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Abstract 
The energy matrix is a useful tool for understanding the trends of production and 
consumption in a country and for evaluating long-term energy policies. In this paper, we 
model the evolution of Chile's energy matrix using a behavioral simulation model. The 
model is developed and calibrated by considering a dynamic substitution of energy 
sources. Chile’s stated policy is to become less dependent on imported fossil fuels, to 
increase security of supply and improve the environment. Our simulation experiments 
show that the energy matrix is very robust with regards to external fuel prices and changes 
in investment cost. Thus, in order to be able to observe changes in the composition of the 
energy matrix, there is a need for strong intervention by the regulator, or the government, 
to provide incentives for renewables.  
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1. Introduction 

From the 1970s, and initially caused by the oil crisis, there has been a focus on energy 

models dealing with (integrated) energy resource planning (Georgopoulou et al., 1998; 

Jebaraj & Iniyan, 2006; Loken, 2007). The aim of these models has been to facilitate 

efficient planning, forecasting and optimal use of the various types of energy source, and 

similarly for the corresponding consumption sector, at the national level (Jebaraj & 

Iniyan, 2006). Most of the recent models use a simple representation of the demand side, 

usually a single-variable, linear, inverse demand function, which does not capture any 

dynamic adjustment to past prices or energy substitution (Abada et al., 2013).  

Among these different models, the energy matrix is a useful instrument for policy 

assessment, since it provides insight into the production and consumption trends by 

energy source and sector, under different scenarios. It can either be considered as an 

indicator of the structural trends in the energy sector and be used by policy makers and 

regulators (Fontaine, 2011), or as a tool for potential investors to evaluate investment 

opportunities based on changing demands and requirements of the energy sector and 

associated infrastructure. 

The dynamic energy-matrix analysis we perform is based on the approach developed by 

Moxnes (1987), who constructed a simulation model of the European OECD countries’ 

industrial energy demand that explained the historical fuel substitution during the period 

1960-1983. In a subsequent study, Moxnes (1990), shows that this framework provide a 

good fit to historical time series of fuel choices in European OECD countries’ electricity 

generation. In order to construct a uni-equational function that represents the demand 

component of the model we follow Abada et al. (2013), and use a system dynamics model 
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to construct an adaptable demand function to be incorporated within an imperfect-

competition model. 

In this paper, we construct a dynamic energy-planning model that represents the energy 

matrix behavior. The model shows the dynamic substitution between energy sources, 

considering the differing effects of strategic decisions that impact the structure of the 

matrix, and it allows us to analyze system behaviors over time. We analyze the evolution 

of the Chilean energy matrix as Chile needs to diversify its energy sources because it is 

heavily dependent on foreign energy supplies (Bezerra et al., 2012). Electricity is included 

within the energy matrix, and the model is not exclusively for electricity. More than 70% 

of its basic energy sources are imported (Bezerra et al., 2012), and this situation will not 

change significantly in the coming years (García et al, 2011). Chile has no significant oil, 

gas, or coal resources, so the only domestic alternative is hydropower and other renewable 

energy sources (Bezerra et al., 2012). This is an uncomfortable situation resulting from a 

rapid increase in energy demand driven by economic growth in the region (Aravena et al. 

2012), by oil price fluctuations (García et al., 2011), and by the restriction in natural gas 

supply from Argentina (Ponzo et al., 2011). Furthermore, Chile has a private and 

competitive market driven by reforms introduced in the early 1980s. These reforms 

included the deregulation of the electricity sector, with separation of generation, 

transmission, and the distribution of electricity (Bezerra et al., 2012). More recently, Chile 

has been trying to promote diversification of the power matrix to increase the share of 

non-conventional renewable energy (NCRE). The question is whether it will help reduce 

the dependence on imported fuel and reduce environmental impacts in the medium to 

long-term (García et al., 2011). 
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This paper is organized as follows: Section 2 presents a review of the Chilean energy 

sector. Section 3 provides a brief overview of the methodology while Section 4 discusses 

the validation of the methodology and presents the calibrated model for the energy sector 

in Chile during the period 1980 to 2012. We conclude with a discussion of different 

options for the Chilean energy sector that can contribute to the diversification of the 

energy matrix, thereby reducing dependence on imported energy sources. 

2. The Chilean energy sector 

Chile is a country heavily dependent on imported fossil energy, as more than 70% of its 

primary energy sources are imported. It has no significant oil, gas, or coal resources, 

leaving the further development of hydropower and other renewable energy sources as 

the only long-term alternative to imports (Bezerra et al., 2012). The current situation is 

illustrated in Table 1, which shows the breakdown between the primary energy sources 

in Chile in 2011. Fossil fuel has the largest share, of which oil comprises 44%, natural 

gas 26%, and coal 21%. The domestic sources are hydro, 9%, with other renewable 

sources contributing 0.18% of total consumption (CNE, 2012). 

 
Energy Source  

 
Market Share (% of total) 

Oil 44 

Natural Gas 26 

Coal 21 

Hydro 9 

Other Renewables 0.18 
 

Table 1. Energy mix – 2011 Source: (CNE, 2012) 

In the last two decades, Chile has faced a number of situations that have impacted the 

delivery of energy, such as a severe drought that drove the country to power rationing in 

the late 1990s, unforeseen restrictions on natural gas supplies from Argentina since 2004, 
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and in recent years reduced inflows of water for hydropower (CNE, 2012). These cases 

show the vulnerability of the Chilean electricity system to external events. Chile has 

replaced existing power plants with plants that operate primarily with coal and diesel, 

which has led to an increase in the share of coal, from 12% in 2006 to 21% in 2011 (CNE, 

2012; García et al., 2011). 

The dependence on fossil fuels has increased the interest in alternative energy sources 

that can lower this dependence while at the same time reducing environmental impacts 

(García et al., 2011). This interest has led to public policies involving diversification of 

the power matrix, with an increasing share of NCRE in the medium and long-term (García 

et al., 2011). The discussion of renewable energy has also created the foundation for the 

2008 Chilean NCRE law, which implemented a requirement of all electricity sub-sectors, 

i.e. power traders, distribution companies, and generators, to certify that at least 10% of 

the energy comes from NCRE, self-produced or purchased from other generators 

(Congreso Nacional de Chile, 2008). This law required an initial five percent obligation 

from January 2010 until 2014, followed by an annual increase of half a percent per year, 

reaching ten percent in 2024 (Bezerra et al., 2012). This is the first move attempting to 

reduce energy dependence in order to ensure stability and economic development (Garcia 

et al., 2011). 

However, there are barriers to the development of NCRE: for example, the high cost of 

investment combined with the limited possibilities of financing, and connection to 

transmission lines, and secure long-term contracts (CNE, 2012). Additionally, NCRE in 

Chile are currently at an early stage; however, even when they are a good alternative, 

representing a complete solution for electricity demand growth, they are expected to 

increase at a rate of only 6% per year (Rudnick & Mocarquer, 2008). To complicate the 
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issue, Chile does not have enough arable land to establish crops with bioenergy potential, 

as competition with land used for food production would leave little land available for 

NCRE technologies (García et al., 2011). 

Chile has potential for further hydropower developments (Bezerra et al., 2012), estimated 

at around 9000 MW (CNE, 2012). However, their consideration needs to take into 

account that these resources are located either in indigenously populated areas, or in 

regions with high tourism potential (Bezerra et al., 2012). It is expected that the growth 

rate will be between six and seven percent per year. This projected growth will require a 

significant increase in new investments, creating an additional 8GW to meet demand – 

almost a doubling of the 2011 level (CNE, 2012). This raises further concerns given the 

dependency of Chile on external supplies of fossil fuels (Bezerra et al., 2012; CNE, 2012). 

A more detailed description of the potential evolution of the Chilean energy matrix can 

be found at Comisión Nacional de Energía (CNE) and (IEA, 2012). 

3. Literature and method 

Over the last forty years, different methods for energy planning have been developed, e.g. 

multi-criteria analysis (Georgopoulou et al., 1998, and Loken, 2007), econometrics 

(Zhidong, 2010), and combined methodologies as proposed by Terrados et al. (2009). 

Another type of econometric model is an integrated assessment model which takes a 

broader (inter-disciplinary) approach to the modeling of particular environmental issues 

including energy, e.g. Stanton et al. (2009). However, most energy planning models are 

static in nature and do not capture the dynamics of the industry well. Our objective is to 

focus on the changes in energy sources over the medium to long-term. We propose to use 

a simulation method based on system dynamics. This approach applies a variation of 

control theory to managerial and decision problems that has been used in a range of 

different contexts (Forrester, 1961; Sterman, 2000, Morecroft, 2007). System dynamics 
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has been used in the energy area for more than forty years, as it can capture many of the 

characteristics of this sector, e.g. nonlinearities, feedback, delays, and dynamics 

interaction between factors (Sterman, 2000; Naill & Belager, 1992). Models developed 

using system dynamics for energy planning include the COAL and FOSSILS models 

developed for the U.S. government (Naill et al., 1992, Naill, 1992). Other applications 

include conservation (Ford & Bull, 1989), policy evaluation (Ford, 2002), and power 

plant construction cycles in the competitive electricity market (Bunn & Larsen, 1992). 

Other large energy models include the economy-energy interaction model (Sterman, 

1981), and the oil life-cycle model (Davidsen et al., 1990); more recently, models of 

energy and climate, such as C-Roads, have been developed (Fiddaman, 2002; Sterman et. 

al., 2015). For an overview, see Arango and Larsen (2013), Ford (1997), Bunn and Larsen 

(1997), and more recently Leopold (2016). For energy systems models, including system 

dynamics models used in the UK over the last nine years, Hall and Buckley (2016) 

provide an overview. System dynamics energy models have also been developed for inter-

fuel substitution, as applied by Moxnes to European OECD countries (Moxnes, 1990); a 

similar approach was used by Abada et al. (2013) for construction of a fuel-demand 

function portraying the inter-fuel substitution of eight countries.  

As mentioned above, there are a number of reasons why system dynamics is a good 

approach for the analysis conducted here, relative to a more economics-based model: (𝑖𝑖) 

the need to capture the main nonlinearities in the system, (𝑖𝑖𝑖𝑖) the need to generate a model 

that represents the system in the real world (i.e. the real energy matrix), (𝑖𝑖𝑖𝑖𝑖𝑖)  the 

possibilities of capturing the effect of feedback between the demand and supply side, and 

the long delays that influence these dynamics, and (𝑖𝑖𝑖𝑖) the reliance of system dynamics 

on numerical simulation rather than closed-form solutions, allowing for a more detailed 

model (Sterman, 2000; Morecroft, 2007; Ponzo et. al., 2010). System dynamics has also 
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a number of disadvantages. Among them, system dynamics is only appropriate if the 

problem is a dynamic problem, i.e. it has a time dimension, includes delays, and often 

includes nonlinearities. Additionally, there are frequent problems of reproducibility, and 

SD uses continuous simulation where discrete events are not easy to incorporate. 

Nevertheless, the current view is certainly to have a portfolio of different models for 

energy policy analysis (Hall and Buckley, 2016). Based on this, we considered system 

dynamics to be an appropriate framework for the representation of the energy matrix for 

Chile, and it could be considered as an application of the approach employed by  Abada 

et al. (2013.  

4. Model development 

We review and further elaborate the model from Moxnes (1987, 1990) and Abada et al. 

(2013) to explore a country’s energy policy options. While our purpose is to analyze the 

behavior of the Chilean energy matrix, we start out from a generic model that is applicable 

to the analysis of any country. It only becomes specific to the Chilean case when it is 

calibrated with historical and current prices and demand.  

The model uses five energy sources, with index i: coal, oil, natural gas, hydro, and other 

renewable sources. We have aggregated all the renewable sources, except for hydro, for 

two reasons. Firstly, they represent a small share of the total energy matrix. Secondly, the 

policies proposed by the Chilean government are addressed to all the non-hydro NCRE, 

without emphasizing any one of them. It assumes that adjustments in the energy source 

are made beforehand, where the total cost 𝐶𝐶𝑖𝑖 of a fuel option 𝑖𝑖 is given by equation (1) as 

follows (Abada et al., 2013): 

𝐶𝐶𝑖𝑖 =  𝐶𝐶𝐶𝐶𝑖𝑖
𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖

+ 𝑂𝑂𝑂𝑂𝑖𝑖 + 𝑃𝑃𝑖𝑖+𝑄𝑄𝑖𝑖,𝐶𝐶𝐶𝐶2+𝑃𝑃𝐶𝐶𝐶𝐶2
𝐸𝐸𝑖𝑖

− 𝑃𝑃𝑃𝑃𝑖𝑖 .    (1) 
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In equation (1), 𝐶𝐶𝐶𝐶𝑖𝑖  represents the capital cost, 𝑂𝑂𝑂𝑂𝑖𝑖  is the operating cost, and 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 

denotes the related payback time. The variable 𝑃𝑃𝑖𝑖 is the price of fuel 𝑖𝑖 (natural gas, oil 

and coal), 𝑃𝑃𝐶𝐶𝐶𝐶2 is the price of CO2 (Abada et al., 2013), 𝑄𝑄𝑖𝑖,𝐶𝐶𝐶𝐶2 is the emission factor for 

each energy source, and the burner efficiency of a fuel is given by 𝐸𝐸𝑖𝑖. The last variable, 

𝑃𝑃𝑃𝑃𝑖𝑖, is a premium that represents a number of factors such as pollution, employment 

opportunities, flexibility, availability, and import dependence on the fuel (Moxnes, 1990). 

The share 𝑠𝑠𝑖𝑖 of an energy source 𝑖𝑖 among new investments is a function of the relative 

energy-source cost. The formulation is presented in equation (2), as follows: 

𝑠𝑠𝑖𝑖 =  𝑒𝑒−∝𝐶𝐶𝑖𝑖
∑ 𝑒𝑒−∝𝐶𝐶𝑖𝑖𝑖𝑖

 ,       (2) 

which is a multinomial logit model where ∝ is a non-negative sensitivity to the cost 

parameter (Moxnes, 1990). According to the model, the higher the price 𝑃𝑃𝑖𝑖, the lower is 

the share 𝑠𝑠𝑖𝑖. The total of investments 𝐼𝐼𝑖𝑖 in equipment for source 𝑖𝑖 is estimated with the 

share 𝑠𝑠𝑖𝑖 times the total investment 𝐼𝐼, as shown in equation (3): 

𝐼𝐼𝑖𝑖 = 𝑠𝑠𝑖𝑖𝐼𝐼 .       (3) 

Equations (4) and (5) represent the dynamic adjustments of installed capacity for both 

new (𝐾𝐾𝐾𝐾𝑖𝑖) and old equipment (𝐾𝐾𝑂𝑂𝑖𝑖). The dynamics consider the continuous process from 

the investments in new equipment, 𝐼𝐼𝑖𝑖 , followed by a construction delay, through to 

installed equipment. New capacity is considered to become old equipment half way 

through its lifetime, 𝑃𝑃𝑖𝑖. Finally, capacity is phased out, DOi, by the end of the lifetime of 

the particular technology. This approach is used in the original Moxnes model (1990), by 

including two vintages for installed equipment. Thus, these equations are: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝐼𝐼𝑖𝑖 −
𝑑𝑑𝑑𝑑𝑖𝑖
𝑇𝑇𝑖𝑖
2

       (4) 

𝑑𝑑𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑

= 𝑑𝑑𝑑𝑑𝑖𝑖
𝑇𝑇𝑖𝑖
2

− 𝑑𝑑𝐶𝐶𝑖𝑖
𝑇𝑇𝑖𝑖
2

 .      (5) 
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From equation (5), the depreciation DO is the sum of depreciation for all sources i,  

𝐷𝐷𝑂𝑂 =  ∑ 𝐷𝐷𝑂𝑂𝑖𝑖𝑖𝑖 = ∑ 𝑑𝑑𝐶𝐶𝑖𝑖
𝑇𝑇𝑖𝑖
2

𝑖𝑖  .     (6) 

To establish the investment function, we start with the total capacity of source i, which is 

defined as 𝐾𝐾𝑖𝑖 = (𝐾𝐾𝐾𝐾𝑖𝑖 + 𝐾𝐾𝑂𝑂𝑖𝑖); and thus, the total installed equipment is 𝐾𝐾 = ∑ 𝐾𝐾𝑖𝑖𝑖𝑖 . 

The model considers the total demand, ED, as exogenous. Following Abada et al., 

“investment in new energy plants should be linked in some way to the observed 

discrepancy between demand and the installed capacity of existing energy plants” 

(Abada et al., 2013, p. 242). The demand faces a dynamic adjustment, which consists of 

the time required to make adjustments, TI (Moxnes, 1990).  

 The investment function models the total investment as an increasing function of 𝐸𝐸𝐷𝐷 −

𝑑𝑑
𝑃𝑃𝑇𝑇

, and the depreciation 𝐷𝐷𝑂𝑂. Replacement of the retired capacity allows the model to 

maintain the current energy capacity. A function fulfilling these conditions has been 

proposed by Moxnes (1990) as shown in the following equation: 

𝐼𝐼 =  𝐷𝐷𝑂𝑂 ∗ 𝑓𝑓 �𝐸𝐸𝐸𝐸−𝑑𝑑
𝑃𝑃𝑇𝑇∗𝐸𝐸𝐶𝐶

� ,      (7) 

where 𝑓𝑓 is a piecewise continuous function given as: 

𝑓𝑓(𝑥𝑥) =  𝑥𝑥 + 1      𝑖𝑖𝑓𝑓         𝑥𝑥 ≥ 0,      
         (8) 

𝑓𝑓(𝑥𝑥) =  𝑒𝑒𝑎𝑎.𝑥𝑥        𝑖𝑖𝑓𝑓         𝑥𝑥 < 0,    

where a is a non-negative parameter, described further below. There are no adjustments 

when capacity equals demand ,  (𝐸𝐸𝐷𝐷 = 𝐾𝐾) ; therefore, investments compensate for 

depreciation (f(0) = 1). One the one hand, when energy demand is higher than capacity 

(𝐸𝐸𝐷𝐷 > 𝐾𝐾), investments lead to an increase in installed energy plants (𝑓𝑓(𝑥𝑥) > 1 𝑖𝑖𝑓𝑓 𝑥𝑥 >

0). On the other hand, even when energy demand is lower than capacity (𝐸𝐸𝐷𝐷 < 𝐾𝐾), there 

is still some investment. Nevertheless, in this latter case, given that 𝐼𝐼 < 𝐷𝐷𝑂𝑂, there will be 
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a drop in the installed equipment (𝑓𝑓(𝑥𝑥) < 1 𝑖𝑖𝑓𝑓 𝑥𝑥 < 0). Capacity utilization, U, is defined 

in equation (9), as follow: 

𝑈𝑈 = 𝐸𝐸𝐸𝐸
𝑑𝑑

 .      (9) 

The model formulation takes into account that capacity utilization is similar across energy 

sources (𝑈𝑈𝑖𝑖 = 𝑈𝑈). 

Finally, the simulated demand (𝐷𝐷�𝑖𝑖) for energy source 𝑖𝑖, is: 

𝐷𝐷�𝑖𝑖 =  𝑈𝑈𝑖𝑖𝐾𝐾𝑖𝑖 = 𝐸𝐸𝐷𝐷 𝑑𝑑𝑖𝑖
𝑑𝑑

 .               (10) 

This completes the description of the model that we simulate in the next sections.  

 
4.1. Data, model calibration, and model validation 

We calibrate the model to the actual energy matrix in the period 1980 to 2012. During 

this period, Chile faced a number of difficult situations, such as severe drought that led to 

power rationing in the late 90s, unforeseen constraints on the supply of Argentine natural 

gas from 2004, and in recent years lower hydrology (CNE, 2012). The data used to 

calibrate the model consists of time series from the International Energy Agency (2012, 

2014), BP Global (2013), and the Comisión Nacional de Energia de Chile (CNE) energy 

consumption data. The price data refer to the national end-use prices in U.S. dollars 

reported by the International Energy Agency (2012, 2014); a weighted average of industry 

and household prices is used, as we are modeling the aggregated energy matrix. Price 

information of "petroleum products", "coal" and "natural gas" comes from IEA Statistics: 

Energy Prices and Taxes (2011, 2013). All prices are in 2010 U.S. $/toe. Capital costs, 

operating costs, and plant efficiencies are from the National Energy Commission (CNE, 

2009), and IEA (2011). The cost assumptions of the model are summarized in Table 2. 
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According to Abada et al. (2013), the coefficient 𝑎𝑎 in the function 𝑓𝑓 for total investment 

(eq. 8) has been set to 0.231, which is an interpolation from the extreme left point from 

Moxnes (1990, p.8). In the same way 𝑃𝑃𝐼𝐼 is assumed to be equal to 1 year (Abada et al., 

2013). 

 Year Coal Oil Natural 
Gas 

Hydro NCRE 

Capital costs - 𝑪𝑪𝑪𝑪𝒊𝒊  
($/toe per year) 

All 6639 706 1627 2990 3232 

Payback time - 𝑷𝑷𝑷𝑷𝑷𝑷𝒊𝒊  
(years) 

All 5 5 5 5 5 

Other operating costs - 𝑶𝑶𝑶𝑶𝒊𝒊  
($/toe per year) 

All 492 1274 1167 46.52 112 

Efficiencies - 𝑬𝑬𝒊𝒊  
(% useful) 

All 42 41 50 96 70 

CO2 emission factor  

𝑸𝑸𝒊𝒊,𝑪𝑪𝑶𝑶𝟐𝟐 (tCO2/toe) 
All 7.43 8.35 4.30 0.10 0.35 

Source: Comisión Nacional de Energía (2009), WEC (2008), International Energy Agency (2005-2008) 
Table 2. Cost assumptions for energy sector 

 
For calibration we use a procedure to minimize the deviation between the simulated 

outcome and historical data (Abada et al., 2013). For the economic evaluation, we use an 

approach proposed by Vanni et al. (2011). All available information has thus been used 

e.g. costs, efficiencies of the energy plants, etc., and the calibration procedure has only 

been applied to adjust the value of the most uncertain parameters, i.e. initial values of the 

state variables, α, and premiums (Moxnes, 1990; Abada et al., 2013). We specify an error 

function to measure the distance between the empirical and simulated demand. For each 

energy source 𝑖𝑖 , the distance between historical 𝐷𝐷𝑖𝑖𝑑𝑑  and simulated 𝐷𝐷�𝑖𝑖𝑑𝑑  consumption is 

defined by the model’s error function, the sum of squared errors, i.e.: 

𝑒𝑒 =  ∑ ∑ �𝐷𝐷𝑖𝑖𝑑𝑑 − 𝐷𝐷�𝑖𝑖𝑑𝑑�𝑑𝑑
2

𝑖𝑖 .     (11) 

Table 3 reports the calibrated values for Chile. The relatively large values of the oil 

premiums, compared with those for natural gas and coal, reveal a strong preference for 

oil, indicating the historic background for the current dependence on oil. In addition, the 

negative value of the NCRE premium shows the need to create incentives, in order to 
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decrease the costs of investment in NCRE sources, if one wishes to diversify energy 

sources away from imported oil and its environmental impacts.  

  
 

Calibrated values of the parameters (Mtoe/year) 
𝑲𝑲𝑲𝑲𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝐾𝐾𝑂𝑂𝐶𝐶𝐶𝐶𝑎𝑎𝐶𝐶  𝐾𝐾𝐾𝐾𝐶𝐶𝑖𝑖𝐶𝐶 𝐾𝐾𝑂𝑂𝐶𝐶𝑖𝑖𝐶𝐶  𝐾𝐾𝐾𝐾𝑑𝑑𝑎𝑎𝑑𝑑.𝐺𝐺𝑎𝑎𝐺𝐺 𝐾𝐾𝑂𝑂𝑑𝑑𝑎𝑎𝑑𝑑.𝐺𝐺𝑎𝑎𝐺𝐺 𝐾𝐾𝐾𝐾𝐻𝐻𝐻𝐻𝑑𝑑𝐻𝐻𝐶𝐶 𝐾𝐾𝑂𝑂𝐻𝐻𝐻𝐻𝑑𝑑𝐻𝐻𝐶𝐶 𝐾𝐾𝐾𝐾𝑑𝑑𝐶𝐶𝑁𝑁𝐸𝐸  𝐾𝐾𝑂𝑂𝑑𝑑𝐶𝐶𝑁𝑁𝐸𝐸  

3.88 1.29 18.30 2.51 2.81 1.86 1.18 4.59 0.043 0.005 
 

Alpha (toe/$) Premium ($/toe) 
∝ 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑎𝑎𝐶𝐶  𝑃𝑃𝑃𝑃𝐶𝐶𝑖𝑖𝐶𝐶  𝑃𝑃𝑃𝑃 𝑑𝑑𝑎𝑎𝑑𝑑𝑁𝑁𝐻𝐻𝑎𝑎𝐶𝐶 𝐺𝐺𝑎𝑎𝐺𝐺 𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻𝑑𝑑𝐻𝐻𝐶𝐶 𝑃𝑃𝑃𝑃𝑑𝑑𝐶𝐶𝑁𝑁𝐸𝐸  

0.0015 590.42 1502.71 926.75 0.0 -1071.25 
Table 3. Calibrated values of the parameters 

 

Metric  Equation Coal Oil Natural Gas Hydro NCRE 
 

MSE 𝑀𝑀𝑀𝑀𝐸𝐸 =  
1
𝑛𝑛

 �(𝑋𝑋𝑚𝑚 − 𝑋𝑋𝑑𝑑)2 0.62 2.39 2.53 1.43 0.038 

Theil 
index 𝑈𝑈𝑀𝑀 =  

(𝑋𝑋𝑚𝑚 − 𝑋𝑋𝑑𝑑)2

𝑀𝑀𝑀𝑀𝐸𝐸
 

0.03 0.02061 0.03 0.14 0.19 

𝑈𝑈𝑆𝑆 =  
(𝑀𝑀𝑚𝑚 − 𝑀𝑀𝑑𝑑)2

𝑀𝑀𝑀𝑀𝐸𝐸
 

0.15 0.18 0.30 0.19 0.03 

𝑈𝑈𝐶𝐶 =  
2(1 − 𝑟𝑟)𝑀𝑀𝑚𝑚𝑀𝑀𝑑𝑑

𝑀𝑀𝑀𝑀𝐸𝐸
 

0.82 0.81 0.67 0.67 0.78 

Table 4. Error analysis of the model 
 

- - - - - - - - - - - - - - - - - - - - 
Insert figure 1 about here 

- - - - - - - - - - - - - - - - - - - - 
 

Two dimensions are considered for validation of system dynamics models: structural 

validity and behavioral validity. Structural validity establishes whether the implemented 

model structure is an adequate representation of the phenomenon being modeled, and 

behavioral validity compares the model-generated behavior with the empirical behavior, 

i.e. the capacity of the model to reproduce past behavior (Barlas, 1996). This model has 

been built based on the relevant literature, and from Moxnes, (1990) and Abada et al. 

(2013).  
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Focusing our discussion on the behavioral validity. Figure 1 shows the historical demand 

behavior compared with the simulation results for the Chilean case. A visual inspection 

of the figure indicates that the model is able to capture the main trends not only in the 

aggregated demand but also for each of the fuel sources. Additionally, Table 4 presents 

the statistical tests performed to confirm the validity of the constructed model. We use 

the Theil inequality statistics (Sterman, 1984), which provide a  decomposition of the 

mean square errors in terms of bias (𝑈𝑈𝑀𝑀 ), unequal variation (𝑈𝑈𝑆𝑆 ), and unequal co-

variations (𝑈𝑈𝐶𝐶). Looking at Table 4, we observe that the largest share of the MSE can be 

attributed to 𝑈𝑈𝐶𝐶, the imperfect covariation component of the Theil inequality statistics. 

Based on the low bias and variation components, we can assume that the errors are 

unsystematic, implying that the model replicates the empirically observed behavior. 

Therefore, our simulation model does a good job of reproducing the inter-fuel 

substitutions. Thus, we confirm the validity of the model. 

5. Simulation results 

We now turn to the discussion of the simulation experiments with the model. We start by 

providing the base case simulation and continue with a series of different set scenarios. 

The behavior of the energy matrix is generated through changes in the prices for the fuels 

(oil, natural gas, and coal) that constitute the different sources for energy supply, and 

through changes in the demand, as we explained in the previous sections. The base case 

was chosen to keep the status quo in Chile. Demand forecasting is done by constructing 

a single-equation demand function that captures the dynamic adjustment of the different 

energy sources’ consumption resulting from changes in fuel prices (Abada et al., 2013). 

The selection of this base-run scenario was inspired by Abada et al. (2013), where future 

fuel prices are generated assuming that prices are random variables that follow a uniform 

distribution in the interval [0,200] $/toe. We performed 1000 iterations for the 
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construction of each different pricing scenario, and one was chosen randomly for the 

base-case scenario. This scenario serves as a reference point to compare with changes in 

energy demand, as prices and policies are changed in the other scenarios. 

Simulation results for the base case are presented in Figure 2, given in terms of the 

capacities of energy plants by energy sources in the period 2013-2030. The figure shows 

that the energy matrix continues with the same trend, where the main energy source is oil, 

followed by hydro and natural gas, and the smallest contribution is from coal and NCRE. 

Under the base-case conditions, differences in the Chilean energy composition are lower 

than 5% compared with the reference year (2012). The simulation shows that the country 

will continue its dependence on the external energy supply, as oil has the largest market 

share, 41.2%, by 2030. We assume implicitly that there are no problems with the 

availability of oil; while the last few years have shown large fluctuations in the price there 

has not been any supply shortage.  

The resulting change in the energy matrix is shown in Table 5. Oil continues to be the 

dominant source of energy, although by 2030 its market share will have fallen by 5 

percent in terms of the total demand. However, the total amount of oil consumed by 2030 

is higher than in 2012 due to the overall increase in consumption. There is a dynamic 

substitution due to the effects of the price scenarios and feedbacks, where the loss of 

market share for oil is approximately equal to the gain in market share for hydro; where 

in 2012 the market share of hydro was half of that of oil, by 2030 it is only 30% lower 

than that of oil. The other energy sources do not show any significant changes between 

2012 and 2030, although we can observe a small shift away from coal towards natural gas 

and NCRE.  The overall implication is that Chile will not free itself from its dependence 

on imported energy. What we observe is a common, but important, inertia in changing an 

energy system, which is expected as changes often take a long time to be implemented 
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for most energy systems. As we observe in the base case, there is no long-term significant 

change as the incentives are not able to overcome the inertia.  

- - - - - - - - - - - - - - - - - - - - 
Insert figure 2 about here 

- - - - - - - - - - - - - - - - - - - - 
 

 

Energy Source 

 

Capacity 2012 
(% of total capacity) 

 

Capacity 2030 
(% of total capacity) 

 

Natural Gas 
 

17 
 

18 
 

Hydro 
 

23 
 

28 
 

Coal 
 

11 
 

9 
 

Oil 
 

46 
 

41 
 

NCRE 
 

3 
 

4 
Table 5. Capacity by energy sources 2012-2030 

Next, we compare different policy options for diversifying the energy mix with the base-

case, to understand which conditions will reduce the dependence on fossil fuel and 

increase the share of renewable energy, and understand the underlying reasons for the 

changes. These changes include different developments in prices and demand; we also 

simulate strategies that have been suggested by different energy agencies in Chile, e.g. 

CNE. We are particularly interested in which regulatory policies might be used to reduce 

Chile’s dependence on external fuels, particular fossil fuels. Is it possible to find a set of 

policies that will significantly reduce the dependence on fossil fuel in the medium term?  

We simulated five sets of policies:  

• Price policy: represents how different pricing scenarios influence demand, and the 

energy-source substitution dynamics. We built three different price scenarios: (i) 

stochastic, where the future fuel prices are generated from two different 

distribution functions adjusted to the historical prices. We used the @Risk 
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program to select the distributions with the best fit (the distributions are triangular 

for natural gas, and exponential for oil and coal). (ii) For the decreasing prices 

scenario, we took an interval from the historical prices where they show the most 

significant downward trend and based the future prices on that interval. (iii) 

Similar to the decreasing prices scenarios, we created the increasing prices 

scenario, by taking an interval from the historical prices where they exhibited an 

upward trend. In all cases, including the base case, we performed 1000 iterations 

for the three price scenarios. Table 7 provides more information about the prices 

in the different scenarios. 

• Market policy: investment decisions are in place, based on the market 

opportunities. Thus, the expected return on an energy source investment is based 

on the estimated payback time (PBTi). 

• Non-conventional and renewable policy: provides incentives for the investment 

in NCRE capacity in the Chilean energy matrix. This is the scenario where we 

assume that the intention of law 20.257 will be fully implemented.  

• Cost policy: changes in investment and operating costs leads to a new 

configuration of the energy mix.  

• Combination policy: implements both the market policy and the non-conventional 

and renewable policy above.  

Tables 6 and 7 provide information about the assumptions in the different scenarios. Table 

6 includes a comparison between the base case scenario and the policies applied in each 

of the three scenarios as well as the percentage each scenario varies from the base case 

by the end of the simulation. Table 7 provides the average price during the period and the 

change compared to the base case. This information helps us to understand the actual 

reasons for differences in behavior.  
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Energy 
Source 

Market NCRE Cost Combined 
Payback time  

(PBTi)  
Base Case 

Payback time  
(PBTi)  
Policy 

Premium  
(PRi) 

Base Case 
 

Premium  
(PRi) 
Policy 

 
Change 

 

Capital Costs  
(CCi) 

Base Case 
 

Capital Costs  
(CCi) 

Policy 2030 
 

Change 
 

Payback time  
(PBTi)  

Base Case 

Payback time 
 (PBTi)  
Policy 

Premium  
(PRi) 

Base Case 
 

Premium  
(PRi) 

Policy 
 

Coal 5 10 590.4 628.6 6.4% 6639.5 3201.0 -51.7% 5 8 590.4 628.6 
Oil 5 10 1502.7 1502.4 -0.02% 706.0 706.0  5 8 1502.7 1502.4 
Natural Gas 5 10 926.7 890.8 -3.8% 1627.8 1329.8 -18.3% 5 8 926.7 890.8 
Hydro 5 10 0 0.1  2990.5 2658.2 -11.1% 5 8 0 0.1 
NCRE 5 10 -1071.2 506.6 147.3% 3232.6 960.7 -70.2% 5 8 -1071.2 506.6 

 

Table 6. The assumptions in the different scenarios. 

 

 

Average Simulated Prices (2013 to 2030) 
 

Energy 
Source 

Base Case Stochastic Decrease Increase 
Price Price Change Price Change Price Change 

Coal 101.72 74.71 -26.55% 35.32 -65.27% 234.11 130.14% 
Oil 83.22 72.23 -13.20% 21.95 -73.63% 113.46 36.34% 
Natural as 112.89 85.70 -24.08% 53.90 -52.25% 145.82 29.17% 

 

Table 7. Average simulated prices in the scenarios. 
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The first four policies are based on the report "Energy Scenarios Chile 2030 (Comité 

Técnico de la Plataforma Escenarios Energéticos 2030, 2013), while the fifth is a mix of 

the proposed policies for an integrated analysis. We start by investigating the effect of 

price on the development of the energy matrix, which is the main variable driving 

substitution. We ran three different policies, one with an increase in prices for oil, coal 

and gas, one with a decrease in the prices, and finally one with stochastic prices where 

the mean of the price is the same as in the base case. Table 7 shows the changes in the 

prices for the three simulated scenarios. For example, in the decreasing price scenario, 

the fuel prices vary on average between 21.95 to 53.90 U.S. $/toe. Table 8 shows the 

results of the different simulations for the market share of each fuel at the end of the 

period (2030).  

 

Energy Source 

 

Base Case 
 

Decrease in Prices 
(% of total capacity) 

 

Increase in Prices 
(% of total capacity) 

 

Stochastic Prices 
(% of total capacity) 

 

Natural Gas 
 

18 
 

19 
 

16 
 

17 
 

Hydro 
 

28 
 

26 
 

30 
 

28 
 

Coal 
 

9 
 

10 
 

7 
 

9 
 

Oil 
 

41 
 

45 
 

43 
 

43 
 

NCRE 
 

4 
 

3 
 

4 
 

4 
Table 8. Effect of different price policies on the energy matrix by 2030 

As we can observe in Table 8, oil retains the dominant position as a percentage of 

capacity. In all the three cases, the percentage of oil is higher than in the base case, but 

there is generally no significant difference between the three scenarios as it varies from 

forty-three to forty-five percent of total capacity. We can also see that the share of 

renewables, i.e. hydro and other NCRE, is more or less stable across the different 

scenarios. The only slight variation is in the case of increasing prices where hydro reaches 

thirty percent of the total demand, and thus, a potential scenario with very high fuel prices 

may lead to a higher (but still modest) renewables share, because of slight variation in the 
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strong inertia of the fuel’s dynamic substitution. In fact, we performed a sensitivity 

analysis where natural gas prices are increased by up to ten times (not reported here), 

however, the simulations show no changes of renewables by 2030 as a result of increasing 

the price of natural gas.  

In the case of decreasing prices, hydro loses market share due to its relatively high 

investment cost. We have to conclude from this that the changing fuel prices will not 

deliver the goal of making Chile less dependent on imported fuel; even in the “best” case, 

it will only lower Chile’s dependence on (imported) fuel marginally, and most likely at a 

significantly higher cost than the base case.  

In the market policy scenario (Table 9), investments are made according to current market 

practices, i.e., investments are made based on feasibility in terms of the estimated payback 

time. First, we perform a sensitivity analysis of the PBTi parameter, with a particular focus 

on the share of NCRE. This is interesting, as one of the main policies of the Chilean 

government is to diversify the energy mix towards greater participation of NCRE. 

Simulations show that the largest share that it was possible to obtain for NCRE sources 

was 5%, with a PBTi of 10 years. Simulation with a PBTi of 10 years leads to the shares 

of the other energy sources. The results show that oil (42%) remains, at the end of the 

period, the source with the largest share, followed by hydro (28%) and natural gas (16%), 

similar to that presented in the base case situation. Thus, the market policy leads to very 

minor changes in the energy matrix as shown in Table 9, with variations lower than 5% 

for each source. 
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Energy Source 
 

Base Case 
 

NCRE 
(% of total capacity) 

 

Cost 
(% of total capacity) 

 

Market 
(% of total capacity) 

 

Natural Gas 
 

18 
 

13 
 

16 
 

16 
 

Hydro 
 

28 
 

24 
 

27 
 

28 
 

Coal 
 

9 
 

7 
 

12 
 

8 
 

Oil 
 

41 
 

35 
 

40 
 

42 
 

NCRE 
 

4 
 

21 
 

5 
 

5 
 

Table 9. Effect of the NCRE, Cost and Market Scenario’s on the energy matrix by 2030 

For the third scenario (NCRE scenario), we look at the possibilities of significantly 

increasing the share of NCRE. It is a political priority to increase the share of NCRE in 

the energy matrix and there has been both internal and external pressure on Chile to 

support this policy. The policy will both support the aim of reducing dependence on 

imported fossil fuel and also help to lower emissions. This has led to the "meta 20/25" 

bill, i.e., that 20% of electricity generation by 2025 has to come from NCRE (Comité 

Técnico de la Plataforma Escenarios Energéticos 2030, 2013). The third scenario aims at 

achieving this through incentives for investment in NCRE. As the model here is based on 

a cost approach, the premium parameter, PRi, for each energy source was manipulated to 

achieve a 20% participation of NCRE by the end of the simulation period. In this way, 

the premium parameters are used to reduce the total costs of NCRE, which in turn will 

encourage investment in these sources. The increase in the PRi can then be seen as 

incentives proposed by the Government to reduce costs in these energy sources, e.g., tax 

incentives, feed-in tariffs etc. For example, Table 6 shows that the PRi of the NCRE 

increases 147.30%, which reduces the total costs of NCRE sources and thus can be seen 

as a way to incentivize investment in those energy sources. In the base case, the share of 

NCRE was 4% while in this case, with incentives, we achieve an NCRE participation of 

21%. Although oil still represents the largest share of total capacity, its share has 

decreased from the base case by six percentage points, while natural gas has decreased 

by five percentage points; however, hydro has also decreased, by four percentage points, 
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which should be offset against the 21% share of NCRE. The NCRE policy manages to 

increase the share of renewables, but most likely at a relatively high cost as it is heavily 

subsidized and Chile is still dependent on imported fossil fuel for more than fifty percent 

of its generation.  

For the fourth scenario, we turn to the future investment cost of the different energy 

sources, as they have a significant influence on the choice of which technology to invest 

in, and therefore on the composition of the energy matrix. While it might be difficult to 

predict the future cost of a technology, we use the “official” data from the “Chile Energy 

Scenarios 2030” and implement them in our model for the period 2013-2030. However, 

in this study there are only the capital costs for natural gas and coal. Oil costs were not 

projected, so the initial-cost model for both historical and simulated periods was assumed. 

The projected costs in this policy decrease as compared with the base case. Table 6 shows 

the capital costs used in the base case and the capital costs at the end of the scenario in 

2030. It should be noted that we assume that the cost will decline over the period. The 

outcome of this policy is again, as in two of the previous three policies, that the energy 

matrix is surprisingly stable, as the share of the different energy sources changes 

relatively little, as can be seen in Table 9. Oil continues to have the largest share of total 

capacity, by source, at the end of the simulated period, followed by hydro and natural gas, 

very similar to the base case. Although the proposed policy raises the costs of thermal 

energy so that other energy sources such as renewable can participate, the results indicate 

that by 2030 the renewables do not have a representative participation in the Chilean 

energy matrix. 

For the final scenario, we combine two of the above policies: the market and non-

conventional renewable energy policy scenarios. By doing this we create a very optimistic 

scenario regarding the penetration of NCRE, where the non-fossil fuel generation is 
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advanced as much as possible, using both incentives and government regulation. The 

results are presented in Table 10. The outcome of this would be an increase of NCRE to 

22.3% and a reduction of the share of fossil fuels to just over half of the total fuel 

consumption in Chile’s energy matrix, by 2030.  The main reduction in fossil fuels would 

come from the decrease in the use of oil. However, if we compare the results with the 

NCRE policy alone, then there are no significant gains, only about one percentage point. 

 

Energy Source 

 

Base Case 
(% of total capacity) 

 

Combined 
(% of total capacity) 

 

Natural Gas 
 

18 
 

12 
 

Hydro 
 

28 
 

25 
 

Coal 
 

9 
 

9 
 

Oil 
 

41 
 

32 
 

NCRE 
 

4 
 

22 
Table 10. Effect of the Combined policy on the energy matrix by 2030 

As one of the main governmental objectives is to decrease the dependence on fossil fuel, 

in particular imported oil, Table 11 shows the share of fossil fuel and renewables in the 

base case and the six scenarios that we have run. Looking at the table, the first observation 

we might make is that in all cases, fossil fuels maintain more than a fifty percent share of 

the fuel; even in the most optimistic scenario it has a fifty-three percent share. In the 

scenarios where there are no explicit policies for introducing incentives or regulation for 

the NCRE the share of fossil fuel is close to seventy percent of the fuel in the energy 

matrix. Except in the cases of the NCRE and Combined scenario, there is a very limited 

penetration of NCRE sources for generation, and the renewables are mainly made up by 

the hydro capacity, which managed to maintain an almost stable share of the energy 

matrix across all the scenarios. It is worth noticing, as mentioned above, that the 

combination of the NCRE and the market scenario seems to have little effect as a 
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“multiplier” on the NCRE sources. In other words, a combination of these scenarios has 

little effect on the reduction of fossil-fuel dependence.  

 

 

 

Scenario 

 

Fossil 
(% of total capacity 

 

Renewable 
(% of total capacity) 

 

Base Case 
 

68 
 

32 
 

Increase in Prices 
 

66 
 

34 
 

Decrease in Prices 
 

71 
 

29 
 

Stochastic Prices 
 

68 
 

32 
 

NCRE 
 

55 
 

45 
 

Cost 
 

68 
 

32 
 

Market 
 

67 
 

33 
 

Combined 
 

53 
 

47 
Table 11. Share of fossil and renewable fuel in the different scenarios 

The model results show that diversification of the Chilean energy matrix requires policies 

that attract investment in renewable energy, i.e. policies that increase the revenues from 

NCRE or that reduce the investment costs are the only ones that enable NCRE to attain a 

significant participation in the energy matrix. We observe a resistance to increasing the 

market share of renewables, which is due to the lack of highly aggressive incentives to 

allow them to overcome the economic barriers. Such an observation is consistent with the 

current environmental paradox in the Latin-American electricity sector, where we 

observe an increase in thermal generation (Arango and Larsen, 2010).  Thus, the model 

shows strong inertia, resulting from the feedback structures in the model and the results 

end in a path-dependence pattern, currently observed in many energy systems (Fouquet, 

2016). 
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6. Conclusions 

We developed a behavioral simulation model that represents the dynamic substitution of 

energy sources in a national (or possibly regional) energy matrix. We calibrated the model 

to the energy matrix of Chile and investigated a number of scenarios in order to 

understand how the representation of energy sources might change over time, given 

different pricing and regulatory policies. For the calibration, we used a method proposed 

by Vanni et al. (2011), which allowed us to obtain simulation results closely aligned with 

the actual evolution of the energy matrix from 1980 until 2012, indicating that the model 

can realistically capture the changes that took place over this period. The scenarios 

represent market forces, i.e. changes in relative prices among fuels and investments, and 

regulatory interventions, which are incentives for investing in NCRE sources. The model 

can support decision making by policy makers and potential investors in the Chilean 

energy sector, considering that the electricity sector is included within the energy sector.  

Simulation results provide a number of insights, particularly about the introduction of 

renewables, or NCRE, in Chile. The base case scenario showed the “business as usual” 

scenario with no major changes. In this first scenario, we observe a trend where the 

current heavy dependence on imported fossil fuel continues and only minor changes occur 

in the energy composition, as compared with the reference year, 2012. Moreover, there is 

no change in the energy matrix composition towards the stated goals of the government, 

which is seeking greater security of supply, reduced dependence on imported fuel, and 

more environmentally friendly production. We ran simulations with changes in fuel prices 

and investment costs, where there were no significant changes from the base case 

scenario. In fact, a decrease in imported fossil fuel prices actually increases the share of 

fossil fuel, a scenario that is currently being played out in the global oil-markets during a 

sharp decrease in oil prices. Moreover, higher energy prices have a relatively small 
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influence on the share of NCRE in the matrix. From our simulation experiments we 

conclude that the market, almost independent of what happens to prices and investment 

cost, may not be able to bring about the desired change in the composition of the energy 

matrix in Chile.  

Given the robustness of the energy matrix to market forces, we need to turn to regulation 

to be able to observe any changes in the energy matrix. The two remaining simulation 

experiments, the NCRE and Combined scenarios, are examples of regulation. In these 

scenarios, we assume a significant government intervention to reach the desired goals. 

Simulations have shown that both interventions lead to changes in the composition of the 

energy matrix. In both cases, we increase the renewable share to almost fifty percent 

(hydro and other NCRE), leaving fossil fuels with the remaining share of just over fifty 

percent of the energy matrix, a significant improvement over the previous cases. Such 

intervention policies have been used in Europe over the last decade to increase the share 

of renewables, in some cases with great success. Germany managed to increase the share 

of renewables by using feed-in-tariffs and other initiatives from the German regulator and 

government (Würzburg et al., 2013); however, the downside of this is the increase in the 

cost of electricity for German industry and consumers. Thus, there exists a trade-off that 

Chile should consider, as it could have implications for economic growth. Our results 

indicate that this might be the only way in which Chile could move closer to the desired 

composition of the energy matrix. 

7. Acknowledgements 

We would like to acknowledge the financial support of Interconexion Eléctrica S.A.–ISA 

for this project (project 202010010362-Modelamiento de la Matriz Energética Agregada 

en Suramérica - Beca ISA). We are also grateful to Juan Felipe Parra Rodas for his 

assistance on this project and to Paul G. Ellis for editorial assistance. 



 
 

27 
 

References 

Abada, I., Briat, V., & Massol, O. (2013). Construction of a fuel demand function 

portraying interfuel substitution, a system dynamics approach. Energy, 49(1), 240–

251.  

Arango S. & Larsen, E. 2010. The environmental paradox in generation: How South 

America is gradually becoming more dependent on thermal generation. Renewable 

and Sustainable Energy Reviews, 14, 2956–2965. 

Arango, S., & Larsen, E.R. (2013). Thinking about the future. In Qudrat-Ullah, H. (ed.) 

Energy Policy Modelling in the 21st Century, New York, Springer, 17–30. 

Aravena, C., Hutchinson, W. G., & Longo, A. (2012). Environmental pricing of 

externalities from different sources of electricity generation in Chile. Energy 

Economics, 34(4), 1214–1225.  

Barlas, Y. (1996). Formal aspects of model validity and validation in system dynamics. 

System Dynamics Review, 12(3), 183–210.  

Bezerra, B., Mocarquer, S., Barroso, L., & Rudnick, H. (2012). Energy Challenges in 

Brazil and Chile. IEEE Power & Energy Magazine, 10(3). 

Bunn, D.W., & Larsen, E.R. (1992). Sensitivity of reserve margin to factors influencing 

investments in the UK electricity market. Energy Policy, May, 490–502. 

Bunn, D. W., & Larsen, E. R. (1997). Systems modelling for energy policy. Wiley. 

BP Global. (2013). BP Statistical Review of World Energy June 2013. Retrieved from 

http://www.bp.com/statisticalreview 

CNE, C. N. de E. (2012). Estrategia Nacional de Energía 2012 - 2030 (pp. 1–38). 

Retrieved from http://www.minenergia.cl/estrategia-nacional-de-energia-2012.html 



 
 

28 
 

Comité Técnico de la Plataforma Escenarios Energéticos 2030. (2013). Escenarios 

Energéticos Chile 2030: Visiones y temas clave para la matriz eléctrica. Retrieved 

from http://escenariosenergeticos.cl/wp-

content/uploads/Escenarios_Energeticos_2013.pdf 

(CNE), C. N. de E. (2009). Diseño de una estratégia energética para Chile (p. 30). 

Retrieved from http://www.cne.cl/images/stories/public estudios/raiz/texto1.pdf 

Congreso Nacional de Chile. Ley 20257 (2008). Santiago de Chile: Congreso Nacional 

de Chile. Retrieved from http://bcn.cl/19ai6 

Davidsen, P., Sterman, J.D., & Richardson, G.P. (1990). A petroleum life cycle model 

for the United States with endogenous technology, exploration, recovery, and 

demand. System Dynamics Review 6, 66–93. 

Fontaine, G. (2011). The effects of governance modes on the energy matrix of Andean 

countries. Energy Policy, 39(5), 2888–2898. 

Fiddaman, T. S. (2002). Exploring policy options with a behavioral climate–economy 

model. System Dynamics Review, 18(2), 243–267. 

Ford, A. (1997). System dynamics and the electric power industry. System Dynamics 

Review, 13(1), 57–85. 

Ford, A. (2002). Boom and bust in power plant construction: lessons from the 

California electricity crisis. Journal of Industry, Competition and Trade 2, 59–74. 

Ford, A., & Bull, M. (1989). Using system dynamics for conservation policy analysis in 

the Pacific Northwest, System Dynamics Review, 5, 1–16. 

Forrester, J. W. (1961). Industrial dynamics. Cambridge, MA. MIT-Press. 

Fouquet, R. (2016). Path dependence in energy systems and economic development. 

Nature Energy, 1, 1–5. 



 
 

29 
 

García, A. E., Carmona, R. J., Lienqueo, M. E., & Salazar, O. (2011). The current status 

of liquid biofuels in Chile. Energy, 36(4), 2077–2084.  

Georgopoulou, E., Sara, Y., & Diakoulaki, D. (1998). Design and implementation of a 

group DSS for sustaining renewable energies exploitation, European Journal of 

Research, 109, 483–500. 

Hall, L., & Buckley, A. (2016). A review of energy systems models in the UK: 

Prevalent usage and categorisation. Applied Energy, 1, 607–628. 

IEA, 2012, Oil and Gas Emergency Policy - Chile 2012 update. Paris. 

International Energy Agency. (2012). Energy Prices and Taxes. IEA Stadistics, 2011(4), 

1–416. doi:10.1787/16096835 

International Energy Agency. (2014). Energy Prices and Taxes. IEA Statistics, 2013(4), 

1–416. doi:10.1787/energy_tax-v2013-4-en 

International Energy Agency (IEA) (2008). IEA Energy Technology Perspectives 2008, 

Scenarios & strategies to 2050, ISBN 92-64-04142-4. 

International Energy Agency (IEA) (2005). NEA/IEA Project Costs of Generating 

Electicity 2005 Update, Nuclear Energy Agency (NEA)- International Energy 

Agency (IEA)-Organization for Economic Co-operation and Development 

(OECD), ISBN 92-64-00826-8. 

Jebaraj, S., & Iniyan, S. (2006). A review of energy models. Renewable and Sustainable 

Energy Reviews, 10(4), 281–311.  

Leopold, A. (2016). Energy related system dynamic models: a literature review. Central 

European Journal of Operations Research, 24 (1), 231–261. 

Loken, E. (2007). Use of multicriteria decision analysis methods for energy planning 

problems. Renewable and Sustainable Energy Reviews, 11(7), 1584–1595.  

Morecroft. J. (2007). Strategic modelling and business dynamics. Wiley; Chichester. 



 
 

30 
 

Moxnes, E. The dynamics of interfuel substitution in the OECD-Europe industrial 

sector. In: Golombek, R., Hoel, M., Vislie, J., (eds). Natural gas markets and 

contracts; 1987. North-Holland, Amsterdam. 

Moxnes, E. (1990). Interfuel Substitution in OECD-European Electricity Production. 

System Dynamics Review, 6(1), 44–65. 

Naill, R. F. (1992). A system dynamics model for national energy policy planning. 

System Dynamics Review, 8(1), 1–19. 

Naill, R. F., Belanger, S., Klinger, A., & Petersen, E. (1992). An analysis of the cost 

effectiveness of US energy policies to mitigate global warming. System Dynamics 

Review, 8(2), 111–128.  

Ponzo, R., Dyner, I., Arango, S., & Larsen, E. R. (2011). Regulation and development 

of the Argentinean gas market. Energy Policy, 39(3), 1070–1079.  

Rudnick, H., & Mocarquer, S. (2008). Hydro or coal: Energy and the environment in 

Chile. 2008 IEEE Power and Energy Society General Meeting - Conversion and 

Delivery of Electrical Energy in the 21st Century. 

Stanton, E. A., Ackerman, F., & Kartha, S. (2009). Inside the integrated assessment 

models: Four issues in climate economics. Climate and Development, 1(2), 166–

184. 

Sterman, J.D.(1981) The Energy Transaction and the economy. Sloan School of 

Management, MIT, Cambridge, MA.  

Sterman, J. D. (1984). Appropriate summary statistics for evaluating the historical fit of 

system dynamics models. Dynamica. 51–66. 

Sterman, J. D. (2000). Business Dynamics. Boston, MA. Irwin-McGrawHill. 



 
 

31 
 

Sterman, J., Franck, T., Fiddaman, T., Jones, A., McCauley, S., Rice, P., & Rooney-

Varga, J. N. (2015). World Climate: A role-play simulation of climate negotiations. 

Simulation & Gaming, 46(3-4), 348–382. 

Terrados, J., Almonacid, G., & Pérez-Higueras, P. (2009). Proposal for a combined 

methodology for renewable energy planning. Application to a Spanish region. 

Renewable and Sustainable Energy Reviews, 13(8), 2022–2030.  

WEC (2008). Comparison of Energy Systems Using Life Cycle Assessment, World 

Energy Council, ISBN 0946121168  

Würzburg, K., Labandeira, X., & Linares, P. (2013). Renewable generation and 

electricity prices: Taking stock and new evidence from Germany and Austria. Energy 

Economics 40, 159–171. 

Vanni, T., Karnon, J., & Madan, J. (2011). Calibrating Models in Economic Evaluation. 

Pharmacoeconomics, 29(1), 35–49.  

Zhidong, L. (2010). Quantitative analysis of sustainable energy strategies in China. 

Energy Policy, 38(5), 2149–2160. 

 


	AU_Coversheet_Accepteret_manuskript_template erik
	Matrix v3 Final erik reimer
	Abstract
	Keywords
	Energy planning, System Dynamics, energy matrix, Chilean energy sector
	*Corresponding author. Carrera 80 # 65 – 223, Bloque M8a 211. Faculty of Mines, Medellín, Colombia. Tel.: +57 3148558854.
	Table 1. Energy mix – 2011 Source: (CNE, 2012)
	Table 4. Error analysis of the model
	References


