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Abstract 
In the search for strategies to mitigate climate change, the promotion of renewable energy is a major challenge worldwide, particularly 
for developing countries such as Brazil and Colombia, which aim to diversify their power grids by using unconventional renewable 
energy sources. One of the main obstacles is the development of innovative projects. Increasing oil palm cultivation in the Amazon 
region for the food and biodiesel industries is producing a large volume of biomass. The present study outlines a methodology for 
analysis of renewable energy projects based on identification of environmental, economic, and social sustainability criteria and indicators 
(C&I) for the oil palm production chain. This methodology was then used to develop a computer simulation model in the RETScreen® 
International software environment for financial viability and risk analysis. 
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Una metodología para el análisis de proyectos de cogeneración 
utilizando residuos de biomasa de palma de aceite como fuente de 

energía en la Amazonia 
 

Resumen 
La promoción de energías renovables como estrategia para mitigar las alteraciones climáticas es un gran desafío mundial, principalmente 
para países en vías de desarrollo como Brasil y Colombia, que buscan diversificar su matriz energética a partir de fuentes renovables no 
convencionales. Uno de los principales obstáculos para esta diversificación es la falta  proyectos innovadores. La creciente producción de 
palma de aceite en la región amazónica para la generación de productos alimenticios y biodiesel está produciendo un gran volumen de 
biomasa. Este trabajo presenta una metodología de análisis de proyectos renovables, a partir de la identificación de los criterios e 
indicadores ambientales, económicos y sociales de sustentabilidad de la cadena productiva de la palma de aceite. A partir de la 
metodología, se desarrolló un modelo de simulación computacional, utilizando como herramienta el programa RETScreen® International 
para realizar los análisis de viabilidad económica y de riesgo. 
 
Palabras clave: Simulación; Biomasa; Generación de electricidad; Aceite de palma; Sustentabilidad, Amazonía. 

 
 
 

1.  Introduction 
 
Energy is one of the basic infrastructure components 

required for human development. The development of a 
nation requires increasing amounts of energy. Sustainable 
economic growth entails both supply-side and demand-side 
action. An energy planning strategy that can reconcile 
increasing internal energy demands and reduction in the 
costs and impacts caused by various energy generation and 

utilization processes is required. 
Energy planning consists of the undertaking of studies 

and analyses to ensure that energy generation and utilization 
projects are technically and financially viable. One energy 
planning problem is decision making under uncertainty. A 
variety of techniques can help to deal with uncertainty, such 
as scenario planning by means of computer simulation. 
Scenario planning bridges a gap in strategic information, 
facilitating the understanding of this complex sector by 
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stakeholders and bringing benefit to clients, companies, 
organizations, and stakeholders themselves. 

The need to increase energy supply and diversify the 
energy matrix without additional impact on the environment 
has encouraged the development of sustainable 
technologies. Among the sustainable technologies mature 
enough to be used commercially, only biomass uses modern 
technological processes with high efficiency and flexibility 
to supply energy for electricity production and to move the 
transportation sector [1]. Biomass is a renewable energy 
source that provides flexibility due to its wide range of 
applications and can be used in the production of several 
fuels [2]. 

The Amazon region is a major biomass producer. 
Among its biomass-yielding crops, one stands out: the 
African oil palm (Elaeis guineensis). An oleaginous palm 
species of African origin, it was introduced to Brazil circa 
the 16th century, as a result of the slave trade. Commercial-
scale growing of the palm began in 1967, but by the late 
1980s, there was no longer any political interest in funding 
palm oil production, and the allocation of funds to this 
activity was ceased [3]. In 2010, the federal government 
resumed its investment in policies to support palm oil 
production, through the Sustainable Palm Oil Production 
Program (Programa de Produção Sustentável de Óleo de 
Palma) and the Low-Carbon Agriculture (Agricultura de 
Baixo Carbono, ABC) Program, which support the crop 
husbandry of oil palm groves, predominantly in degraded 
land. 

In Colombia, the commercial cultivation of oil palms 
began in 1945 and has experienced sustained growth ever 
since. By 2010, there were over 400,000 ha of cultivated 
lands across 108 municipalities, up from 18,000 ha in the 
mid-1960s [4]. Colombia is currently the 5th leading 
producer of palm oil, accounting for 2% of the worldwide 
output. 

According to the U.S. Department of Agriculture 
(USDA) [5], Indonesia is the world’s leading producer of 
palm oil, with an output of 28.5 million tons in 2012/2013, 
followed by Malaysia with 19.32 million tons. Brazil, which 
had no palm oil output of any significance only 4 years ago, 
had risen to no. 10 on the world ranking by 2012/2013. 
According to the Brazilian Institute of Geography and 
Statistics (Instituto Brasileiro de Geografia e Estatística, 
IBGE) [6], in the year 2012, Brazil had a total output of 
1,240,992 tons of fresh fruit bunches (FFB), worth 
$153.474,29 million. The state of Pará is the country’s top 
producer, with an output of 1,034,361 tons FFB in 2012 [6]. 
Specifically, the Northeast Pará (Nordeste Paraense) 
mesoregion has the appropriate soil and climate factors for 
cultivation and accounts for the largest output. 

Palm oil extraction produces biomass wastes, which can 
be used to generate power. The biomass produced in the 
state of Pará in 2012 could have generated 546,137 
MWh/year. Companies involved in palm oil production 
intend to double their output by 2018. Hence, the potential 
for power generation from palm oil biomass wastes will also 
tend to double by 2018. 

According to Duarte et al. [7], of all the potential 
renewable energy sources available in the Amazon region,  

 
Figure 1. Oil palm production chain in the Amazon.  
Source: Elaborated 

 
 

palm oil biomass unquestionably has the greatest potential 
for electrical power generation. Biomass is expected to play 
an increasingly significant role in the “greening” of energy 
supply. However, concerns are rising as to the sustainability 
of large-scale energy crop production [8]. 

The electricity produced during the process can be used 
by the industry itself, with any surplus sold to the local 
distribution network operator through electricity auctions 
coordinated by the Brazilian Electricity Regulatory Agency 
(Agência Nacional de Energia Elétrica, ANEEL). 
According to Bazmi et al. [9], decentralized power 
generation from biomass could be an alternative for 
communities in remote areas, and could help transform the 
local economy and the activities and lifestyle of local 
populations. Fig. 1 shows a proposal developed by the 
authors to provide an overview of the oil palm production 
chain in the Amazon, highlighting the use of biomass 
wastes for thermal energy and/or electricity generation. 

The present study proposes a methodology for energy 
efficiency analysis of oil palm biomass-fired power plant 
projects, aiming to contribute to the sustainable 
development of the Amazon. 

 
2.  Computer-based simulation as a tool for decision-
making under uncertainty 

 
2.1.  Development of the research problem and definition 

of the research objective 
 
According to Schubert [10], the circumstances that 

prevail in decision-making can be divided into three 
categories: certainty, uncertainty, and risk. The difference 
between uncertainty and risk depends on whether the 
probability of a given outcome is known (risk) or unknown 
(uncertainty). 

Risk can be defined as an uncertainty that has been 
identified, prioritized, and quantified. On 14 February 2014, 
the Brazilian Minister for Mines and Energy, Edison Lobão, 
recognized the existence of a risk of power outages in Brazil 
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in the event of “absolutely adverse” climate conditions. The 
Brazilian energy matrix is 81.9% hydroelectric [11], which 
makes it largely renewable, but susceptible to rationing and 
outages during droughts. 

In Brazil, thermal power stations are usually activated 
only when hydroelectric reservoir levels are low. However, 
at least between October and December of the past two 
years, the country has been forced to activate all available 
thermal plants to meet power demands and help recover 
reservoir levels. This reveals a massive demand for thermal 
power stations to supply the national grid (Sistema 
Integrado Nacional, SIN). The sale of energy on the so-
called Free Contracting Environment (Ambiente de 
Contratação Livre, ACL) takes place through auctions, 
where the winner is defined as the seller offering the lowest 
rate. According to the Ministry of Mines and Energy [12], 
of all electricity traded at auction from 2005 to 2013, 
44.74% originated from hydroelectric sources and 24.76% 
from coal-fired or diesel-fired thermal power stations. In 
other words, the Brazilian energy matrix is becoming less 
renewable. 

On the basis of this scenario, we defined the following 
research problem: can computer simulation be used as a 
decision support tool for energy planning by means of 
energy efficiency project analysis? 

From this research problem, we then defined the 
following objectives: 

First, to develop a methodology for the analysis of 
cogeneration projects; to collect data in the field and in the 
literature to identify the main sustainability criteria and 
indicators (C&I); to develop the model in the RETScreen® 
International software environment; and to analyze the 
proposed model, including cost analysis, greenhouse gas 
(GHG) analysis, sensitivity analysis, and risk analysis. 

 
2.2.  Development of methodology and data collection 

 
The World Commission on Environment and 

Development, in 1987, defined sustainability or sustainable 
development as “forms of progress that meet the needs of the 
present without compromising the ability of future generations 
to meet their needs.” The methodology developed considers 
criteria and indicators of sustainability in building a computer 
simulation model resulting in scenarios to support decision 
making in energy planning. The computer simulation 
development was carried out in the RETScreen® software 
suite. This paper applied the methodology proposal to analyze 
the potential using of oil palm biomass wastes as energy 
through a case study at a municipality Northeast of Pará that 
shows great expression of palm oil production.  

The methodology was based on the work of Kurka and 
Blackwood [13], who presented a generic approach for the 
selection of sustainability criteria and indicators (C&I) 
using a participative methodology. We considered the work 
of Evans et al. [14], which identified the price of producing 
electricity, the efficiency of energy conversion, total carbon 
dioxide emissions, availability, limitations, water use, and 
social issues as key indicators of sustainability, and the 
principles of the Roundtable on Sustainable Palm Oil 
(RSPO) [15], a nonprofit organization that standardizes C&I 

 
Figure 2. Methodology to assess the sustainability of cogeneration projects.  
Source: Elaborated 

 
 

for sustainable palm oil production from an economic, 
social, and environmental standpoint. 

The methodology developed is shown in Fig. 2 and 
began by formulating a research problem to originate 
research objectives. The results of this stage were shown in 
section 2.1. For the data collection step, we identified 
selection requirements of projects by means of a review of 
the literature and field survey. The main sources consulted 
in the data collection stage can be seen in Table 1. For our 
field survey, we visited a series of farms in the Tomé-Açu 
microregion and interviewed stakeholders, namely small 
and medium farmers and experts in the area. 

The sustainability C&I identified in the next step of the 
methodology, from data collection, notes the concept of 
triple bottom line. The C&I were clustered into three 
categories: environmental, economic and social, by 
analyzing the scenario of cogeneration in the Amazon. They 
reflect the main questions of the stakeholders and can be 
used both to measure and to report on the sustainability of 
projects or progress of sustainable development. Table 1 
lists the sustainability C&I identified. 

Simulation is a powerful tool for the development of 
more efficient systems and to support decision making [16]. 
Simulation consists of an experimentation process based on 
the development of a model that replicates the workings of a 
real or idealized system to determine how this system will 
respond to changes in structure, environment, or 
surrounding conditions [17]. A model is a representation of 
a real system containing the information necessary for the 
purposes of simulation. The Model development step was 
carried out in the RETScreen® software suite. The energy 
model will be described in greater detail in section 2.3, the 
Cost Analysis, GHS Emissions Analysis and Sensitivity 
Analysis and Risk will be described in section 2.4 
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Table 1. 
Sustainability criteria and indicators. 

Criterion Indicator Description Source: 

Environmental 

Areas Suitable for 
Oil Palm 
Cultivation 

The main area in Brazil is located in the Northeast mesoregion of the state of Pará, with 
approximately 5.5 million ha suited to oil palm cultivation 

[18-22] 

Carbon 
Sequestration 

Oil palm is considered a carbon pool, estimated to be around 35 t C ha and up to 55 t C ha 
[13,20,23,24] 

Economic 

Productivity  
The Brazilian output has increased from 522,883 t in 1990 to 1,240,992 t in 2012, with 
Northeast Pará accounting for most production. The mean yield of oil palm plantations is 
25 to 28 tons of fruit bunches/ha/year. 

[6,9,13,14,18] 

Production Costs  

- Machinery and equipment;  
- Construction of outbuildings, warehouses, other civil engineering works; 
- Labor and social costs; 
- Equipment depreciation;  
- Plant/mill operation and maintenance. 

The use of wastes and byproducts in agriculture and agro-industry contributes to the 
reduction of environmental costs. 

[9,14,18,25,29, 
30] 

Sale Price 

Sale prices in Brazil, stimulated by PROINFA - Alternative Energy Source Incentive 
Program (Programa de Incentivo às Fontes Alternativas de Energia Elétrica) - and 
defined at energy auctions, may be affected by production of corn ethanol in the U.S., 
biodiesel in the European Union, and palm biodiesel in Southeast Asia. The overall output 
of palm oil in Brazil in 2013 was valued at $146.498,18 million. 

[6,25,26,29,30] 

Diseases and Pests 

The main disease of oil palms in the Amazon is lethal yellowing (LY). 

In 2010, Embrapa launched the BRS Manicoré cultivar, a hybrid of the American oil palm 
(Elaeis oleifera), native to the Brazilian Amazon, and the African oil palm (Elaeis 
guineensis), which is more resistant to LY; 

Biodiversified agricultural systems having the oil palm as their main crop provide specific 
resources (food and shelter) to various groups of natural enemies that may act as 
biological pest control agents. 

[19- 21] 

Social 

Income Generation 

Under the aegis of the Brazilian Oil Palm Family Agriculture Program, which provides for 
areas of up to 10 ha grown in a family agriculture setting, small farmers may obtain a 
monthly income of approximately $833,34 during peak production, which takes place 
between the 5th and 18th years of life of the oil palm. 

[20,25] 

In Colombia, approximately 48,000 workers have ties to the oil palm sector, of whom 
59% work at plants or plantations, 34% work through cooperatives, and the remaining 7% 
hold temporary jobs. The oil palm sector is the second leading activity by number of 
workers. 

[4] 

Replacement of 
Other Crops 

A field survey conducted in the Tomé-Açu microregion of Pará, Brazil (municipalities of 
Acará, Concórdia do Pará, Moju, Tailândia, and Tomé-Açu), revealed large-scale oil palm 
monoculture to the detriment of certain traditional local agricultural practices, such as 
yucca, fruit growing, and cattle ranching. 

[13,26] 

Source: Elaborated 
 
 

2.3.  Model development 
 
Despite the potential for electricity generation from oil 

palm biomass wastes, according to ANEEL [27], as of 
2013, only two agro-industrial operations used this 
renewable fuel source in the state of Pará: Indústria 
Palmares, with a 1,640-kW plant, and Agropalma, with a 
2,710.40-kW plant. 

Seeking to assess the sustainability of combined heat 
and power (CHP) cogeneration from oil palm biomass 
wastes in Northeast Pará, this section presents the 
development of a cogeneration model to evaluate the 
technical, economic, environmental, and social viability of 
the implementation of such a plant in three different 
scenarios. 

A scenario is a prospective study of the future combined 
with an organization of obtained information so as to 
provide a coherent, systematic, comprehensive, and 
plausible story, with the purpose of describing a given 

event, instructing and supporting decision making [28]. 
This case study considered a 14-MW thermal power 

plant operating 24 hours a day, 365 days a year, and 
requiring 0.85 tons of dry biomass wastes per megawatt-
hour (MWh) generated. The sale price was set at 
US$65.91/MWh, which is the average price at electricity 
auctions [12]. The project is located in the municipality of 
Thailand because it produced 33% of palm oil produced in 
Brazil in 2012, and as emphasized in the economic criterion, 
production costs indicator, the use of wastes and byproducts 
in agriculture contributes to the reduction of costs. 

Considering the economic sustainability C&I identified, 
using Favaro [29], Oddone [30], and Monteiro [31], as well 
as current market parameters as sources for acquisition of 
the 14-MW plant and cogeneration equipment, Table 2 
shows the main initial investment costs, including operation 
and maintenance (O&M) costs, which cover parts and labor 
for 12 months of operation. 
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Table 2. 
Main investment costs. 
 Initial Costs Unit Value 
  Viability study US$ 11,250.62 
  Development US$ 11,250.62 
  Engineering US$ 67,503.71 
  Electricity generation system US$ 6,003,575.45 
  Heating system US$ 1,350,074.25 
 Working capital US$ 1,667,670.22 
 Total investment cost US$ 9,111,516.89 
 O&M (annual costs) US$ 468,025.74 

Source: Adapted from [29-31] 
 
 

Table 3. 
Scenarios of Brazilian economic growth 

Brazilian GDP Average annual growth, 2005 – 2035 (%) 

Scenario 1 5.0% 

Scenario 2 3.4% 

Scenario 3 2.5% 

Source: Adapted from [32] 
 
 
Three economic growth scenarios were simulated for the 

Amazon region, using as a basis the scenarios presented in 
the National Energy Plan – 2030 devised by Empresa de 
Pesquisa Energética (EPE). Table 3 provides an overview 
of macroeconomic outcomes in Brazil for the 2005–2035 
period in each of the scenarios.  

Scenario 1: optimistic scenario, which presumes that 
current trends in international integration will remain and 
advances will be made on measures that will speed up the 
process of convergence of the Brazilian economy toward 
developed-nation standards. 

Scenario 2: less favorable scenario regarding the world 
economy. The Brazilian economy will grow at rates similar 
to or just below the world average. 

Scenario 3: pessimistic scenario. The world economy 

will exhibit little growth or even a retraction, with growth 
rates similar to those now seen in developed nations, and 
Brazil will continue its participatory role in the world 
economy. 

 
Model data 

 
 Project location: Tailândia; 
 Seasonal efficiency: oil palm is productive year-round. 

For the purposes of the model, peak yield was defined 
as occurring between years 7 and 12; 

 Other model data are shown in Table 4 
 

Table 4.  
Model simulation parameters  

Parameter 
Brazil 

(hydroelectric) 
Unit 

Cultivated area 30,000 Hectare 

Dry biomass output 150,000 Tons 

Processing capacity 20 Tons* FFB / h 

Installed capacity 14,000 KW 

Heating load 39,972.7 KW 

Sale price of electricity 0.07/kwh US$ 
Source: Elaborated 

 
2.4.  Analysis of energy efficiency project 

 
On environmental analysis, we compared the 

performance of oil palm biomass-fired thermal power 
stations to that of coal- and diesel-fired plants and to the 
national grid (SIN), which is predominantly hydroelectric. 

Regarding the environmental aspects of the project, 
considering line losses of 5%, Table 5 presents a 
comparison of greenhouse gas (GHG) emissions by energy 
source. The crude annual reduction in GHG emissions is in 
relation to biomass. 

 
 

Table 5.  
Environmental aspects – GHG emissions (tCO2/MW) 

Energy source GHG emission factor (tCO2/MWh) GHG emissions (tCO2) 
Crude annual GHG 

emissions (tCO2) 
Equivalent to 

SIN 0.091 9,586.9 2,048.5 188-ha forest carbon sink 
Coal-fired thermal plant 1.645 160,385.7 153,122.5 11,695-ha forest carbon sink 
Diesel 0.757 74,183.5 66,920.3 5,117-ha forest carbon sink 
Oil palm-fired thermal plant 0.013 7,263.2 - - 

Source: Elaborated 
 
 
Regarding the financial viability of the project, Table 6 

provides a comparison of the three scenarios, taking into 
account different inputs for the following variables: 
inflation rate, discount rate, and debt interest rate. 

Financial viability analysis revealed an internal rate of 
return (IRR) of 29% in the pessimistic scenario and 30.4% 
in the optimistic scenario – rates in excess of those provided 
by traditional investments such as the interbank certificate 
of deposit (CDI), which had a cumulative return of 18.5% 
over the last few years. In all three scenarios, the time to 
simple payback was 4.5 years, with a project life of 20 
years. 

The cost-benefit (C-B) ratio is an indicator of the 
benefits of a project. Once C-B ratios have been calculated 
for each project, the decision criterion consists of investing 
in the considered projects in decreasing merit order, i.e., 
from the lowest to the highest C-B ratio. Therefore, the C-B 
ratio (US$/MWh) of each generation project is defined as 
the ratio of its total cost to the energy benefit provided [33]. 
The amount of electricity that can be generated by biomass-
fired power plants depends on the amount of biomass 
available during the harvest period – which, for the oil 
palm, occurs year-round – and on the conversion coefficient 
of each machine.  
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Table 6. 
Results of the simulation 
General Unit Scenario 1 Scenario 2 Scenario 3 
Fuel cost escalation rate % 10.0% 10.0% 10.0% 
Inflation rate % 5.0% 6.0% 7.0% 
Discount rate % 10.0% 8.0% 8.0% 
Project life years 20 20 20 
Finance     
Debt ratio % 60.0% 60.0% 60.0% 
Debt US$ 5,466,794.92 5,466,794.92 5,466,794.92 
Equity US$ 3,644,529.95 3,644,529.95 3,644,529.95 
Debt interest rate % 4.00% 6.00% 8.00% 
Debt term years 10 10 10 
Debt payments US$/year 674,006.12 742,762.25 814,713.56 
Financial viability     
After-tax IRR – equity % 58.4% 56.6% 54.8% 
After-tax IRR – assets % 30.4% 29.7% 29.0% 
Simple payback years 4.5 4.5 4.5 
Equity payback years 2.1 2.2 2.3 
Net Present Value (NPV) US$ 36,480,200.71 44,862,265.42 43,614,950.27 
Annual life cycle savings US$/year 4,284,950.72 4,569,320.91 4,442,278.93 
Cost-Benefit (C-B) ratio US$/MWh 11.01 13.31 12.97 
Debt interest rate % 3.37 3.05 2.78 
Source: Elaborated 

 
 

 
Figure 3. Relative impact (standard deviation) of the variables in Table 6 on the Net Present Value (NPV).  
Source: Elaborated 

 
 

 
 
Figure 4. Probability distribution of net present value (NPV) with a median of $ 44,931,009 and risk level of 10%.  
Source: Elaborated 

 
 
In the energy market, investment risk analysis is 

absolutely essential given the complexity of the market. 
According to ANEEL [27], the long-term balance between 
energy supply and demand depends on new energy supply 
and, therefore, on the decision to invest in expanding energy 
generation capabilities. 

On sensitivity analysis of the variable “Net Present 

Value (NPV)” in scenario 2, varying the electricity export 
rate (i.e., the price of electricity exported to grid) over a 
30% sensitivity range, the NPV ranged from 
US$44,848,228.7 when the electricity export rate was 
US$0.05/MWh to US$44,876,302.6 with an electricity 
export rate of US$0.09/MWh. In other words, even with 
variations in the energy market, the investment remains 

39,308,937 40,433,351 41,557,766 42,682,180 43,806,595 44,931,009 46,055,424 47,179,839 48,304,253 49,428,668 
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financially appealing. Fig. 3 shows, with a margin of ±10%, 
which variable had the greatest impact on performance 
analysis of Net Present Value (NPV). In this case, the 
variable is “Fuel cost – base case”, which is the oil palm 
biomass waste that was previously discarded and is now 
reused by the company at no added cost. The variable with 
the greatest negative impact was the initial cost of 
investment. The results of the analysis of the other two 
scenarios were similar to those of scenario 2, i.e., the NPV 
of an oil palm biomass cogeneration plant is not too 
sensitive to minor variations in the financial scenario. 

Fig. 4 shows, with a risk level of 10%, the probability 
distribution of the NPV variable yielded a confidence 
interval of US$41,892,761.8to US$48,265,011.93. 

 
3.  Conclusion 

 
Regarding environmental and social sustainability, based 

on the C&I identified, oil palm has the potential to generate 
income with sustained and eco-friendly, clean production; 
protect soils from the effects of erosion and prevent land 
degradation; provide a high rate of carbon sequestration; 
and provide an option for reforestation of deforested areas. 
However, this only holds true if oil palm, which is 
considered a carbon sink, is being grown in previously 
deforested areas. If native forest areas are clear-cut to make 
way for oil palm monoculture, oil palm biomass will cease 
to be a sustainable energy source. 

Regarding social impacts, we observed the development 
of new partnerships between companies, the State, and local 
elites for legitimization of the agro-industrial use of lands 
classified as “degraded”, to the detriment of traditional 
communities. Therefore, socioeconomic analyses of this 
activity must consider the following aspects: a new order in 
land ownership relations; uncertainties as to land ownership; 
and contracts between companies and family farmers. 

Once the viability of the use of oil palm biomass 
cogeneration systems has been demonstrated, the 
government may create public policies to encourage 
sustainable development practices, diversifying the energy 
matrices of Brazil and Colombia. Nevertheless, we 
recommend that additional protections be implemented for 
small farmers and traditional communities in the form of 
financial incentives and financial support. 
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