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Abstract: Colombia has abundant solar, wind, and biomass resources for energy production with 
non-conventional renewable energy (NCREs) sources. However, the current participation of NCREs 
is negligible in the electricity mix of the country, which has historically depended on hydroelectric 
plants. Meteorological phenomena, such as the El Niño–Southern Oscillation (ENSO), threaten the 
energy supply during periods of drought, and the generation of energy using fossil fuels is neces-
sary to offset the hydric deficit. Since Colombia is one of the largest coffee producers in the world, 
this study used system dynamics to evaluate the energy potential from cherry coffee pulp and ana-
lyze trends in the energy supply for different energy sources in scenarios of climatic vulnerability. 
First, the causal relationship of the system was identified, and the key variables of the model were 
projected. Then, the behavior of the system was evaluated by simulating a 120-month period. The 
results showed a generation potential from coffee pulp of 177 GWh per year and a power generation 
of 11,250 GWh and 7537 GWh with solar and wind resources, respectively, by 2030. Finally, it was 
confirmed that including new renewable resources is a key factor in supporting hydraulic genera-
tion in the warm phase of ENSO while reducing thermal generation dependence. 

Keywords: renewable energy; biomass; coffee pulp; energy potential analysis; system dynamic 
modeling 
 

1. Introduction 
Driven by factors such as environmental issues and global warming, a global goal 

for decarbonizing the economy has been set in recent years [1]. Due to the topography of 
the country, Colombia has important hydraulic resources that are used to generate elec-
tricity. These sources represent 68.3% of the current electricity mix and, along with ther-
mal generation (gas 13.3%, coal 9.4%, and oil 7.7%), account for 98.7% of installed capacity. 
In addition, generation using non-conventional renewable energy sources (NCREs) does 
not reflect a significant contribution to the electricity mix, considering that NCREs only 
represented 1.3% of the total installed capacity in 2020, which were mainly obtained from 
the cogeneration of sugarcane bagasse [2]. The importance of hydraulic and thermal 
sources as the main energy supply makes the Colombian electricity market a hydrother-
mal market. Although the electricity generation mix in Colombia is mostly renewable [3], 
the significant contribution of hydro sources represents a high reliance on the availability 
of this resource for energy production, since hydropower generation is affected by El 
Niño–Southern Oscillation (ENSO) [4]. 
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ENSO is a weather pattern whose effects have been studied in the framework of en-
ergy production in different Latin American countries [5]. Two opposite phenomena de-
rive from ENSO. The La Niña phenomenon is characterized by rainy seasons, and the El 
Niño phenomenon refers to the warm phase of ENSO, with high temperatures and 
droughts [6]. Both have a direct effect on the potential for electricity production in Colom-
bia, since the contribution to hydraulic generation can vary from 45 to 95% [7,8]. However, 
El Niño has a negative influence on water inflows to dam reservoirs, which has implica-
tions for generation costs and energy supply [9]. When this occurs, the main support to 
supply the demand is assumed by thermal generation sources, which can reach 50% of 
the total energy generated during some El Niño episodes [10]. In this context, the Colom-
bian government has been encouraging NCREs investment through a regulatory frame-
work that is mainly represented by Law 1715 enacted in 2014 (Unconventional Renewable 
Energies Law) [11]. With these incentives, NCRE’s installed capacity is expected to repre-
sent 12% of the total electricity matrix by 2022. [12]. To contribute to this national goal and 
reduce hydropower dependence, one of the available resources to generate clean energy 
in Colombia is biomass. According to Gómez-Navarro and Ribó-Pérez [7], the energy po-
tential from biomass in Colombia is close to 15 GW of installable capacity. Moreover, com-
pared to sources such as solar, wind, and geothermal, biomass is considered the most 
abundant resource available to produce NCRE in the country [13]. Despite this, most of 
the research has been focused on other non-conventional technologies, and the projected 
installed capacity of NCREs is based entirely on solar and wind resources [14]. Different 
studies have evaluated the energy potential of biomass on a national [15,16] and regional 
scale [17], highlighting the vast availability of this source for energy applications in Co-
lombia. 

The process of energy power generation using biomass is produced through different 
thermochemical and biochemical conversion methods. However, the selection of the ap-
propriate process depends on the features of each residue [18,19]. For example, the per-
centage of moisture determines the total solid (TS) content in the biomass [20]. Neverthe-
less, the efficiency of the process in thermochemical alternatives may be affected due to 
the presence of water in residues with high moisture content, as is discussed in different 
studies [21–23]. Thermochemical processes, such as combustion, pyrolysis, and gasifica-
tion, are frequently used for energy production from biomass with moisture percentages 
of less than 50% [24], whereas for residues with high percentages of moisture, bioconver-
sion technologies, such as anaerobic digestion (AD), are considered a more suitable option 
[25]. The AD and direct combustion processes were studied by Sagastume et al. [15] to 
evaluate the energy potential of the main crops and livestock produced in Colombia. In 
this study, the authors estimated a bioenergy potential between 60,000 and 120,000 GWh 
per year from (i) pig, cattle, and poultry wastes and (ii) agricultural production residues 
from crops such as sugarcane, palm oil, and coffee. 

Worldwide, Colombia is the third-largest coffee producer, after Brazil and Vietnam, 
and the largest producer of mild-washed Arabica coffee [26,27]. In December of 2020, Co-
lombia reached 651 thousand tons of cherry coffee production, the highest recorded in the 
last 24 years [28,29]. However, in the coffee production process, less than 5% of the bio-
mass is used for the elaboration of the final product [30]. The other 95% remains in resid-
ual form and can be used for biofuels [31,32] heat [33] and energy [34] production, among 
others [35,36]. For example, Zinla et al. [37] evaluated the thermochemical properties of 
coffee husk as a biofuel to produce electricity from biomass thermal plants in Côte 
d’Ivoire, while Garcia-Freites et al. [38] assessed the potential of coffee steams for energy 
generation and heat recovery in Colombia. In this work, the authors highlighted the po-
tential of this residue for combined heat and power generation (CHP) and concluded that 
the technical properties of coffee steams make it an attractive option for energy produc-
tion. Therefore, considering the high levels of production of cherry coffee in Colombia, 
residues from coffee processing can be used for energy purposes [39,40], contributing to 
the generation of NCRE in the country. For example, in a recent study developed by 
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Ramos-Hernández et al. [25], the authors assessed the potential of coffee pulp for energy 
generation on an industrial scale in Mexico and employed system dynamics (SD) to model 
the coffee pulp supply chain for energy production. SD is a methodology that allows the 
evaluation and analysis of the features of systems in the mean and long term through the 
causal relationship of the variables [41]. Energy generation and planning systems are af-
fected by multiple variables of different natures, making SD a useful tool for modeling the 
behavior of such systems under different scenarios. 

This study seeks to evaluate the energy generation potential of coffee pulp in the 
electricity market of Colombia, a hydro-dominated market that is highly affected by cli-
matic phenomena due to the current composition of the electricity mix. SD was applied to 
model two topics related to the Colombian electricity generation system: (i) the bioenergy 
potential of coffee pulp, one of the by-products of the coffee production process, and (ii) 
the behavior of the electricity mix and the supply of the demand, considering factors such 
as the El Niño phenomenon, installed capacity, and thermal generation. This research pre-
sented the power generation potential associated with wastes from the coffee industry in 
Colombia, such as coffee pulp, as an additional alternative to the production of energy 
with solar and wind sources and a backup for the hydrothermal market in climatic vul-
nerability scenarios. 

2. Literature Review 
During cherry coffee processing, two methods, known as wet and dry benefit, can be 

employed to obtain green coffee beans [42]. The latter is commonly used in Brazil [31]. 
Meanwhile, in Colombia [43] and Central America countries [44], the transformation of 
cherry coffee is carried out using the wet approach. In wet coffee processing, coffee cher-
ries are depulped, demucilled, washed, and dried [45,46]. Then, by-products such as pulp, 
mucilage, husk, and cut-stems, among others, are obtained [47,48], most of which have 
been evaluated as a source of energy [49]. For example, García et al. [50] conducted an 
energetic and environmental assessment for energy production from coffee cut-stems. 
Chala et al. [51], and Rivera and Ortega-Jimenez [39] studied the energy potential of coffee 
through the use of by-products such as pulp, mucilage and husk, from a case study in 
Ethiopia and Colombia, respectively. In turn, Dal-Bó et al. [52] relied on heuristic and 
evolutionary approaches to optimize the technical features of energy generation from cof-
fee husk and concluded that pyrolysis is an appropriate method for energy production 
from this residue. On the other hand, wet residues such as pulp and mucilage, whose 
moisture content is approximately 85% and 92% [53,54], respectively, are often used for 
biogas generation from AD. 

Biogas is composed mainly of methane (CH4) and carbon dioxide (CO2) and is pro-
duced from the decomposition of organic material in an anaerobic (absence of oxygen) 
environment [55]. During the AD process, four stages are developed for biogas genera-
tion: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [56]. The technical fea-
tures of biomass, such as cellulose, lignin, TS, and volatile solid (VS) content were studied 
by Rojas-Sossa et al. [57] to evaluate the effect of these properties on the amount of biogas 
generated from different combinations of mucilage and pulp, and by Widjaja et al. [58] 
and Corro et al. [59] to assess biogas production using the co-digestion of coffee pulp and 
cow dung. These works are similar to the study by Sumardiono et al. [60], where the TS 
content of coffee pulp for biogas generation was discussed, concluding that the TS content 
can affect the amount of biogas generated. 

Authors such as Achinas et al. [61], Mayer et al. [62], and Poblete et al. [63] reviewed 
different energy conversion processes from waste, and they concluded that AD is an effi-
cient alternative to biogas production. In the framework of energy generation at an indus-
trial scale, Liu et al. [64] estimated the potential for renewable energy production from 
biomass in Canada, while Borges et al. [65] relied on the SD approach to estimate the bio-
gas potential in Brazil, considering biomass such as municipal wastes and agriculture res-
idues for energy generation. Likewise, Pham et al. [66] applied SD to assess the effect of 
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climatic conditions on coffee production in Vietnam, considering variables such as coffee 
harvest area and total rainfall. Other studies have involved the SD approach to model 
systems related to biowaste management [67,68], biomass supply chains [69], and energy 
generation from urban solid waste [70]. 

SD has also been applied to systems of a renewable nature [71] to understand the 
behavior of power generation systems [72] and the effect of policies and mechanisms in 
this sector [73,74]. For example, Zapata et al. [75] relied on SD to evaluate the effect of 
renewable energy sources on the Colombian electricity market. In their study, the authors 
concluded that solar and wind energy will play a significant role in the energy supply of 
the country by 2035, and that fossil fuel generation will not be necessary in this scenario. 
A similar result was obtained by Henao and Dyner [76], whose results suggest that power 
generation from solar and wind sources are indispensable to fulfill the energy demand 
and provide reliability in the Colombian electricity system. Power generation from solar 
and wind technologies has been also studied in other Latin American countries, such as 
Argentina, Brazil and Chile [5,77,78], to evaluate the energy support of these sources un-
der climatic vulnerability scenarios. Then, using SD modeling, the technical properties of 
coffee pulp for biogas generation were considered in this study to estimate the energy 
potential of this by-product, involving characteristics inherent to the Colombian power 
generation system and its complementarity with other renewable sources, such as solar 
and wind, in the analysis. 

3. Materials and Methods 
In this study, the system of interest was represented through the causal loop diagram, 

and variables such as cherry coffee production, projected energy demand, installed capac-
ity of solar, wind and hydro power, the occurrence of the El Niño phenomenon, and El 
Niño’s effect on hydroelectric power were considered. For data forecasting, methods such 
as autoregressive integrated moving average (ARIMA) were applied, using MATLAB® 
software, version 2020A, The MathWorks, Inc (Massachusetts, United States). Then, the 
SD model was simulated for 10 years (2021–2030) at a monthly frequency by using Vensim 
DSS® software, version 9, Ventana System (Massachusetts, United States). The equations 
of the system and main indicators were also defined. 

3.1. Causal Loop Model 
The causal representation of the model is shown in Figure 1 and considers two sub-

systems. The first subsystem is coffee pulp procurement for energy generation (green 
color). The second subsystem is the Colombian electricity generation system (blue color), 
which is considered a hydrothermal market due to the high contribution of large hydro 
and thermal plants. 
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Figure 1. Causal loop diagram of energy potential from coffee pulp in a hydrothermal power market 
in Colombia. 

About 882,257 hectares have been harvested to supply the national and international 
demand for coffee [28]. In recent years, the country has produced a total of 70,625 thou-
sand green coffee bags, accounting for 26.4 million tons of cherry coffee. For example, in 
2020, Colombia exported 12.5 million green coffee bags to supply foreign demand of coun-
tries such as the United States, Germany, and Japan [79]. Thus, an increase in international 
and national demand for green coffee will also increase the production of cherry coffee in 
Colombia (Figure 1, loops B1 and B2). 

The high levels of cherry coffee processing directly affect the amount of coffee pulp 
obtained. Coffee pulp represents 43.6% of the cherry coffee bean on a wet weight basis 
[51], which means for every thousand tons of cherry coffee processed, 436 tons of pulp are 
obtained. The inventory of this residue can be exploited to generate biogas for power gen-
eration (Figure 1, loop B3), and the digestate produced from this process can be used di-
rectly as organic fertilizer to improve the soil yield in cherry coffee production (Figure 1, 
loop R1). On the other hand, power generation from coffee pulp contributes to increasing 
energy production with NCREs in Colombia, reducing the demand supplied by hydroe-
lectric plants. This is notable, considering that power generation from NCREs only 
reached 925 GWh of electricity production in 2020, while 49,837 GWh of the 70,313 GWh 
of the total energy demand were supplied by hydro sources [2]. These figures represent a 
share of 1.3% and 71% of the total electricity produced in that year, respectively. 

Historically, the annual energy demand in Colombia has shown a growing and al-
most linear behavior. However, the demand in the country presents some variations, de-
pending on the month of the year. In periods between April and November, the energy 
demand has an increasing trend, with no major fluctuation, while in February, it presents 
a clearly decreasing demand for electricity, followed by an increasing trend in March [2]. 
On the other hand, the daily energy demand in the country ranges between 180 GWh and 
220 GWh, with Sundays and holidays registering the lowest energy requirements [80]. 
Figure 2 depicts the energy demand in Colombia, with monthly details, from 2010 to 2020 
[81]. 

 
Figure 2. Historical energy demand. 

Figure 2 also shows the periods in which the El Niño events took place during the 
last ten years. As can be seen, no clear effects are reflected in the behavior of energy de-
mand during the 2015–2016 and 2018–2019 El Niño episodes. However, the severe 
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droughts caused by this climatic phenomenon reduced water inflows for energy genera-
tion of the large hydropower plants, which affected the amount of energy available for 
matching the national demand (Figure 1, loop B4), especially considering that hydraulic 
and thermal sources accounted for 98.7% of the total installed capacity, and solar, wind, 
and biomass resources did not exceed 0.22 GW installed [2], as shown in Table 1. There-
fore, thermal generation is the main source to support hydropower generation when the 
latter is unable to produce enough energy. This represents not only a high reliance on 
fossil fuels, but also increases in generation costs [8] (Figure 1, loops B5, B6, and B7). 

Table 1. Distribution of Installed Capacity of Energy Plants in Colombia in 2020. 

Technology Installed Capacity (GW) Share (%) 
Hydraulic 11.94 68.3% 

Wind 0.02 
1.3% Solar 0.06 

Biomass 0.14 
Thermal 5.32 30.4% 

Total 17.48   

3.2. Modeling 
The system under study is depicted from the Forrester diagram of Figure 3, which is 

based on the causal loop diagram presented in the last section. The system modeling con-
sidered the analysis of the key variables involved, data forecast, and the relationship 
among them with the application of different equations. Then, the analysis was carried 
out simulating 120 months. 

 
Figure 3. Forrester diagram of energy potential from coffee pulp in a hydrothermal power market 
in Colombia. 

As in the case of the causal loop diagram, the model represented by Figure 3 consid-
ers the two subsystems of study. The left side of the diagram details the procurement of 
coffee pulp for energy generation, where the amount of electricity produced from this 
waste (GWh/month) is obtained from the monthly cherry coffee production in Colombia 
and considers that 80% of the coffee pulp (ton pulp/month) would be used for energy 
generation. Then, the biomethane generated (m3CH4/month) from the AD process of this 
residue is used for electricity production, considering its low heating value (LHV) 
(GWh/m3CH4) and an efficiency of 40% for the electrical conversion process [82,83]. 
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The middle and right sections of Figure 3 represent the Colombian electricity gener-
ation system, where the electricity production from biomass, solar, and wind technologies 
were evaluated considering a capacity factor (cf) of 84%, 20%, and 38% [84], respectively. 
The coffee pulp power generation increases the biomass electricity production, as new 
solar and wind projects increase the installed capacity available to generate energy from 
these technologies. Then, the total of electricity produced from NCREs (GWh/month) re-
duces the amount of energy demand to be generated by hydroelectric plants. In this sense, 
any contribution of energy generation from coffee pulp contributes to a lower net energy 
demand. The hydropower electricity potential is used to produce the electricity needed to 
supply the net energy demand. However, the occurrence of the El Niño phenomenon neg-
atively affects the available capacity of this resource (stored in water reservoirs) and 
thereby, hydropower electricity production (GWh/month). Finally, the deficit of hydroe-
lectric generation to meet demand is supplied by electricity production from thermal 
power plants (GWh/month). 

The following sections provide a detailed explanation of the main variables involved 
in the model. 

3.2.1. Biochemical Methane Potential from Coffee Pulp (in m3CH4/ton pulp) 
According to IRENA [85], the amount of energy produced from biogas depends 

mainly on the methane content within the biogas. In this study, the biochemical methane 
potential (BMP) obtained from the AD process using coffee pulp was estimated from 
Equation (1) [86]. For this calculation, the 4 biomass components (for coffee pulp case), 
cellulose (𝑋𝑋𝐶𝐶 ), hemicellulose (𝑋𝑋𝐻𝐻 ), lignin (𝑋𝑋𝐿𝐿 ), and residuals (𝑋𝑋𝑅𝑅 = 1 −  𝑋𝑋𝐶𝐶 −  𝑋𝑋𝐻𝐻 −  𝑋𝑋𝐿𝐿 ) 
were obtained in [15]. 

BMP �
m3CH4

tonVS
� = 378 ⋅ 𝑋𝑋𝐶𝐶 +  354 ⋅ 𝑋𝑋𝐻𝐻 −  194 ⋅ 𝑋𝑋𝐿𝐿 +  313 ⋅ 𝑋𝑋𝑅𝑅  ≈ 259.42 (1) 

Note that the result of Equation (1) represents the BMP per ton of VS, since the 
amount of raw material that can be digested by anaerobic bacteria depends on the VS 
portion within the TS content. In the case of coffee pulp, the VS content is 74.6% on a dry 
basis [15], and the TS percentage, considering the moisture of this biomass, is equal to 
15%. Thus, the VS fraction (VSF) is 11.19% (VSF = 74.6% ⋅ 15%). 

The BMP (in m3CH4) is equal to 29.03 per ton of cherry coffee pulp and was estimated 
from Equation (2), according to the VS fraction and the result of Equation (1): 

BMP �
m3CH4

ton pulp
� = VSF ⋅ BMP �

m3CH4

tonVS
�  ≈ 29.03 (2) 

3.2.2. Projections of System Variables 
In this work, data projection of cherry coffee production was made from historical 

information collected from Fedecafé [28], and the available land for cherry coffee produc-
tion was not considered as a constraint due to the large availability of land in Colombia 
for coffee cultivation. The El Niño phenomenon occurrence and El Niño’s effect on hydro-
electric power were projected according to the behavior and intensities recorded in the 
last 10 years. Finally, the projected energy demand was obtained from UPME [87], while 
the Installed capacity of solar, wind and hydro energy were based on information from 
SIEL [14]. This section presents the projection analysis performed for each of the system 
variables mentioned above. 
• Cherry coffee production (tons/month). The projection of this variable considered a 

continuous production cycle throughout the year based on a cultivated land of 
around 880 thousand hectares in 20 regions of Colombia. Using historical infor-
mation for the last 65 years, the projection of cherry coffee production was made from 
the application of the ARIMA model, following the Box–Jenkins methodology for the 
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estimation [88]. First, a differentiation of the annual time series was carried out to 
establish data stationarity. Then, a conditional media model was estimated, and it 
was determined that ARIMA (1, 1, 0) had the best fit for the time series. The stand-
ardized residuals obtained from this model did not present an autocorrelation be-
tween them, as shown in Figure 4. 

 
Figure 4. Autocorrelation function for residuals of the ARIMA (1, 1, 0) model. 

Furthermore, a Ljung–Box test was applied for lags 5, 10, and 15, which reaffirmed 
that the chosen model adequately described the behavior of the data because the residuals 
were independent, with p values equal to 0.93, 0.75, and 0.73, respectively, for the test. 
Finally, the cherry coffee production forecast for the next 10 years was estimated. Then, 
to represent the different levels of production in each month, the monthly behavior of 
cherry coffee production was calculated from the historical monthly proportions and the 
annual projections obtained from the ARIMA model using Econometrics Toolbox-
MATLAB® version 2020A, The MathWorks, Inc (Natick, MA, United States). 
• The El Niño phenomenon. This variable depicts the months where the El Niño phe-

nomenon will take place within the study period (2021–2030). Although a defined 
forecast does not exist to establish climatic phenomenon occurrences, according to 
the International Research Institute (IRI), El Niño occurs with a frequency of every 2 
to 7 years [89]. In addition, some researchers have determined a behavior pattern that 
points out that strong El Niño events have a longer duration versus those of lower 
intensity [90]. 
For this analysis, the occurrence and intensity of the El Niño phenomena registered 
in the last 10 years were assessed. It was assumed that within the analysis period, El 
Niño will take place in two events, with moderate and strong intensities, respec-
tively. The first of them will be in 2023–2024, with behavior similar to that registered 
in 2018–2019. The second will occur from the beginning of 2028 to the first quarter of 
2029, with duration and behavior similar to those presented during 2015–2016. Thus, 
a 4-year period was considered between one El Niño phenomenon and another. This 
is consistent with the research carried out regarding the frequency of this climatic 
phenomenon. 

• Projected energy demand (GWh/month). This variable indicates the amount of GWh 
of monthly demand in the country. The figures of this variable were based on the 
projection of the Unidad de Planeación Minero-Energética (UPME), the mine and en-
ergy planning unit in Colombia, and considered the monthly variation in energy de-
mand in different moments of the year, according to its historical behavior. 
On the other hand, this study did not consider any effect of the El Niño phenomenon 
on the level of energy demand during the study period, since no significant effects of 
El Niño on energy demand are observed in the history from recent years (see Section 
3.1). 

• Installed capacity for solar, wind, and hydro energy (GW). The projection of the in-
stalled capacity for the 3 technologies was calculated considering the current projects 
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in phase 2 (with prefeasibility studies) or 3 (with the execution schedule and envi-
ronmental licenses) that were registered in the UPME at the time of the estimates. 
From this information, the monthly details of the amount of GW that would come 
into operation for each year of the study period (new solar, wind, and hydro projects) 
were obtained, increasing the installed capacity of the country for each type of tech-
nology. In the case of hydropower, the Hidroituango project was also considered. 
Hidroituango is a mega hydroelectric project—the largest hydropower project in Co-
lombia—that expects to increase the hydropower capacity by 2.4 GW [76], which rep-
resents 13.72% of the total capacity currently installed. In this research, it was as-
sumed that Hidroituango will start operation in 2022 and 2023, with 0.8 GW and 1.6 
GW of installed capacity, respectively. These assumptions were considered due to 
the importance of Hidroituango for energy supply in Colombia, especially during 
severe drought events. 

The amount of monthly electricity production for each technology (GWh/month) was 
calculated based on (i) installed capacity, (ii) capacity factor, and (iii) hours per 
month . The impacts of the El Niño phenomenon on solar and wind generation were 
not considered, since there is no historical information available for Colombia to 
carry out such estimates. 

• El Niño’s effect on hydroelectric power. This variable represents the percentage re-
duction in the hydroelectric potential during El Niño events and depicts the vulner-
ability of the electricity generation matrix in Colombia. To this end, the behaviors 
recorded by the Oceanic Niño Index (ONI) during 2015–2016 and 2018–2019 were 
assessed. ONI is a measure of ENSO that establishes that El Niño conditions exist 
when the oceanic temperature is at least 0.5 °C above the normal median temperature 
for more than 3 consecutive months. ONI data were collected from the Climate Pre-
dictor Center [91]. Then, a comparison between the decline in hydropower electricity 
production in Colombia and the ONI for each month of El Niño in 2015–2016 and 
2018–2019 was carried out. It was found that for a strong El Niño, the share of hydro-
generation in the total energy produced dropped to 50% of the electricity mix at that 
moment. Based on this analysis, the effect of El Niño on hydroelectric power was 
projected for the years evaluated by the study. 
A duration of 7 months was defined for El Niño of the 2023–2024 period (moderate 
intensity), and 15 months was defined for the 2028–2029 period (strong intensity). 
Additionally, this study considered that the effects of El Niño reach the highest levels 
in December and the first quarter of the following year for the indicated periods, ac-
cording to the behavior recorded by the ONI and other investigations [9,90,92] for 
this climatic phenomenon. 

3.3. Main Equations of SD Model 
The equations of the model were formulated based on the Forrester diagram in Fig-

ure 3 and the projections of Section 3.2.2. Table 2 presents the main equations of the system 
and the indicators used to measure the share of different energy sources in the projected 
energy demand at each moment. 

Table 2. Main equations and indicators of the SD model according to the syntax of the Vensim DSS®® 
software. Subindex 𝑖𝑖 represents energy sources, where i =  {coffee pulp, NCRE, hydro, thermal}. 

Variable Units Equation 
Coffee Pulp Inventory Tons/Month INTEG (Pulped-Coffee pulp energy pn-Other uses) 

Biomethane Production m3CH4/Month 
“Biochemical Methane Potential (BMP)” *Coffee pulp 

energy pn 

Coffee Pulp Power Gen-
eration 

GWh/Month 
Biomethane for energy production* “Low Heating 

Value (LHV CH4)”*cf biomass *Energy generation effi-
ciency 
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Hydropower Electricity  
Potential 

GWh/Month 
Installed capacity Hydro*Hours per month*cf hydro*(1 
− (“The El Niño phenomenon” *Niño effect on hydroe-

lectric power)) 

Hydropower electricity  
Production 

GWh/Month 
IF THEN ELSE (Energy demand>Hydropower electric-
ity potential, Hydropower electricity potential, Energy 

demand) 
Solar Electricity Produc-

tion 
GWh/Month Installed capacity Solar*Hours per month* cf solar 

Wind Electricity Produc-
tion 

GWh/Month Installed capacity Wind*Hours per month* cf wind 

Indicator Units Equation 
𝑖𝑖 Energy Share % Electricity production of 𝑖𝑖/Projected energy demand 

The initial values for the installed capacity of solar, wind, and hydro energy corre-
spond to the installed capacity in 2020 (see Table 1). In addition, the initial value of coffee 
pulp inventory was 238,938 tons, corresponding to the amount of pulp generated from 
cherry coffee production in December 2020. The initial production of biomethane was de-
fined as 6,593,901 m3. 

3.4. Model Assumptions and Limitations 
This subsection describes the main assumptions and limitations of the model. 

• Cherry coffee production was forecasted according to historical information on na-
tional coffee production for the last 65 years. 

• It was assumed that 80% of the coffee pulp obtained would be used for energy gen-
eration. 

• In this work, two El Niño events were modeled. The duration, frequency, and inten-
sity were based on previous studies associated with this climatic phenomenon (see 
Section 3.2.2.). 

• The model considered the monthly behavior of the energy demand, according to 
UPME estimates (see Section 3.2.2.). 

• The electricity production from renewable sources was modeled, considering the 
projections of installed capacity and the capacity factor of each technology. For sim-
plicity, the model did not include the monthly variation of wind and solar generation 
associated with the fluctuation of each resource. 

• The effects of the El Niño phenomenon were considered to evaluate the energy sup-
ply in climatic vulnerability scenarios and were mainly represented by the implica-
tions for the hydropower electricity potential. Impacts on the NCRE electricity pro-
duction and the energy demand were not included in the model (see Sections 3.1. and 
3.2.2.) 

• The model represents the Colombian electricity generation system, where the 
amount of power generated is produced to supply the energy demand. Therefore, 
there was no excess in the energy generated by any of the technologies evaluated in 
the model (see Section 3.2. and Table 2.). 

• The model does not consider increases in the installed capacity from fossil sources. 

4. Results 
4.1. Energy Potential from Coffee Pulp 

For the study period, the generated biomethane had a maximum value of 7.05 million 
m3CH4 and an average of 4.65 million m3CH4 per month, which can generate 15 GWh of 
energy monthly. Figure 5 depicts the behavior of biomethane production and power gen-
eration from coffee pulp, with monthly details. For both cases, the results vary for each 
month, since the variables are closely related to cherry coffee production. The graph also 
shows the total biomass electricity production, whose figure remained between 94 and 
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106 GWh during the analysis period. The difference between the results of coffee pulp 
power generation and biomass electricity production corresponds to the initial value of 
the installed biomass capacity (see Table 1). On average, coffee pulp power generation 
represented 15% of the total biomass electricity production, considering that no new bio-
mass projects were found in phase 2 or 3 in the registry of generation projects for the next 
10 years. 

 

 

(a) (b) 

Figure 5. (a) Biomethane production with coffee pulp; (b) Energy generation from coffee pulp and 
biomass. 

Energy generation with NCREs sources experienced a significant increase compared 
to the baseline scenario, driven mainly by new solar and wind projects. For January 2021, 
solar and wind electricity production was equal to 8.85 and 5.04 GWh, respectively. How-
ever, for the same month of 2026, these figures reached 937.54 and 628.14 GWh, respec-
tively, and remained constant until 2030. Coffee pulp generation represented a significant 
contribution to NCREs generation in the first months of analysis since at that time, the 
installed capacity with NCREs was negligible. Figure 6 shows the behavior of the total 
generation with NCREs sources and the details of coffee pulp, wind, and solar electricity 
production. 

 
Figure 6. Energy generation with NCREs. 
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4.2. Climate Vulnerability in a Hydrothermal Market 
As expected, the hydropower electricity potential experienced an important reduc-

tion during the two El Niño events assumed in this analysis, especially during the 2028–
2029 period, where the climatic phenomenon was considered to have strong intensity. In 
August 2023, one month before the occurrence of the first El Niño event, the hydropower 
electricity potential was equal to 5205 GWh. However, for December of the same year, this 
variable had the lowest value during this period, with 4424 GWh of hydropower potential. 
A greater effect was recorded for the simulation of an El Niño of strong intensity. Consid-
ering the results, the water deficit caused by this phenomenon reduced the hydropower 
electricity potential to 3727 GWh for 3 consecutive months (November and December 
2028, and January 2029), which is equivalent to a 30% drop in the energy supply from this 
technology. Additionally, the duration of this last event was 2.14-fold of the simulated 
duration for the moderate El Niño case. 

According to the projections of Section 3.2.2, the total capacity of the Hidroituango 
project was already installed by the time the phenomenon of the 2023–2024 period was 
assumed. For the second El Niño (2028–2029 period), hydraulic generation had 14.79 GW 
of total capacity, i.e., an additional 23.61% to the figure registered in Table 1. Figure 7 
presents the monthly behavior of hydropower electricity potential for the next 10 years. 
Additionally, the graph shows the periods where the El Niño phenomenon should take 
place in this analysis and the influence of El Niño on the variable of interest. 

 
Figure 7. Behavior of hydropower electricity potential and El Niño occurrences. 

Because of the features of the Colombian generation system and the reliance on hy-
dropower generation to supply energy, the obtained results for the share for each energy 
source were assessed. Table 3 summarizes the values of this indicator (see Section 3.3) for 
the different technologies during the simulation of moderate and strong El Niño events. 

Table 3. Behavior of indicators during El Niño events. 

Time 
(Month) Month-Year Intensity of  

El Niño 
Coffee  

Pulp Share NCREs Share Hydro Share Thermal 
Share 

33 Sep-23 Moderate 0.22% 20.00% 76.71% 3.30% 
34 Oct-23 Moderate 0.20% 19.46% 74.71% 5.83% 
35 Nov-23 Moderate 0.17% 19.76% 73.52% 6.72% 
36 Dec-23 Moderate 0.15% 19.44% 69.12% 11.44% 
37 Jan-24 Moderate 0.20% 21.37% 74.64% 3.99% 
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38 Feb-24 Moderate 0.24% 24.21% 75.79% 0.00% 
39 Mar-24 Moderate 0.27% 23.98% 76.02% 0.00% 
85 Jan-28 Strong 0.22% 24.40% 73.99% 1.61% 
86 Feb-28 Strong 0.26% 24.97% 75.03% 0.00% 
87 Mar-28 Strong 0.20% 23.74% 72.02% 4.25% 
88 Apr-28 Strong 0.20% 24.63% 74.75% 0.62% 
89 May-28 Strong 0.20% 23.77% 69.86% 6.37% 
90 Jun-28 Strong 0.16% 24.22% 71.33% 4.45% 
91 Jul-28 Strong 0.13% 23.64% 69.71% 6.65% 
92 Aug-28 Strong 0.14% 23.23% 68.46% 8.31% 
93 Sep-28 Strong 0.16% 23.71% 64.49% 11.80% 
94 Oct-28 Strong 0.20% 23.11% 62.71% 14.18% 
95 Nov-28 Strong 0.20% 23.45% 52.42% 24.13% 
96 Dec-28 Strong 0.18% 23.11% 51.69% 25.20% 
97 Jan-29 Strong 0.16% 23.54% 52.73% 23.73% 
98 Feb-29 Strong 0.21% 24.55% 66.66% 8.79% 
99 Mar-29 Strong 0.23% 23.25% 68.18% 8.57% 

According to Table 3, energy generation using coffee pulp contributed approxi-
mately 0.20% of the total energy demand during El Niño events and did not present sig-
nificant variations. NCRE generation (which includes biomass generation) shows a strong 
complementarity to supply the deficit in the hydroelectric generation, since NCREs ex-
ceeded 19% of the share for all related periods. This was reflected in the results obtained 
for the case of thermal production. During the most critical month of the first El Niño 
event (December 2023), fossil fuel generation supplied only 11.44% of the total energy and 
dropped to 0% in February and March of 2024. Similar behavior was noted for the first 
eight months of the second assumed El Niño event, where the share of thermal energy did 
not exceed 8.31% and presented negligible contributions in January, February, and April 
2028. For December 2028, when the climatic phenomenon was most severe, the share of 
hydropower declined to 51.69%. At that moment, thermal generation presented the high-
est participation in energy supply demand, with a share of 25.2%, which means an energy 
generation of 1816 GWh. Although this is an important contribution, the energy genera-
tion using fossil sources was not higher, due to the energy support from NCREs genera-
tion, whose installed capacity during the second El Niño was approximately 8.90 GW, 
according to the results from the simulation. 

On the other hand, the peak of thermal generation in December 2028 only represents 
58% of the almost 3.100 GWh of monthly energy production that could be generated from 
the installed capacity of thermal sources in Colombia (see Table 1). Therefore, the current 
installed capacity with fossil sources is enough to cover possible variations in the NCRE 
associated to fluctuations in the resources of these technologies (mainly solar and wind), 
and no additional thermal plants are needed to supply energy demand in vulnerable sce-
narios. However, without the expected development in solar and wind technologies, the 
potential available to generate energy from biomass, hydro, and thermal sources would 
not be enough to supply the projected demand during a strong El Niño event. As is show 
in Figure 8, for three months (November and December 2028, and January 2029) the esti-
mated total energy that can be produced without solar and wind development is not suf-
ficient to meet the energy demand under the most extreme climatic conditions. In addi-
tion, under this scenario, thermal energy generation would have an average share of 47% 
during the study period. 
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Figure 8. Supply of energy demand without solar and wind sources. 

5. Discussion 
It is estimated that the agricultural sector in Colombia could generate up to 153,600 

GWh/year from biomass as a result of the processing of crops such as sugarcane, oil palm, 
and coffee [93]. This study evaluated the energy potential of coffee pulp in Colombia con-
sidering the applicability and relevance of the inclusion of non-conventional renewable 
resources as energy sources. It was found that, on average, 15 GWh of monthly electricity 
can be generated from coffee pulp. Nevertheless, during coffee cultivation, different resi-
dues are produced that can also be used for energy applications. For example, Sagastume 
et al. [15] estimated the bioenergy potential from cut-stems, husks, and coffee pulp in Co-
lombia and found that these residues can generate between 244 and 900 GWh of energy 
per month. 

In addition, this study evaluated the system generation in Colombia, which was rep-
resented by the diversification of the electrical matrix, the inclusion of renewable sources 
(including coffee power generation), and El Niño’s effect on hydroelectric potential, the 
dominant generation technology of the country. Figure 9 depicts the behavior obtained 
during the simulation for energy production from hydro, thermal, and NCREs and repre-
sents the monthly behavior of energy demand. The figure shows an increasing trend 
within the simulated period. The increase in the installed capacity of NCREs means that 
in a large part of the horizon analyzed, the generation from fossil sources is not necessary 
to supply the projected energy demand. In fact, thermal power generation by December 
2030 is projected to be only 569.87 GWh, compared to 1164 GWh of the actual generation 
that this technology produced in December 2020 [81]. This represents a decline of 51%, 
despite the constant increase in energy demand. As expected, hydropower generation 
continues to be the dominant source of power generation in the country. However, the 
generation mix is observed to be more diversified, due to the increase in the installed ca-
pacity of NCREs, whose energy generation in December 2030 is 11.04-fold the production 
of January 2021 (according to the simulation results). 
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Figure 9. Energy generation and energy demand. 

From the previous graph, the participation of the NCREs sources provides important 
support during El Niño events, reducing the reliance of the power system on thermal gen-
eration during this climatic phenomenon. Similarly, Pupo-Roncallo et al. [94] highlighted 
the importance of power generation using renewable sources in Colombia. In that work, 
the authors found that for 2030, the increase in solar, wind, and biomass energy produc-
tion could reduce CO2 emissions and fossil fuel consumption by 20%. 

6. Conclusions and Future Research 
This study presented a global review of the Colombian electricity generation system 

through SD, considering elements such as the energy potential of coffee pulp, the El Niño 
phenomenon, and NCRE generation. It was estimated that one ton of coffee pulp can gen-
erate 0.10 MWh of electricity, which is an energy potential close to 177 GWh per year, 
according to the levels of cherry coffee production in Colombia, and if 80% of the coffee 
pulp obtained is used for energy purposes. This energy potential from cherry coffee pulp 
corresponds to 20% of the total energy generated in 2020 from NCREs sources, which 
could be much higher if other residues of coffee processing, most of which are discarded, 
were used for energy generation. 

In addition, the effect of the El Niño phenomenon on energy supply was evaluated 
under different scenarios of installed capacity for 120 months. The results indicated that, 
with 8.9 GW of installed capacity using NCRE by 2029, thermal generation in a strong El 
Niño reached only a 25.2% share, under the most vulnerable hydro conditions. During 
this event, the largest contribution of NCRE to energy supply came from solar and wind 
resources, whose annual electricity production remained at 11,250 GWh and 7537 GWh, 
respectively, from 2026 to 2030. However, in a scenario without solar and wind energy 
development, the electricity produced from the other technologies would not be enough 
to meet the projected energy demand under extreme weather conditions. These findings 
highlight the importance of including NCREs to provide support to the Colombian elec-
tricity generation system, especially when hydraulic sources decrease their potential due 
to climatic phenomena, whose frequency and intensity hold great uncertainties. 

In future research, it is proposed to analyze the potential for electricity generation of 
other by-products obtained from the coffee production process, such as mucilage, stems, 
and husks, and the economic feasibility of energy generation projects using these wastes. 
Limitation of the model associated with the variation of solar and wind sources, as well 
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as the effect of the El Niño phenomenon on this type of energy, can be evaluated in future 
work. Other studies could include an estimation of carbon emissions savings and analyze 
the daily impact of including NCREs in the electricity production of other technologies 
and on electricity generation costs. 
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