.34 0.200 > 0.122
Japan 0.01586 -0.015 -0.47 0.47 9.10 > 4.64 -0.115 < 0.117
Germany 0.01583 -0.076 -0.57 2.78 8.72 > 4.64 -0.128 < 0.117
Indonesia 0.0157 0.028 0.87 1.59 1.72 0.145 > 0.122
India 0.014 0.014 1.49 1.70 1.48 0.401 > 0.122
Brazil 0.012 5.0 0.0028 1.14 2.15 -0.001 < 0.117
U.S. 0.011 0.011 1.02 1.02 15.04 > 4.64  0.297 > 0.122  
Saudi 
Arabia

0.010 0.009 1.20 1.03 16.36 > 4.64 0.402 > 0.122  

South 
Africa

0.0095 -0.00008 2.21 -0.02 7.25 > 4.64 1.350 > 0.122  

China 0.0093 0.009 1.23 1.20 6.54 > 4.64 0.607 > 0.122 
Nigeria 0.0079 0.074 0.28 2.83 0.40 0.021 < 0.117
Iran 0.0071 0.018 0.34 0.91 6.79 > 4.64 0.143 > 0.122
Russia 0.0070 0.016 0.15 0.36 9.97 > 4.64 0.067 < 0.117
Iceland 0.005 0.005 0.03 0.03 5.85 > 4.64 0.003 < 0.117

Efficiency of e: (y/e) ≥ (Δy/Δe) ≥ 0 Averages: Sample: 6.19
World: 4.64

0.165   (Panel)
0.117  (World)
0.122 (OECD)

Source: own elaboration. Note: The shaded figures exceed the established criteria.
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Considering the coefficients λ and γ obtained in estimations XII and XIV with panel data 
from Table 1 we obtain that the average difference ∆ −

∆ ∆
Em Em
y e

 in the sample is 0.165 

which shows that overall .∆ ∆>
∆ ∆
Em Em
y e

 That is, as seen in column VII, what emissions 
increase when real GDP increases in general is more than what emissions increase when 
energy consumption increases. The empirical results have relevant implications for the 
environmental policies of the countries involved, which depend largely on the difference 
between the increase in emissions when GDP increases and the increase in emissions when 

energy consumption increases ,∆ ∆ − ∆ ∆ 
Em Em
y e

whose world average value is 0.117. At 

the same time and in the period considered, the value of this difference for the developed 
countries of the world is on average 0.122. We assume that the developed countries are 
those belonging to the OECD (Organization for Economic Cooperation and Development). 

We assume that the difference .∆ ∆−
∆ ∆
Em Em
y e

should not be greater than the average of the 

developed countries (0.122) or less than the world average (0.117), so that if these limits are 

exceeded, either ∆
∆
Em
y

or ∆
∆
Em
e

should be reduced, as appropriate, to bring the difference 

∆ ∆−
∆ ∆
Em Em
y e

closer to the limits indicated without increasing any type of emissions. 

From the results obtained, the following considerations can be established 
corresponding to the situation reached in 2015 by the twenty countries analysed: 1) In 
general, the increases in CO2 emissions related to the productive processes of goods and 
services are greater than those associated with energy consumption: ΔEm/Δy > ΔEm/
Δe. We assume that countries whose difference exceeds the average for OECD countries 
(0.122) should improve their production processes. .2) There are only four countries in 
the sample, Mexico, Brazil, Japan and Germany, in which the increase in CO2 emissions 
related to energy consumption are greater than those associated with economic activity, 
implying that the marginal productivity of energy is greater than one6 (Brazil and Mexico) 
or that emissions decrease when production increases due to the Kuznets7 effect (Germany 
and Japan). 3) The United States, Saudi Arabia, China, Spain, France, India and Portugal 
must reduce CO2 emissions from production even if energy use is already efficient, since 
the difference between the increase in emissions when GDP increases and the increase in 

emissions when energy consumption increases ∆ ∆ − ∆ ∆ 
Em Em
y e

is greater than the average 

difference for developed countries (0.122), so reducing this difference without increasing 
emissions requires reducing emissions caused by the production of goods. According to the 
above scheme, South Africa, Iran, Morocco and Indonesia should also reduce CO2 emissions 
from their production processes mainly because their current energy use is not efficient and 

6. If (ΔEm / Δe) > (ΔEm / Δy) then (1 / Δe) > (1 / Δy), that is: (Δy / Δe) > 1. See Table 5, column III.
7.  From a high level of per capita income, emissions decrease as production increases.
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could improve efficiency by implementing improvements in the production processes of 
goods and services. 4) Ireland, Russia, Japan, Germany, United Kingdom, Brazil, Nigeria 
and Mexico should reduce CO2 emissions from energy consumption because the difference 
∆ ∆−
∆ ∆
Em Em
y e

 is smaller than the world average (0.117) and since they should not increase 
emissions, they should reduce emissions caused by energy consumption to get closer to the 
average, a policy that should also be carried out by Iceland for the same reason, although 
its energy use is already efficient. 5) Column VI in Table 3 shows the countries whose CO2 
emissions per capita are higher than the world average (4.64 tons of CO2 per capita). The 
United States, Saudi Arabia, China, Spain, Iran and South Africa emit per capita amounts 
of CO2 higher than the world average (4.64 tons of CO2 per capita), which reinforces 
the idea that they should reduce emissions from the production processes of goods and 
services. 

The situation of the twenty countries in the sample with respect to the incentives they 
have or do not have to curb CO2 emissions is shown in Table 4.  

Table 4  CO2 Emissions from Production and Energy Consumption (2015)

2015 Efficient use of energy
[y/e ≥ y’(e) ≥ 0]

Inefficient use of energy
[y/e < y’(e)]

Polícy

Em < 4.64 Em > 4.64 Em < 4.64 Em > 4.64

0.122Em Em
y e

∆ ∆− >
∆ ∆

France Portugal 
India

UnitedStates
Saudi Arabia
China
Spain

Morocco
Indonesia

SouthAfrica
Irán

Em
y

∆↓
∆

0.117Em Em
y e

∆ ∆− <
∆ ∆

Iceland Mexico
Brazil
Nigeria

Ireland
Japan
Germany
Russia
UnitedKingdom

Em
e

∆↓
∆

Source: own elaboration.

While consumers usually cannot modify directly the emissions originated in the production 
processes of goods, they can directly act on the emissions caused by their domestic energy 
consumption, either by reducing consumption or by using technologies capable of reducing 
emissions. Considering that domestic energy consumption is approximately 26 percent 
of a country’s total energy consumption and that, on average, 79 percent of domestic 
energy consumption is devoted to heating, cooling and hot water, then approximately this 
consumption is 21 percent of each country’s total energy consumption. For this reason, 
this research has proposed four inexpensive and sufficiently sustainable energy systems 
for use in heating and hot water, in order to compare their possible social profitability 
in eight of the sample countries through a cost-benefit analysis: 1) Direct use of thermal 
waters without prospecting, with temperature increased by means of an electric heat pump. 
2) Geothermal energy with prospecting and water temperature increased by means of an 
electric heat pump. 3) Direct use of thermal waters without prospecting, with increased 
temperature by means of a biomass boiler and 4) Use of natural gas increasing the water 
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temperature by means of solar thermal panels.
To compare the social profitability of the four proposed energy systems to be used 

in heating and domestic hot water a Cost-Benefit Analysis is applied with data from the 
International Energy Agency (2019) over a 25-year period from 2018 in eight of the 
twenty countries in the sample: Germany, France, Portugal, Ireland, Spain, Iceland, United 
Kingdom and the United States. According to Brealey, Myers and Allen (2017) and De 
Rus (2004), a project will be socially profitable when its discounted present social value 
or social net present value (NPV), which accounts for negative externalities from CO2 
emissions, is positive. 

Table 5  Socially profitable systems for heating and DHW sorted by NPV

Social NPV (US.$ 2018)
(Period 2018-2043)

US-Therm+Biom 24671.50 SP-Therm+Biom 12898.82 FR-Therm+Biom 3917.65
GE-Therm+Biom 23021.75 IR-NatGas+Solar 10958.39 US-Geoth+Pump 2012.85
IC-Therm+Biom 21760.04 PT-NatGas+Solar 9969.74 UK-NatGas+Solar 1827.12
US-NatGas+Solar 19125.05 SP-NatGas+Solar 9766.94 SP-Therm+Pump 1685.00
GE-NatGas+Solar 17260.16 US-Therm+Pump 8043.45 IR-Therm+Pump 1578.17
IC-NatGas+Solar 16458.38 GE-Therm+Pump 6486.59 PT-Therm+Pump 1246.66
IR-Therm+Biom 15572.54 UK-Therm+Biom 6098.95 GE-Geoth+Pump 455.99
PT-Therm+Biom 13801.39 IC-Therm+Pump 6039.13 FR-NatGas+Solar 30.28

Source: Own elaboration. 
Notes: 1.- GE: Germany; FR: France; PT: Portugal; IR: Ireland; US: United States; UK: United Kingdom; IC: Iceland; SP: 
Spain.. 2.- Therm+Biom: Thermal springs + Biomass; NatGas+Solar: Natural gas + solar thermal panels; Therm+Pump: 
Thermal springs + electric heat pump; Geoth+Pump: Geothermal + electric heat pump. 3.- Colours. White: Thermal springs 
+ Biomass; Yellow (gray): Natural gas + solar thermal panels; Orange (dark): Electric heat pump systems.  

The observation of Table 5 allows us to deduce the superior social profitability (NPV 
social value) for the system of direct utilisation of thermal waters without prospecting with 
temperature increase by biomass boiler, where applicable, over all other energy systems 
especially in the USA, Germany, Iceland, Ireland, Portugal and Spain, followed by the use 
of natural gas in these same countries. In contrast, systems based on electric heat pumps 
show a lower social profitability. The system based on natural gas with solar thermal panels 
is the second most socially profitable system. 

Conclusions

This research attempts to estimate the contribution of economic activity and energy 
consumption to CO2 emissions. According to the results, some countries should curb CO2 
emissions from energy consumption in order to improve their energy efficiency and reduce 
global warming. Considering that 79 percent of domestic energy consumption is devoted to 
heating, cooling and hot water, this research has proposed four sustainable energy systems 
to be used for heating and hot water, in order to compare their social profitability in eight 
of the sample countries through a cost-benefit analysis. The results indicate that for the four 
proposed energy systems and for the eight countries, on average, the use of thermal water 
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assisted by a biomass boiler is the most socially profitable of the four proposed systems. 
The four selected energy systems are socially profitable in Germany, the United States and 
Iceland. In Ireland, Portugal and Spain the use of geothermal energy with prospecting, with 
water temperature increased by means of an electric heat pump is not socially profitable 
because its NPV is negative. If we classify the four proposed systems by the basic origin 
of the energy used, natural gas, electricity and thermal waters, the results indicate that, on 
average, the use of thermal waters is more profitable from a social point of view, obviously 
in areas close to adequate thermal supply sources, followed by natural gas. The analysis 
carried out in this research empirically supports the proposal of using thermal waters as 
an alternative system, socially and economically profitable, to be used for heating and 
hot water in homes and buildings located in areas near thermal springs with sufficient 
temperature and flow. It is a way to try to curb CO2 emissions caused by domestic energy 
consumption and to seek energy savings by using local resources. 
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Appendix A

Supplementary data Supplementary data to this article can be found online at International 
Energy Agency, 2019. International Energy Outlook: https://www.iea.org/data-and-
statistics?country=WORLD&fuel=Energy%20supply&indicator=TPESbySource
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