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Abstract

It is clear that renewable energy plays a crucial role in achieving a reduction
of greenhouse gas emissions. This paper presents a model approach of CO,
emissions in Ecuador in the upcoming years, up to 2020. The main goal
of this work is to study in detail the way the changes in the energy matrix
and in the Gross Domestic Product (GDP) will affect the COy emissions of
the country. In particular, we will pay special attention to the effect of a
reduction of the share of fossil energy, as well as of an improvement in the
efficiency of the fossil energy use. We have developed a system dynamics
model based on a relationship, which is a variation of the Kaya identity, and
on a GDP that depends on renewable energy, which introduces a feedback
mechanism in the model. The main conclusion is that it is possible to
control the CO, emissions even under a scenario of continuous increase of
the GDP, if it is combined with an increase of the use of renewable energy,
with an improvement of the productive sectoral structure and with the use
of a more efficient fossil fuel technology. This study offers useful lessons for
developing countries, and it could be used as a policy-making tool because
it is easily transferable to any other time period or region.
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1. Introduction

Globally, CO4 is by far the main contributor to anthropogenic green-
house gas (GHG) emissions (IPCC, 2007, Fig. 2.1): CO, represents 76.7%
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of the GHG emissions (approximately 56.6% is from fossil fuels, 17.3% from
deforestation, and 2.8% from other sources). Ecuador has a relatively low
level of CO2 emissions (2.1 tonnes per capita per year) while Qatar, the
world’s largest CO2 emitter per capita in 2009, emitted 44 tonnes per capita.
At the same time Venezuela, the largest CO2 emitter in Latin America
(LA), emitted annually 6.5 tonnes per capita (World Bank, 2011). It is
expected that social and economic development in the coming years could
significantly increase Ecuador’s emissions. Observations show that global
CO2 emissions, far from stabilizing, have experienced significant growth in
recent years.

Several international organizations, notably, the Intergovernmental Panel
on Climate Change (IPCC), are warning about the need of stabilizing the
COy and others anthropogenic GHG emissions in order to avoid a catas-
trophic warming of the climatic system during this century (IPCC, 2007).
The IPCC has developed several methods to estimate GHG emissions, such
as the Reference Method * (IPCC, 2006), which is a top-down technique
that uses data from the country’s energy supply (mainly from the burning
of fossil fuels), land use, and deforestation rate, among others, to calculate
COs emissions. It is a straightforward method that can be applied on the
basis of the available energy supply statistics (IPCC, 2006). However, the
problem arises when it is necessary to conduct more detailed studies and
find the driving forces that are behind the emissions, but the data is not
available or is not sufficiently disaggregated.

In Fig. 1 Ecuador CO, emissions for the period 1980 — 2010 are depicted
(World Bank, 2011)%. These data only correspond to energy CO, emissions
and do not include the contribution from deforestation. Clearly, one ob-
serves an increasing trend which is related with the growth of economic ac-
tivity. This growth is due to greater prosperity of the inhabitants and to an
increase of the population. There are multiple factors that influence the level
of CO4 emissions, such as economic development, population growth, tech-
nological change, resource endowments, institutional structures, transport
models, lifestyles, and international trade (Alcantara and Padilla, 2005).
The identification of the kind of sources of CO, emissions and of its mag-
nitude is essential information for economic planning and decision makers.

mena@uhu.es (A. Mena-Nieto ), enrique.ramos@dfaie.uhu.es (J.E. Garcia-Ramos )
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Figure 1: Ecuador CO; emissions (1980-2010). CO; emissions are given in million tonnes
of COs.

Therefore, this work tries to study the driving forces of CO5 emissions of
a given country, particularized to the case of Ecuador, considering doubling
the GDP within 10 years, which will approximately correspond to achieve
the estimated international average GDP per capita for 2020 (around 12, 000
USD, own estimates based on World Bank data®). In this work the increase
of the income will be induced through a process of industrialization of the
country (see Section 2.7). Unfortunately, this economic growth, according to
the environmental Kuznets curve (EKC), in a first stage will also increase
the COy emissions of the country (Pasten and Figueroa, 2012). Within
the EKC hypothesis the relationship between income per capita and some
types of pollution is approximately an inverted U. This behavior states that
as the GDP per capita grows, environmental damage increases, reaches a

3GDP given in constant 2005 PPP (purchasing power parity) international dollars
(USD). Data taken from http://data.worldbank.org/indicator/NY.GDP.PCAP.PP.KD
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maximum, and then declines. The Ecuadorian government has, among its
goals, the development of strategies to guarantee the energy supply, increase
energy cost efficiency, and last, but not least, to minimize the negative
impact of economic development on the environment (Mosquera, 2008).

Renewable energy sources could play an important role in the diversifi-
cation of the energy matrix in Ecuador. In particular, CONELEC-004/11
regulation (CONELEC, 2011) establishes the conditions for selling electric-
ity to the national grid, which is encouraging new projects. Below we sum-
marize projects that will increase the use of renewable energy in Ecuador
in the upcoming years.

1. Bioenergy. Ecuador has about 71,000 ha (2009) of sugarcane mostly
concentrated in the Coastal Region, near Guayaquil (MAG, 2011). A
fuel ethanol pilot program has been planned in Guayaquil and Quito,
initially consisting of 5% ethanol blend with gasoline (MRNRE, 2012).
If successful, this could set the ground for a nation-wide ethanol fuel
program. The use of this kind of fuel will generate savings of about
32 million USD a year, as the country would stop importing about
320,000 barrels of high octane naphtha* (15%) (MRNRE, 2012).

On the other hand, the total area planted with African palm in Ecuador
is 240, 000 ha, with about 200, 000 ha currently being harvested (MAG,
2011). Ecuador could potentially plant up to 760,000 ha of African
palm according to Ecuador’s Association of African Palm Growers
(ANCUPA, 2013). Based on projections from the sector in terms of
production, domestic consumption and export surplus of red oil, the
surplus could grow significantly and reach more than 850,000 tonnes

of red oil in 2025 (USDA, 2011).

2. Hydroelectricity. In 2011 Ecuador had 2,215 MW of installed hy-
dropower capacity and another 2,756 MW under construction (CON-
ELEC, 2013). The biggest hydroelectric project is called Coca Codo
Sinclair and has a capacity of 1,500 MW and an estimated cost of
2,245 million USD (the overall project progress is 27.4% up to Novem-
ber 2012). Other hydroelectric projects are: Deisitanisagua with 115
MW, Maduriacu with 60 MW, Mazar Dudas with 21 MW, Minas de
San Francisco with 270 MW, Quijos with 50 MW, Sopladora with 487
MW, and Toachi Pilatén with 253 MW (MEER, 2013).

4Naphtha is used primarily as feedstock for producing high octane gasoline.
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3. Solar energy. Through Rural Electrification and Urban Marginal
Funds (Fondos de Electrificacién Rural y Urbano Marginal - FERUM),
Ecuador initiated in 2004 a program of electrification in the country-
side using photo-voltaic (PV) generation units. This program started
in zones near the border with Peru and in the Amazonian region. An-
other program using PV panels is executed in the Galapagos Islands
to generate a power of 2.1 MW (MEER, 2013).

4. Wind energy. Programs for using wind energy started in 2004. One
of the main programs, promoted by the Ministry of Electricity and
Renewable Energy (Ministerio de Electricidad y Energia Renovable -
MEER), aims at replacing existing thermal generation plant by wind
and PV plants in the Galapagos Islands. With the new facilities, 5.7
MW of wind power (plus 2.1 MW of PV power) will substitute most of
the 8.8 MW of the thermal generation installed (MEER, 2013; CON-
ELEC, 2013). Other projects for using wind energy in the Ecuadorian
continental region are being carried out by the MEER as the one called
Villonaco, located in the province of Loja in the south of the country,
with a cost of 41.8 million USD and a power capacity of 16.5 MW.

5. Geothermal energy. The geographical location of Ecuador in one of the
zones of largest volcano activity, Andean Mountains, is the reason for
having a geothermal potential of 534 MW (CEPAL, 2000), which re-
mains unexploited. The main geothermal project existing in Ecuador
(Tufinio-Chiles-Cerro Negro-TCCN Project) is located in the north of
the country. Besides, there is a join project with Colombia to install
a plant with a capacity of 15 MW (CEPAL, 2000). Other geothermal
resources in the center of the country could also be exploited in the
future.

It is a very complicated task to predict how much the economy will grow
in the near future. This growth will strongly modulate the COy emissions
of any country and therefore it will be crucial to make a realistic estimate
of CO, emissions. On the other hand, the different feedback-mechanisms,
both in the climatic and in the economic system make any prediction highly
questionable beyond 5—10 years (Fiddaman, 2002). However, it is critical to
provide accurate information to policymakers in order to design appropriate
energy policies for the near future (Bahrman et al., 2007).

This paper explores the relationship between economic growth, produc-
tive sectors, energy consumption, changes in the use of renewable energy,



improvements in the efficiency of fossil energy, and the CO, emissions of the
country. To estimate the COy emissions in the near future we will define
different scenarios.

The model is based on a variation of the Kaya identity (Kaya and Yoko-
bori, 1993) and on an approach of formation of GDP which includes a
contribution from renewable energy (Chien and Hu, 2008). The model has
been implemented using the system dynamics (SD) technique (Forrester,
1961) on a Vensim platform (Vensim, 2011). It was originally proposed by
J. Forrester to understand how systems change as a function of time (Be-
gueri, 2001). The considered data corresponds to the period 1980 — 2010
and it has been extracted from the official dataset of the Ecuadorian Insti-
tute of Statistics and Census (Instituto Nacional de Estadistica y Censos -
INEC) (INEC, 2012), Central Bank of Ecuador (Banco Central de Ecuador
- BCE) (BCE, 2012), World Bank (World Bank, 2011)°, and International
Energy Agency (IEA, 2013). In the rest of this paper GDP-PPP will be
referred as GDP, for brevity. The raw data has been processed using a
Hodrick-Prescott filter (HP) (Hodrick and Prescott, 1997) which allows to
generate a smooth representation of a time series.

The Kaya identity is commonly used as an analytical tool to explore the
main driving forces that control the amount of carbon dioxide emissions
(Alcantara and Padilla, 2005; Mena-Nieto et al., 2009). According to this
identity, CO, emissions of a given country are broken down into the product
of four factors: carbon intensity (defined as the COy emitted per unit of
energy consumed), energy intensity (defined as the consumed energy per
unit of GDP), economic rent (defined as GDP per capita), and population
(Fiddaman, 2002).

SD is a method for modeling, simulating and analyzing complex systems.
A system is defined as a collection of elements in which interactions are
modeled as flows between reservoirs in time steps, and in which the rate
of change depends on the value of the variables that define the system
(feedback mechanisms). Therefore, the main goal of SD is to understand
how a given system evolves, and even more importantly, to understand the
causes that govern its evolution (Garcia , 2011). The basis of SD has been
reanalyzed in detail in (Radzicki and Tauheed, 2009; Tan et al., 2010).

The use of SD methodology for the understanding of complex environ-
mental systems has increased significantly. SD has been used to study
climate change policies and the evolution of the economy (Fiddaman, 2002;

SEconomic official data set used is given in constant 2005 PPP international dollars.
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Nordhaus and Yang, 1996; Naill et al., 1992; Feng et al., 2012). Bassi and
Baer (2009) carried out an SD study trying to answer whether an annual
investment of 1% of GDP to mitigate the negative economic impacts of
climate change, would allow for the reduction GHG emissions in Ecuador.

The paper is organized as follows: section 2 summarizes the main data
indexes of the country and outlines the method used for the case studys;
section 3 presents and discusses the main results of this work, and lastly,
section 4 provides the summary and the conclusions.

2. Study area and methodology

2.1. Qverview of the study area

Ecuador (officially the Republic of Ecuador) has an area of 272,046 km?
and a population of more than 14 million (2010) (INEC, 2012). Ecuado-
rian territory, which includes the Galapagos Islands, 1,000 km off the west
coast, has the planet’s densest biodiversity. This species diversity makes
Ecuador one of the 17 mega-diverse countries in the world (Conservation-
International, 2012). The new Ecuadorian constitution of 2008 is the first
one in the world to recognize legally enforceable rights of Nature, or ecosys-
tem rights (TCELDF, 2011).

Ecuador is a medium-income country with a Human Development Index
score of 0.695 (UNDP | 2011) and about 35.1% of its population lives below
the poverty threshold (Index Mundi, 2012). Tts economy is the eighth largest
in Latin America and experienced an average annual growth of 4.6% between
2000 and 2006.

The Ecuadorian GDP was multiplied by 2.3 times between 1980 and
2010, and the GDP reached a value of around 104 billion US dollars (2005-
USD) that year. Note that the country’s public finances are healthy, but
they have recognized that the Achilles heel of the Ecuadorian economy is
the external sector, due to the deficit, without including oil exports, in the
trade balance (BCE, 2012). Since the late 1960’s oil extraction increased.
Proven reserves of the country in 2013 are estimated at around 8 billion
barrels (IEA, 2013; BCE, 2012).

The extreme poverty® rate has declined significantly between 2000 and
2010. In 2000, the estimate was approximately 20.7% of the population,
while by 2010 this number had dropped up to 4.6% of the total population.

SPopulation below 1.25 USD a day is the percentage of the population living on less
than 1.25 USD a day at 2005 international prices.
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This is largely explained by emigration and the economic stability achieved
after the dollarization of the economy. Poverty rates were higher for indige-
nous peoples, afro-descendants and rural areas, reaching 44% of the native
population (World Bank, 2011).

2.2. Formulation of model

The model uses a variation of the Kaya identity, where the amount of
CO; emissions from industry and from other energy uses may be studied
quantifying the contributions of five different factors: global industrial ac-
tivity, industry activity mix, sectoral energy intensity, sectoral energy mix,
and COs emission factors. Moreover, we consider different sub-categories
concerning the industrial sectors and the fuel type. The CO, emissions can
be written as,

C:%:C”:%: 5@51,%Z%:Q-Si-Eli-Mij.Uij (1)

where C' is the total COy emissions and Cj; is the COy emissions arising
from fuel type j in the productive sector ¢ E;; is the consumption of fuel
j in the industrial sector i, where E' = ) ; Eij; the energy matrix is given
by M;; (%) and the CO, emission factor by Uj; (gj ). Note that the index
7 runs over five productive sectors and the index j over the type of energy
sources.

The raw data to perform the model correspond to the official available
data on Ecuador, provided by the INEC”, the BCE?, the World Bank?, and
the International Energy Agency!'®. The subsequent data analysis and the
preprocessing of the time series was performed using the Hodrick-Prescott
(HP) filter (Hodrick and Prescott, 1997), which allows isolation of outliers
(economic crises, random behavior of markets, etc) of the time series under
study. After that, it is possible to get the trend component of a time
series and to perform more adequate estimations. The smoothing parameter
A of the filter, which penalizes acceleration in the trend relative to cycle
component, needs to be specified. Most of the business cycle literature use

past data and a value of the smoothing parameter A equal to 100 (Hodrick

"http://www.inec.gob.ec/estadisticas/, http://www.ecuadorencifras.com/
8http://www.bce.fin.ec/indicador.php
9http://data.worldbank.org/country/ecuador

Ohttp: / /www.iea.org/countries/non-membercountries /ecuador/
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Figure 2: Schematic diagram of the methodology used in the paper.

and Prescott, 1997). Indeed, all time series used in this paper have been
computed using the HP filter with a A value of 100.

The simulation period extends from 1980 to 2020, where 1980 — 2010 is
used to fix the parameters of the model and 2011 — 2020 corresponds to the
forecast period, under the assumption of different scenarios concerning the
evolution of the GDP, the evolution of the energy mix, and the efficiency
of the used technology in minimizing the CO5 emissions. The geometric
growth rate (Rowland, 2003; Jin et al., 2009) has been used to extrapolate
the trends into the forecast period. The Seemingly Unrelated Regression
(SUR) (Zeller, 1962) in STATA software platform (STATA, 2012) has been
used to parameterize the GDP formation. The validation of the model
has been done with the mean absolute percentage error (MAPE) and a
sensitivity analysis was performed through the Logarithmic Mean Divisia
Index (LMDI) (Ang, 2005).

Fig. 2 shows in a schematic way how the calculations have been per-
formed using the different techniques described in previous paragraphs.



2.8. Economic submodel

Much attention has been given recently to the notion of sustainable en-
ergy consumption. This work uses a perspective of environmental economics
to include the influence of renewable energy usage directly contributing to
the formation of the GDP (Domac et al., 2005), which suggests that renew-
able energy can increase the GDP in two different ways: (i) the business
expansion and new employment brought by renewable energy industries re-
sult in economic growth; (ii) the import substitution of energy has direct
and indirect effects on increasing the GDP and the trade balance. This
paper uses the second process to model GDP formation (Chien and Hu,
2008).

Following closely to Chien and Hu (2008) we use the expenditure ap-
proach to form the GDP

GDP=C+I1+G+X—M, 2)

where C' is the final household consumption expenditure, [ is the gross
domestic capital formation, G is the general government final consumption
expenditure, X is the export; and M the import. The deduction of imports
from exports is the trade balance TB.

On the other hand, according to Chien and Hu (2008) the variable G is
eliminated from the model estimation to avoid multicollinearity. To avoid
the problems of inputting raw data, a rescaling of the smoothed time series
has been used so that they are all on approximately the same scale. The
system of theoretical GDP formation model is made up by the following
equations:

GDP = (11'[+CL2'TB+Q3'C+(I4'Eimp+a5'RN+€1
I = bl'RN+b2'C+€2

(3
(
TB = ¢ - Eip+cs- RN + €3 (
(
(

4

ot

Eimp = dl'RN+E4
c = fl'Eimp+f2'TB+65

6

)
)
)
)
7)
where Ej,,, is the energy import, RN is the renewable energy and €;... €5 are
residuals. Note that Eqgs. (3)-(7) form our model for the GDP. Coefficients
appearing in these equations are determined using the SUR for the datasets
of the period 1980 — 2010 and therefore their values are a consequence of

the data. In Eq. 3, GDP is influenced by capital formation, trade balance,
10



and consumption. Chien and Hu (2007) suggested that energy inputs may
affect GDP, therefore, energy imports and renewable energy are included as
well Eq. (3). Note the negative value of a5 in table 1.

Table 1: Estimated coefficients for the GDP formation equations (see Egs. (3)-(7))®.

Variable ~ GDP? I TB C Eimp
» 116 6.07
(5.11) (-41.44)
) 0.99**
B (3.46)
- 121 0.50*
(7.70)  (100.40)
n s 0.05%** 0.01%** —0.27%**
imp (2.66) (4.14)  (-100.17)
RN ¢ —0.50%** —0.84*** 0.04 —36.79***
(4.44)  (-540)  (0.28) (5.47)
a kskk

represents significance at the 1% level and numbers in the parentheses are t-
statistics. Estimation Method: SUR. Sample: 1980-2010. Included observations:
155.

® GDP in 10 USD.

“Tin 10'° USD.

4 TB in 10'° USD.

¢ Cin 10'° USD.

I Eimyp in 10° toe.

9 RN in 10° toe.

In Eq. (4) capital formation is influenced by renewable energy, since
theory predicts that increasing the use of renewable energy will result in
business expansion and thus capital could be accumulated in long term,
but its implementation is expected to have a negative short term effect in
GDP (this is confirmed with a negative value of by in table 1). In Eq. (5)
energy imports and renewable energy influence trade balance (both coef-
ficients, ¢; and ¢y, have positive values in table 1). The theory proposed
by Domac et al. (2005) suggests that the use of renewable energy results
in import substitution by domestic-produced renewable energy, and thus
trade balance will increase by the use of renewable energy. Furthermore, if

11



renewable energy could cause import substitution, then the imports of en-
ergy should be reduced by the increase of renewable energy (in Eq. (6) the
value of the coefficient d; is negative). Although Ecuador is a net exporter
of fossil energy, the use of renewable energy can help diversify its energy
matrix and reduce emissions.

In Eq. (7), according to international trade theories, the domestic price
of goods increases as the same kind of goods are exported, while it decreases
as the same kind of goods are imported. Thus, trade balance influences
consumption through changes in domestic prices. The imports of energy
influence domestic energy prices and the consumption of energy. As a result,
consumption of energy-related products is also affected. Ecuador exports
crude oil and imports refined products, such as diesel and liquid petroleum
gas (LPG) which affects the value of TB and Ej,, in Eq. (3).

The results obtained after the fitting of the smoothed series of data are
depicted in table 1. Note that the error terms are correlated through the
GDP formation equations, because the variables in Eq. (3) are not fully
statistically independent. All the coefficients are individually significant at
the 0.01 level except the coefficient between FEj,, and TB.

According to the results of table 1 renewable energy generates a reduc-
tion of GDP and of Iin the short term, however they have a positive impact
on the 7B and a large negative effect on the Ej,,,.

2.4. Energy consumption and productive sectoral structure submodel

Energy consumption refers to the use of primary energy before transfor-
mation into any other end-use energy, which is equal to the local production
of energy plus imports and stock changes, minus exports and the amount
of fuel supplied to ships and aircrafts engaged in international transport. It
is given in tonnes of oil equivalent (toe). Energy intensity is defined as the
ratio of energy consumption to GDP (World Bank, 2011).

In this work we consider five sectors to the productive sectoral structure:
1) agriculture, fishing and mining, 2) industry, 3) construction, 4) services,
trade and residential, and 5) transportation. These will be represented
inside the model by its contribution to the country’s economy (.S;), by its
energy intensity (EI;) and by their energy mix (M;;). Index ¢ runs over
each sector of the productive sectoral structure and index j runs over each
kind of fuel: 1) natural gas, 2) coal, 3) pretroleum, 4) renewable energy,
and 5) alternative and nuclear energy.

Note that the different economic sectors have different energy intensity
(Cancelo and Diaz, 2002). The differences in energy intensity between each

12



sectors can be explained by two reasons: i) differences in the efficiency of
the energy used in each sector and ii) differences in the economic activity
of each sector.

2.5. COy intensity and energy matrixz submodel

CO; intensity (COq;y) of a given country corresponds to the ratio of
CO4 emissions and the total consumed energy written in terms of mass of
oil equivalent (C'Ogp = ), ne /> Ei). The value of the COg;,,; in a given
year depends on the particular energy mix during that year. The energy
matrix is given by M;;, but it is more convenient to sum over the different
sectors and aggregate the fossil fuel contributions. Therefore, we define
M; =3, Eij/ >, Eij, where j = 1 corresponds to natural gas, j = 2 to
coal, j = 3 to petroleum, j = 4 to renewable energy, and j = 5 to alternative
and nuclear energy. Finally, we define £S; = M; + My + Mj (share of
fossil energy in the total consumption), ESy; = M, (share of renewable
energy), and ES; = Ms; (share of alternative and nuclear energy), besides
we introduce ES1; = M; (share of natural gas), ES12 = M, (share of coal),
ESy3 = Mj (share of petroleum). Therefore, £S; = ESy;+ FES12+ ES)3 and
ES1+ ESy;+ ES3 = 100%. In order to simplify the description, in this work
we assume that F.S; and £S5 do not contribute to CO5 emissions. Following
the methodology recommended by the IPCC, that is, the Reference method
(IPCC, 2006), Tier 1 approach for the fossil energy mix has been used.

2.6. Causal diagram of COy emissions

To understand why and how CO, emissions change over time, we need
to know the factors that separately affect or control COs emissions. In
particular, it is extremely useful to represent the driving forces of COq
emissions in a hierarchical way, showing the causality relationship between
the different variables. All this information constitutes the causal diagram.
In this work the variables that will determine the amount of CO, emissions
are: GDP (formation components), share of the different productive sectors
in the GDP, energy intensity of each sector, energy consumption, energy
matrix, and carbon dioxide intensity. They are all represented schematically
in Fig. 3. It can be observed that the CO, emitted into the atmosphere
has several connections with the variables of the model: economic growth
and its different productive activities demand more energy, this increase in
energy consumption induces higher COs emissions that could be regulated
by changes in the energy matrix and in the productive sectoral structure of
the country.

13
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Figure 3: Model causal diagram: continuous lines stand for the relationship between
variables while dashed lines correspond to control terms (S: productive sectoral structure,
M: energy matrix, U: emission factors). Bold line represents the feedback mechanism.

It is worth to note the presence of a feedback mechanism associated to
the influence of renewable energy on the GDP (see bold line in Fig. 3).

2.7. Scenarios

The goals that will be considered to define the different scenarios that
will be proposed, under the general purpose of “improve the quality of life
of people with the least environmental impact” are: Goal 1, by 2020 the
GDP per capita will reach the international average (=~ 12,000 USD ac-
cording to our estimates based on World Bank data) through a process of
industrialization and improvement of the productive sectoral structure of
the country; Goal 2, in regard to the Goal 1, the use of renewable energy
will be increased up to almost 25% of the total energy consumption; Goal 3,
in regard to Goal 1 and Goal 2, the energy efficiency will be enlarged by a
reduction of the energy intensity and by changes in the productive sectoral
structure (see below).

Taking into account the latter goals, we propose four scenarios concern-
ing the growth of the GDP, the evolution of the energy matrix and of the
productive sectoral structure for the period 2011 — 2020.

1. Baseline scenario (BS): the GDP, the energy matrix and the produc-
tive sectoral structure will evolve through the smooth trend of the
period 1980 — 2010 extrapolated to 2011 — 2020 using the geometric

growth rate method.
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2. Doubling of the GDP (GDPz2 scenario, Goal 1): the GDP (in 2020)
will double the one of 2010 and the country will reach the international
GDP per capita average that has been estimated to be around 12,000
USD. To generate this scenario a constant annual growth of the GDP
formation components (I, TB, C, Ejn,) of 7% per year between 2011
to 2020 will be assumed and a structural change in the productive
sectoral structure will be implemented through a growth of 1% per
year in the share (S;) in the GDP of sectors with more profit to the
country economy: industry sector (sector 2) and service, trade, and
residential sector (sector 4). The rest of the variables will evolve as in
the BS scenario.

3. Doubling of the GDP and of the share of renewable energy
(GDPx2+GE scenario, Goal 2): the doubling of the GDP and the
change of the productive sectoral structure as in the GDPz2 scenario
is considered, however the share of fossil energy, £S, will be reduced
approximately one point per year, passing from a 88% in 2011 to a
76% in 2020 due to a constant annual growth of the renewable and
alternative energy share (ESy and ES3). This goal is realistic consid-
ering the state of development and evolution of the energy technology
and of the various energy projects implemented by the Ecuadorian
government as stated in Mosquera (2008).

4. Doubling of the GDP, doubling of the renewable energy share and
improvement in the efficiency of the energy use (GDPz2+GE+EF
scenario, Goal 3): the doubling of the GDP, the change in the pro-
ductive sectoral structure and the change of the share of ES; is the
same than in the GDPz2+GE scenario. Moreover, an improvement in
the efficiency of the energy use is implemented with a 1% reduction of
the energy intensity in the industry sector (sector 2), in the trade, ser-
vice and residential sector (sector 4) and in the transportation sector
(sector 5). This goal, as that of the third scenario, is consistent with
the energy policy of the Ecuadorian government (Mosquera, 2008).

In the BS scenario a big change does not exist in the evolution of energy
consumption or in the environmental goals, therefore the country follows the
trend of the period 1980 — 2010. The GDPz2 scenario clearly corresponds
to a situation where the economy is growing rapidly and no mitigation
measurements to reduce the CO5 emissions are carried out. In the third

scenario, GDPz2+GE, the growth of the economy is combined with a goal
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of reduction of the share of ES; in the energy matrix. Besides the use of
renewable energy, in the fourth scenario, GDPx2+GFE+FEF, an improvement
in the energetic efficiency of the productive sectors is implemented, which
helps to reduce the CO, emissions.

It is important to note that for both, economy and energy, the goal
of this paper is not to perform a rigorous forecast of the GDP, energy
consumption and energy intensity, however, we try to establish a baseline
and also other reasonable scenarios that could be useful as reference points
for policy makers or further studies.

2.8. Model validation and verification

Official dataset from 1980 to 2010 and the output of the model can be
compared to test the predictive power and robustness of the model. This
analysis can be carried out calculating the mean absolute percentage error

(MAPE), which is defined as,
1 At — Ft

where, At, F't, and n are the real data, the calculated values, and the number
of data, respectively.

Table 2: Mean absolute percentage error (MAPE) for selected variables.

VARIABLE MAPE(%)
GDP 2.22
Energy consumption 3.42
COs intensity 15.28
CO5 emission 15.96

In table 2 the corresponding MAPE values for some selected variables
are given. These results indicate the robustness of the model.

Note that in this paper we consider that COs emissions come only from
the burning of fossil fuels and we do not include the contribution coming
from the production of cement, because the lack of official data. Therefore,
our projections will consider COy emissions only. This fact, together with
the process of smoothing (HP filter) of the raw dataset and the use of
general emission factors (IPCC, 2006) justify the somehow large deviations
observed in table 2 for the CO, intensity and COs emissions.
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3. Results and discussion

This section includes the main results of this work, which is the esti-
mation of COy emissions for the studied scenarios. For completeness, some
other projection that, indeed, correspond to the definition of the different
scenarios are also shown.

3.1. GDP and GDP per capita

The value of the GDP for the two types of considered scenarios (BS
and GDPz2) is presented in Fig. 4, where one can see that the estimated
GDP for the GDPz2 scenario will be around 196 billion USD in 2020 (37%
higher than for BS scenario). Note that the projected GDP is not a fore-
cast but a consequence of the considered scenarios. Assuming an annual
increase of the population of 1.2%, the population will pass from 14.5 mil-
lion in 2010 to 16.5 million in 2020, thus the GDP per capita in 2020 will be
around 12,000 USD (which is roughly the prevision that has been consid-
erate for the international average of GDP per capita). In the GDPz2+GE
and GDPx2+GE+FEF scenarios, the GDP would be lower with respect to the
GDPzx2 scenario with a reduction of about 10 billion USD in 2020 due to the
promotion of renewable energy. The connection between GDP and renew-
able energy is obtained through the feedback mechanism of the model. In
the GDPz2+GE+FEF scenario the reduction in the GDP in slightly smaller
(about 8 billion USD) because of the improvement in the energy intensity.
Note that the tiny deviations between the different GDPz2 scenarios are
due to the feedback mechanism between GDP and renewable energy.

3.2. Energy consumption

Energy consumption is calculated through the product of the energy
intensity of each productive sector (FI;) and the corresponding share of
the GDP (S;) of every sector. The values of the energy consumption for
the period 2011 — 2020 are represented in Fig. 5. In 2020 the BS scenario
generates a demand of 16.4 million toe, the GDPz2 scenario about 24.6
million toe (45% higher than the BS scenario), and the GDPz2+GE scenario
generates a demand of 23.4 million toe (38% higher than the BS scenario).
These two last scenarios show the growth of the energy consumption due
to the increase of the GDP and to the changes of the productive sectoral
structure. Finally, the GDP2+GE+FEF scenario generates a demand of 20.5
million toe (only 21% higher than in the BS scenario). It clearly shows the
benefits of the reduction of the energy intensity.
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Figure 4: Ecuador GDP for the period 2011 — 2020. Green line corresponds to the BS
scenario, purple line to the GDPz2 scenario, blue line to the GDPz2+GE scenario, and
orange line to the GDPz2+GE+EF scenario.

The estimated values of energy consumption in each productive sector
in 2020 are shown in table 3 to illustrate the differences between sectors.

3.3. Energy matrix and COy intensity

Two types of evolution of the energy matrix have been taken into account
in the calculations, in particular, for the share of fossil energy, ES;, and its
components (FSy;, ES12, and ESi3). In the first case, the evolution of
ES; follows the tendency of the period 1980 — 2010. In the second case,
a continuous drop of ES; up to 76% in 2020 due to the doubling of the
renewable energy share is assumed. Besides, changes in the fuel use of
the productive sectoral structure have been carried out, which suppose a
reduction of the energy intensity.

A very important result is that the reduction of the global COq;y,; is
twofold, on one hand, it is due to the use of a more efficient fossil fuel
technology (lower COs intensity) and, on the other hand, due to the re-
duction of the ES; share to the energy matrix. Both contributions are

equally important. Note that the 2011 — 2020 period presents a reduction
18
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Figure 5: Ecuador energy consumption for the period 2011—2020. Green line corresponds
to the BS scenario, purple line to the GDPxz2 scenario, blue line to the GDPz2+GE
scenario, and orange line to the GDPz2+GE+EF scenario.

of the global COq;y from 2.7 tCO4/toe in BS scenario to 2.3 tCOy/toe in
GDPx2+GE+FEF scenario. The energy matrix and the CO, intensity are
shown in table 4.

3.4. COy emission

This section includes the main outcome of this work, based on the dif-
ferent scenarios. Fig. 6 shows the COy emissions as a function of time for
the period 2011 — 2020, under the four considered scenarios. In 2020 the
highest CO, emission corresponds to the GDPx2 scenario, while the lowest
corresponds to the BS scenario. The GDPz2+GFE and GDPx2+GE+FEF sce-
narios, which imply the continuous growth of the GDP and the application
of attenuation measures, with a reduction of the fossil energy contribution to
the energy matrix and changes in the productive sectoral structure, present
a clear reduction of COy emissions with respect to the GDPz2 scenario.
In particular, in 2020 the CO5 emissions would reach 66 million tonnes of

COg in the GDPz2 scenario, and only 45 million tonnes of COy in the BS
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Table 3: Energy consumption in ktoe by productive sector in 2020.

Scenario Sector 1 Sector 2 Sector 3 Sector 4 Sector 5
BS 96 3740 92 3385 9626
GDPz2 105 5648 126 5539 13225
GDPz2+GE 99 5354 119 5250 12537
GDPz2+GE+EF 101 4729 121 4885 10642

Table 4: Energy matrix (in %) and COs intensity (in tCO3/toe).

2010 2020 2020
(BS, GDPz2) (GDPz2+GE, GDPx2+GE+EF)
ESy; 0.65% 0.66% 0.66%
ESio 0% 0% 0%
ESi3 87.42% 87.26% 75.89%
ES,+ES; 11.92% 12.09% 23.46%
COs intensity | 2.68 2.67 2.33

scenario. With the application of a reduction of ES, up to 76% in the
GDPzx2+GE scenario, without modifying the energy intensity, one reaches
the value of 54 million tonnes of CO,, while implementing energy efficiency
measures in the productive sectoral structure (GDPx2+GE+EF scenario)
the emissions are reduced up to 48 million tonnes of COs.

The BS scenario indicates a 1.5-fold increase in the CO, emissions in
2020, relative to the year 2010, while the GDPx2 scenario gives rise to an
increase of 2.1 times. This implies that the amount of CO, emissions in
the GDPz2 scenario during 2011 — 2020 will be 96 million tonnes of CO4
higher than in the BS scenario. Scenarios where renewable energy and
efficiency goals are implemented show that it is possible to increase the
GDP in a constant way, mitigating, at the same time, the COy emissions,
therefore reducing the rise of the emissions due to the higher economic
activity. In particular, the most efficient scenario GDP2+GFE+EF provides
a remarkable reduction. In 2020 the CO5 emissions will be 16.5% lower than
in the GDPzx2 scenario. Furthermore, the GDP2+GE scenario generates
49 million tonnes of CO, more than BS scenario during the 2011 — 2020
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Figure 6: Ecuador COy emissions for the period 2011 — 2020. Green line corresponds
to the BS scenario, purple line to the GDPxz2 scenario, blue line to the GDPz2+GE
scenario, and orange line to the GDPz2+GE+EF scenario.

period, which supposes a reduction of 47 million tonnes of CO, with respect
to the GDPz2 scenario. Finally, the GDP2+GFE+EF scenario generates 16
million tonnes of CO5 more than BS scenario during the same period, which
supposes a large reduction of 80 million tonnes of CO, with respect to the
GDPz2 scenario. For further detail see table 5.

3.5. Sensitivity analysis

In this section we will carry out a sensitivity analysis based on the LMDI
(Ang, 2005). This analysis will allow us to determine the relative importance
of each term conforming the COy emission formula (1). Indeed, it is very
enlightening to write down the increase on COs emission relative to the
value of a given period, and to decompose it as the product of the factors
corresponding to the different driving forces that conform the CO4 emission.
Therefore we can write (Ang, 2005),

Dtot - Dact X Dstr X Dint X Dmm: X Demf (9)
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Table 5: CO5 emissions for the 2011 — 2020 period in the different scenarios. Emissions
are given million tonnes of COs.

Scenario Emissions Emissions (2020)/ Emissions  Emissions (2011-2020)/
(2020) Emissions (2010)  (2011-2020) Emissionspg (2011-2020)

BS 45.33 1.43 389.40 1.00

GDPx2 65.79 2.08 485.68 1.25

GDPz2+GE 54.44 1.72 438.72 1.13

GDPx2+GE+EF | 47.72 1.51 405.42 1.04

where D, is the CO4 emission (relative to the year 2010), D is the GDP
term, Dy, is the structure term (the share of the different sectors to the
GDP), D;,: the energy intensity term, D,,;, the energy mixing term, and
Depy the emission factor term. Note that because the emission factors,
given by the IPCC, do not change over the time, D,y = 1 all the time and
therefore it will not be shown in the tables.

Table 6: Results of the COs emission decomposition factors for the period 2010-2020.

Scenario Dtot Dact Dstr Dint me:
BS 143 1.38 1.00 1.04 1.00
GDPzx2 2.08 1.89 1.06 1.04 1.00
GDPz2+GE 1.72 179 1.06 1.04 0.87
GDPz2+GE+FEF | 1.51 1.82 1.06 0.90 0.87

The LMDI analysis shows that by 2020 in the BS scenario the CO,
emissions increase 43% (Dyx = 1.43), due to the increase of the GDP in
38% and to the increase of the energy intensity term in 4%, while the rest of
terms remain invariant. The GDPz2 scenario presents CO, emissions that
are more than the double that in 2010. This increase is due to a growth of
89% of the GDP, 6% of the structure term, and 4% of the energy intensity
term. The GDPx2+GE scenario only presents an increase of 72% in the
emissions. In this case, the GDP growths 79%, the structure term 6%,
and the intensity term 4%, while the mixing term reduces 13%. Finally, in
the GDPx2+GE+FEF scenario the emissions only increase 51%: the GDP
term growths 82%, the structure term 6%, while the energy intensity term
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reduces 10% and the mixing term 13%. All the coefficients are summarized
in table 6 and in a pictorial way in Fig. 7. In this figure five axes are
depicted corresponding to the five columns appearing in table 6. The value
of the vertical axis, Dy, corresponds to the product of the four remaining
variables, Dgct, Dgtry Ding, and Dpiz.

_— Dact
’ ' /
\ —BS
~——GDPx2
| e ——GDPx2+GE
\ / \ ——GDPx2+GE+EF
Dint Dstr

Figure 7: Pictorial view of the CO5 emission decomposition factors for the period 2010-
2020.

4. Summary and conclusions

This paper presents a model based on a variation of the Kaya Identity
and on an approach of GDP formation which is supported with the use
of renewable energy. The case study is Ecuador and covers the period
1980—2020. The official data set (1980—2010) was used to parameterize the
model, while with the second part of the period (2011 —2020) an estimation
of different variables, including the CO45 emissions, was carried out. To this
end, the GDP and the energy intensity have been modeled. Moreover,
different scenarios that present the evolution of the energy matrix and the
productive sectoral structure have been defined.
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First, a BS scenario (baseline scenario) has been defined, in which the
variables of the model were parameterized according to the observed ten-
dency during the period 1980 — 2010, assuming a geometric growth rate
during the period 2011 — 2020. The second scenario, called GDP2, is char-
acterized by the doubling (relative to 2010) of the GDP during the period
2011 — 2020 (with the goal of reaching the estimated international average
GDP per capita in 2020). In the third scenario, called GDP2+GE sce-
nario, besides assuming the doubling of the GDP, we impose the decreasing
of the fossil energy share (ES;) up to 76%. Finally, in the fourth one,
GDP2+GE+FEF scenario, we complement the GDP2+GFE scenario includ-
ing changes in the productive sectoral structure to achieve a reduction of
energy intensity, which supposes a lower CO, intensity.

The main outcome of this work is the estimate CO, emissions in 2020 in
each scenario. In the BS scenario this value amounts to 45 million tonnes,
in the GDPz2 scenario it corresponds to 66 million tonnes, in GDPx2+GE
scenario to 54 million tonnes of CO,, and in the GDPz2+GE+FFE scenario to
48 million tonnes of CO,. Note that the BS scenario corresponds to a modest
GDP increase, while in the others the GDP increases heavily. The highest
emissions are for the GDPx2 scenario where no mitigation measures are
taken. The other two scenarios show us that it is possible a sizable reduction
of the emissions, promoting the renewable energy (GDPz2+GE scenario)
and on top of that modifying the productive sectoral structure, therefore,
reducing the energy and the CO, intensities, as in the GDPx2+GE+EF
scenario. It is worth to note that both promotion of renewable energy and
improvement of the energy intensity are equally effective attenuating CO,
emissions.

The methodology presented in this paper is useful to estimate the COq
emissions of a given country and to understand the driving forces that guide
this process, such as economic growth, energy use, energy mix structure, and
fuel use in the productive sectors. This methodology is easily transferable to
other countries, regions, and time periods. Moreover, it can be very useful
as a pedagogical tool for explaining to policymakers the possible ways to
design a policy for reducing CO, emissions in a medium term horizon. Note
that in the present status of the model we consider a feedback mechanism
between the GDP and the energy consumption through the influence of the
renewable energy.
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