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ABSTRACT 
The Cuban power sector with its heavy dependency on foreign oil is in much need of investment and 
development. In the past decade, the Cuban government launched an ‘energy revolution,’ the 
Revolución energética, which aims at generating electricity from renewable sources. As part of this 
effort, the country looks toward tapping into its biofuels which mainly consist of bagasse from the 
sugar industry and wood residues from the forest industry. Against this background, the thesis is a 
case study of how to use the wood residues from two Cuban sawmills in order to generate electricity. 
The focus is on electricity generation as the mills have no current need for heat. 

The mills belonging to the state owned company EFI La Palma located in western Cuba are small, 
with a yearly production of 8400 m3 and 12 500 m3 sawn timber. The wood residues; sawdust, slabs, 
wood chips and bark, are currently simply dumped in two large deposits near the mills and represent 
a wasted resource which pollutes the local environment. Three electricity generating alternatives are 
initially investigated in the literature review: a steam cycle, gasification connected to an internal 
combustion engine and a Stirling engine using heat from biomass combustion.  

The gasification alternative is deemed most suitable and the thesis evaluates how two downdraft 
wood gasifiers would perform if connected to the two currently unused diesel generators of 276 kW 
and 504 kW which are in place in each of the mills. The specific gasifier models examined are the 
Indian company Ankur’s WBG 250 and WBG 400 and the fuel preparation necessary to use these 
gasifiers is investigated. The electricity consumption of the mills is compared with the potential 
electricity generation. It is found that the smaller mill could produce a yearly amount of 1,5 MWh of 
electricity  for the grid and the larger mill could export 3,2 MWh.  As the engines must be run in dual 
mode, the net present value of the gasification system is dependent on the level of replacement 
diesel which according to Ankur will be between 50 and 75 %. In the smaller mill the investment in 
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the gasifier system is profitable at replacement levels greater than 65,4 % and in the larger mill, the 
investment becomes profitable at replacement levels above  63,8 %. Moreover, the profitability of 
the investment is highly dependent on the Cuban electricity price which currently is strongly 
subsidized. The reduction in CO2 emissions are also dependent on the replacement level and  at 75 % 
replacement level they are found to be 665 tons in the smaller mill and 1272 tons in the larger mill.  

________________________________________________ 

Actualmente, el sector energético cubano depende fuertemente de petróleo importado y se 
encuentra en necesitad de inversiones para su desarrollo y modernización.  Durante la década 
pasada, el gobierno cubano inició la ‘Revolución energética’ que tiene como objetivo incluir en la 
generación de electricidad fuentes renovables. Una parte de este programa es la utilización de los 
biocombustibles del país, que consisten principalmente del bagazo de la industria azucarera y de los 
residuos de madera provenientes de la industria forestal.  En este contexto, la tesis presenta un 
estudio de caso de cómo utilizar los residuos de madera de dos aserraderos cubanos para generar 
electricidad. Hoy en día, los aserraderos no necesitan calefacción y por  lo tanto el enfoque es la 
generación de electricidad.  

Los aserraderos pertenecen a  EFI La Palma, una empresa estatal, y están ubicados en Pinar del Rio, 
la provincia más occidental de Cuba. Producen  8400 m3 y 12 500 m3 de madera aserrada por año. 
Actualmente los residuos de madera; aserrín, cortezas y astillas, son dejados en depósitos localizados 
cerca de cada aserradero.  Esos residuos no solo representan un desperdicio de recursos, además, 
son una fuente de contaminación local. Inicialmente, tres alternativas de generación de electricidad 
son investigadas en la revisión de la literatura: el ciclo de vapor, la gasificación conectada a un motor 
de combustión interna y finalmente la combustión de biomasa conectada con un motor de Stirling. 

La alternativa de gasificación fue considerada la más adecuada. La tesis evalúa cuanto el rendimiento 
de dos gasificadores de madera con fluje descendente conectados a dos generadores de diesel de 
276 kW y de 504 kW que  actualmente existen en los dos aserraderos. Los modelos de motor 
examinados son: WBG 250 y WBG 400 de la empresa india Ankur. La preparación de la biomasa 
también es investigada con el fin de usarla con los motores mencionados. El consumo de electricidad 
se comparó con la generación de electricidad potencial de los aserraderos.  Los resultados muestran 
que el aserradero más pequeño podría generar 1,5 MWh de electricidad por año para vender a la red 
mientras en el aserradero más grande, 3,2 MWh de electricidad por año. Como los motores deben 
funcionar en modo dual, el valor neto presente del sistema de gasificación depende del nivel de 
sustitución de diesel que según Ankur sería entre 50 y 75%. En el aserradero más pequeño, la 
inversión en el sistema de gasificador es rentable a niveles de reemplazo de más de 65,4% y en el 
aserradero más grande, la inversión se vuelve rentable a niveles de reemplazo por encima de 63,8%. 
Además, la rentabilidad de la inversión depende fuertemente del precio de electricidad cubano, un 
precio que actualmente es considerablemente subsidiado. La reducción de las emisiones de CO2 
depende igualmente del nivel de sustitución, a un nivel de 75% los dos aserraderos tienen una 
disminución de emisiones de 665 toneladas y de 1272 toneladas, respectivamente. 
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1 INTRODUCTION 
“In the post-Cold War era, energy has been and remains the Achilles heel of the Cuban economy” 
writes Cuban energy expert Benjamin- Alvarado in a report for the Association for the Study of the 
Cuban Economy (2005). Although the recent energy revolution, La Revolución energética, has put 
emphasis on increasing energy security as well as exploiting renewable energy sources, much more 
needs to be done for Cuba to develop a clean and modern power system. One step on the way is 
tapping into the country’s vast bioenergy potential which is primarily made up of biomass from the 
sugar industry and wood fuels. This thesis investigates the potential for generating electricity from 
the wood residues from two sawmills belonging to the state owned La Empresa Forestal Integral La 
Palma located in Cuba’s westernmost province, Pinar del Rio.  The mills are relatively small, with an 
annual production of 8400 m3 and 12 500 m3 of sawn timber respectively, and therefore the study 
focuses on small-scale solutions. The results will be valuable not only for the two sawmills but also 
for other similar industries in Cuba.  

The objective of this thesis is to assess the possibilities for La Empresa Forestal Integral La Palma (EFI 
La Palma) to install a small power plant in one or both sawmills in La Palma; La Jagua and La Baría. 
The study focuses on electrical power generation because this is the type of energy Cuba needs most 
and because it is the main area of interest of EFI La Palma. Thus, the study aims to answer the 
question: 

How can EFI La Palma’s sawmills La Jagua and La Baría use their wood residues in the most energy 
efficient manner to produce electricity while optimizing economic, social and environmental 
considerations? 

2 METHOD 
In order to answer the question above, background information is gathered by reviewing existing 
literature on Cuba’s power sector; on power generation from biomass and on energy considerations 
in sawmills. Three technologies are deemed particularly relevant and are explored in depth: the 
steam cycle, a gasifier connected to an internal combustion engine and an option using a Stirling 
engine.  

Thereafter information on La Jagua and La Baría sawmills is presented. This includes general 
information about the mills as well as data regarding their energy needs and their production 
volumes. This information has been collected during study visits to the mills and serves as selection 
criteria for choosing the electricity generating technology to evaluate further.  

After selecting the most suitable technology, a detailed evaluation of the energetic and economic 
consequences of implementing this technology in the mills of EFI La Palma is carried out. The result 
section and sensibility analysis presents the outcome of the calculations.  
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3 BACKGROUND  
The following section presents a review of existing research in three areas: Cuba’s power sector, 
power generation from biomass and energy aspects of sawmills.   

3.1 CUBA: A NATION POWERED BY OIL WITH A LARGE BIOENERGY POTENTIAL 
Despite recent efforts to modernize and increase the electrical power infrastructure, Cuba’s power 
sector remains obsolete, unreliable and highly dependent on fossil fuels. Several promising projects 
have been carried out but the power sector needs extensive investments. This section summarizes 
the electrical power situation in Cuba.  

3.1.1  HISTORICAL DEVELOPMENT OF CUBA’S POWER SECTOR 

Before the revolution of 1959, four different utilities, all franchised and regulated by the Public 
Service Commission under the Ministry of Communications, were responsible for generating and 
distributing power to the nation.  The sugar mill industry also contributed in providing power. Boilers 
and turbines were imported from West Germany and the USA (Cereijo 2010).  Since the revolution, 
three distinct periods have shaped Cuba’s electrical power infrastructure: 

- 1959 to 1989. After Castro gained power, Cuba benefitted from subsidized oil imports from 
the Soviet Union which contributed to 85 % of Cuba’s oil consumption in 1989. With the fall 
of the Soviet Union in 1989, this advantageous oil import situation ended. During this period 
the power infrastructure was substantially developed with equipment bought in from the 
Soviet Union, Czechoslovakia, France and Japan. However, the developing power system was 
very unreliable. Although personnel had been trained to replace the managers and 
technicians who had left the country after the revolution, lack of maintenance remained a 
central problem throughout the period. This was due to the variety in design and engineering 
standards between the parts as well as the distant source of spare parts. Moreover, because 
of the embargo, no spare parts could be bought to repair the ageing units brought in from 
the USA and West Germany prior to the revolution (Cereijo 2010).    
 

- 1990 to 1997. This period, known as the special period or Periodo especial, was characterized 
by a sharp reduction in energy supply due to a dramatic decrease in oil imports which led to 
frequent power outages. Indeed, the imported oil for power production decreased by 41 % 
compared to 1989. To compensate for this drop in available oil for power generation, Cuba 
started to use domestic oil in its boilers. This had problematic consequences as Cuban oil has 
much higher sulfur content than the boilers were designed to handle. As a result, the power 
infrastructure was severely damaged (Cereijo 2010).  
 

- 1998 to 2010. Thanks to access to extensive financial support from Venezuela which included 
subsidized oil, the Periodo especial came to an end. Nevertheless, the sustained use of high 
sulfuric oil led to numerous breakdowns in the power generation system and by 2004 and 
2005 the blackouts had become so frequent that it caused civil unrest. To attend to the 
critical energy situation, Fidel Castro launched the energy revolution or Revolución 
energética in 2006 which focused on improving energy efficiency as well as increasing power 
generation and increasing the amount of renewable fuels used (Belt 2010). As a step in 
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reaching this goal, the Cuban government purchased several thousands of small generators 
called grupos electrógenos. These generators, installed in groups, have a capacity of 2 MWe 

or more and are run either on diesel or fuel oil.  Moreover, a power purchase agreement was 
made with the Canadian corporation Sherritt to build power stations running on natural gas 
and using a combined cycle (Cereijo 2010).  

Figure 1 illustrates how Cuba’s installed capacity has developed over the three periods described 
above. It is noticeable that between 2001 and 2004 the trend of increasing installed capacity was 
reversed as it decreased from 4,3 GWe to 3,8 GWe. This drop was due to the ageing infrastructure 
which had to be retired thereby causing the extreme period of blackouts in 2004 and 2005. The 
rapid growth from 2004 to 2008 is a result of the efforts of the Revolución energética (Belt 2010). 

 

Figure 1: The Development of Cuba's Installed Electricity Capacity (MW) (Belt 2010) 

It is important to keep in mind that the installed capacity is not necessarily equal to the generating 
capacity, an issue which is further discussed in the following section. 

3.1.2  CUBA’S POWER SECTOR TODAY 

Cuba is a nation almost entirely powered by fossil fuels. In 2009, 14 671 GWhe of Cuba’s total 17 710 
GWhe were produced from oil (IAE 2012). Although Cuba produces a large share of the oil it 
consumes, it imports the majority, 60 %, from Venezuela. About half of the oil is consumed for power 
generation and the remainder is used for transportation (Belt 2010). Natural gas contributed with 
another 2381 GWhe in 2009 (IAE 2012). Increasing the use of natural gas in combined cycle gas 
turbines is seen as an important step in a clean, low cost expansion of Cuba’s power system (Belt 
2010). Indeed, Cuba has proven reserves of 7 100 million cubic meters of natural gas which represent 
an important energy resource (Cereijo 2010). As a result of the Revolución energética, Cuba also 
generates electricity from renewable sources. Indeed, in 2009 they contributed to 3,9 % of total 
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electricity generation with 517 GWhe originating from biofuels and 151 GWhe from hydropower (IAE 
2012).  

 What does the current power infrastructure look like? The majority of Cuba’s electricity is generated 
in seven power plants belonging to the state owned energy utility, Union Electrica. In 2010, these old, 
inefficient thermo-electrical plants had an installed capacity of 3 GWe. As part of the Revolución 
energética, combined cycle plants running on natural gas were built under a power purchase 
agreement with the Canadian company Sherritt. This joint venture, carried out as a part of the Clean 
Development Mechanisms established under the Kyoto Protocol, resulted in the establishment of the 
company Energas which completed a 173 MW combined-cycle plant in Varadero. Moreover, Energas 
finished building a new 125 MW combined-cycle plant in Boca de Jaruco in 2007 (Cereijo 2010). The 
Sherritt agreement “has been a highly positive development that has significantly reduced both 
generation costs and carbon emissions” (Belt 2010). 

Another central element of the Revolución energética was the import of thousands of small 
generator sets which today have an installed capacity of 2,1 GWe. Of these, the initial generators 
imported are fuelled with diesel and have an installed capacity of 1,3 GWe. The groups which were 
imported later are running on fuel oil and currently have an installed capacity of 0,8 GWe.  The 
capacity of the groups running on fuel oil is expected to increase to more than 1,7 GWe (Ávila and 
Martínez 2011). The grupos electrógenos are deemed inefficient and expensive but nevertheless 
provide increased production flexibility which is valuable in a country which often faces hurricanes 
(Belt 2010). The groups have also greatly contributed to reducing the number of blackouts as they 
have contributed to building a more distributed electricity generation system (Ávila and Martínez 
2011).  

Current Cuban yearly electrical energy consumption is 1300 kWhe/capita (Belt 2010). To put this in 
perspective, the Swedish yearly electrical energy consumption is 15 000 kWhe/capita (Svensk Energi 
2011). Moreover, Figure 2 below shows a comparison of the electricity consumption per capita with 
three other Latin American countries in a historic perspective.  

 

Figure 2: Country Comparisson of Electricity Consumption (Belt 2010) 
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Despite the fact that Cuba had similar electricity consumption as Chile and Costa Rica in 1990, these 
Latin American countries have significantly higher consumption today, an observation which 
supports the fact that Cuba’s power system needs development. Moreover, even though blackouts 
are much shorter and less frequent than previously, there were 100 days with blackouts in 2009 
(Cereijo 2010). It is evident that to enable sustained economic growth and social development, Cuba 
must increase the per capita power consumption and ensure a reliable access to electricity. 

In addition to being unreliable, the current power system has a negative impact on the environment. 
According to the UNDP, 95 % of the emitted CO2 originates from the energy sector, which consists of 
the power sector and the transportation sector (UNDP 2010). These CO2 emissions constitute 46% of 
Cuba’s ecological footprint. The ecological footprint is a measurement of the extent and type of 
human demand being put on the planet. On a national basis it indicates how many planet Earths 
would be necessary to regenerate the resources being used if all humans consumed the same 
amount as that nation. In 2008, Cuba had an ecological footprint of 1,8 with CO2 emissions 
contributing with the largest share of 0,82. Although unsustainable, these numbers are relatively 
low:  Sweden had an ecological footprint of 5,0 with a CO2 component of 3,4 and the world’s total 
ecological footprint is 2,7 with a carbon component of 1,4  (WWF 2008). In addition to emitting CO2, 
the combustion of the high sulfuric oil leads to high emissions of SO2. As the combustion is carried out 
in ageing equipment designed to use other fuels it is highly inefficient which results in NOx and CO 
emissions (Strömdahl 2010).  

Moreover, Cuba’s dependency on oil renders the power system expensive and the future hard to 
predict. Indeed, fuel accounts for 80 % of the electricity cost and the country is therefore extremely 
vulnerable to variations in the price of crude oil. This is illustrated in Figure 3 which shows the 
economic profit of Cuban power agency Union Electrica as a function of oil barrel prices. Here it can 
be seen that at an exchange rate of 1 US dollar (USD) to 1 Cuban peso, the breakeven point occurs at 
an oil price of 33 USD per barrel whereas an exchange rate of 1 USD to 1,75 Cuban peso has a 
breakeven point of 2 USD per barrel (Belt 2010).  

 

Figure 3: Economic Profit of Union Electrica as Function of Crude Oil Price (Belt 2010) 
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The Cuban electricity price is heavily subsidized and the current price of 0,13 USD/kWhe corresponds 
to about half of the production costs. In fact, the breakeven rate is 0,255 USD/kWhe (Wright, et al. 
2010). 

As expressed by Benjamin- Alvarado (2010): “Cuba has learned from past experiences and is very 
much aware of political and economic risks related to imported oil. The collapse of the Soviet Union 
and the 2003 oil strike in Venezuela taught Cuba two very expensive lessons”. One of the goals of the 
Revolución energética is in fact to reduce dependency on foreign oil and Cuba has an explicit desire 
to become self-sufficient. 

In order to provide a secure and growing source of electricity which is not harmful to the 
environment and in order to become less dependent on oil imports, Cuba needs to make substantial 
investments in its power system in the near future.  These investments need to be made in combined 
cycle natural gas plants as well as renewable energy sources. Cuba has an extensive solar, wind and 
bioenergy potential (Wright, et al. 2010). The electricity potential from the main sources is estimated 
to be: 2,1 GWe from solar PV panels; 2,0 GWe from wind; 0,8 GWe from biomass originating from the 
sugar industry and 0,54 GWe from biomass originating from forestry industries . It is also estimated 
that Cuba has an energy potential of 2,1 GWe in wave and currents for which the extraction 
technologies have not yet been fully commercialized (Conferencia Internacional de Energías 
Renovables 2011). Biomass is today the renewable source which is most readily available for 
conversion to electricity from an economic and commercial point of view. Although the largest 
source of biomass is found in the sugar industry, the potential from the forestry industry must also 
be used if Cuba is to reach its goal of building a clean and self-sufficient energy system (Cuba 
Headlines 2009). The following section will focus on the forestry industry in Cuba and its potential as 
a source for generating electricity.    

3.1.3 THE FORESTRY INDUSTRY AND FOREST BIOMASS IN CUBA 

Thanks to the establishment of an ambitious reforestation program, Cuba has increased its share of 
forested area from 14 % to 26,2 % over the last 50 years and today the country has 3 million hectares 
of woods. Moreover, Cuba aims at reaching a forestation level of 29 % by 2015 (Masa 2011). Within 
the forestry industry, sawmills were the first establishments to be developed and the country’s first 
mill was built in 1757 (Bello Canto 2011 (editor)). Sawmills still make up the core of Cuba’s forestry 
industry and there are currently 379 sawmills belonging to 13 different national economic divisions, 
including the private sector (Masa 2011). The largest owner of sawmills are the firms belonging to  
the Managerial Group of Mountain Agriculture, the Grupo Empresarial del la Agricultura de la 
Montaña (GEAM) which in turn is a part of the department of agriculture (Ministerio de la 
Agricultura). These firms manage 18 % of the sawmills with the following technologies:  49 % band 
saws, 32 % circular saws, 15 % mobile mills, 2 % of alternative technology and 2 % mixed technology 
(Bello Canto 2011 (editor)). 

 Overall however, the technologies used are very old and 70 % of Cuban sawmills use equipment 
purchased before 1960 (Bello Canto 2011 (editor)). Moreover, 82 % of all Cuban sawmills use circular 
saws and, therefore, a low level of the sawn wood gets converted into sawn timber (Masa 2011). The 
use of old equipment also has a negative effect on the quality of the final products and, as the 
demand for sawn timber is much greater than its supply, this low quality is accepted. Today, Cuba is 
still far away from producing the 500 000 m3/year of sawn timber which were previously imported 
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from the Soviet Union. Indeed, Cuba has a yearly production of nearly 150 000 m3 and also imports a 
small amount of timber (15 000 m3) (Leckoundzou 2011). The majority of the production is 
concentrated to Cuba’s westernmost province, Pinar del Rio. The province hosts 11 sawmills 
belonging to the Empresas Forestales Integrales (EFI) which have an aggregate processing capacity of 
84 500 m3 and account for 50 % of the country’s total timber production (Relova, et al. 2009). The 
main use of the timber is for producing furniture, doors, Venetian blinds and other carpentry 
products (Fernández 2012).  

In Cuba, sawmill residues are considered to be one of the major problems of the forest industry. They 
are seen as troublesome not only because they must be stored and evacuated but also because they 
cause environmental pollution (Bello Canto 2011 (editor)). An important environmental problem is 
that the sawdust generated in the mills is simply stored in large piles in the open air, thereby 
contaminating the air and causing respiratory problems for the local population. Moreover, the 
decomposition of the sawdust contaminates local streams and releases substantial amounts of 
methane into the atmosphere (Fernández 2012). Moreover, piles of sawdust represent a fire hazard. 
When simply dumped in disposals, they are calculated to have an overall cost of 6,33 Cuban pesos 
per m3 (Cabrera Collado, et al. 2011).  

Up to date, Cuba’s main forest biomass electrification projects are of research or pilot character. The 
Biomas-Cuba project is carried out in cooperation with the Swiss Agency for Development and 
Cooperation which has financed two gasification developments. The first one is located at the 
experimental station Indio Hatuey in the central Cuban province Matanzas. This experimental station 
has been operating since 1962 and carries out studies aimed at encouraging sustainable 
development within the Cuban agricultural sector. The gasification plant installed in Indio Hatuey 
consists of a gasifier with a capacity of 40 kW which is connected to an internal combustion engine 
with an output of 20 kWe. The wood biomass fed to the gasifier is first reduced in size in a wood 
chopper (Suárez, et al. 2011). The system was bought from Indian manufacturer Ankur Scientific 
Energy Technologies in 2010 for a price of 45 000 USD (Martín 2012). 

The other Biomas-Cuba venture is located in Santiago de Cuba in eastern Cuba and was completed in 
December 2011 (Quevedo 2011). The Biomas-Cuba project has installed a 40 kWe electricity 
generating unit in the community of El Brujo. The forestry residues from the Empresa Forestal 
Integral Gran Piedra Baconao’s sawmill is gasified to produce gas which, after having been cleaned, 
fuels an internal combustion engine which drives the generator that produces electricity for the grid. 
The power delivered to the grid after having supplied the local demands of the mill is deemed 
enough to meet the demand of 100 Cuban homes. Nevertheless, its primary purpose is to stabilize 
the voltage in the National Power Grid. Before being fed to the gasifier, the sawdust is briquetted 
and a wood chopper machine is used for the larger wood residues. With a woody biomass 
consumption of 60 kg/hour, the facility can generate enough power to replace 2800 tons of oil per 
year (Calderon 2012). Moreover, the project has the environmental benefit of disposing of the 
sawdust which contaminates the soil without needing to transport it over long distances (Delisle 
2012).  This system was also bought from the Indian company Ankur but for a price of 85 000 USD 
(Martín 2012). 

The organization CUBAENERGIA has initiated two forest biomass projects on the Isla de la Juventud, 
an island located about 300 km south of Havana. In the small fishing community of Cocodrilo situated 
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on the southern coast of the island, a demonstration project is carried out jointly by the Global 
Environmental Facility (GEF) of the United Nations Environment Program (UNEP) and the Cuban 
government. The project is coordinated by CUBAENERGIA with the participation of the state owned 
energy utility, Union Electrica, and the agriculture department, Ministerio de la Agricultura, and 
provides electricity to the 350 inhabitants with a maximum energy demand of 32 kWe (UNDP 2012) . 
The project, now in its testing phase, has involved the installation of a 50 kWe electricity generation 
unit which uses an internal combustion engine fuelled with a mixture of diesel and gas from gasified 
forestry biomass. A downdraft gasifier which consumes 50 kg/hr of biomass with 15 % humidity is 
used to produce the gas. The gasifier has a conversion efficiency of 80 % and the gas produced has a 
lower heating value of 4,4-4,8 MJ/kg; enough to replace 75 % of the diesel needed if the engine were 
to run solely on this traditional fuel (Jiménez 2007). The local forests, which generate the fuel, are 
managed in a sustainable fashion and the ashes resulting from the gasification process are used to 
nourish the soil (UNIDO 2012).   

North of Cocodrilo, in the community of La Melvis located in the central part of Isla la Juventud, a 
larger-scale project has been thoroughly investigated for development as a Clean Development 
Mechanism (CDM) project.  This project is also coordinated by CUBAENERGIA with the participation 
of the industry department, Ministerio de la Industria Básica. The first phase of the project would 
involve building a 1 MW electricity generating unit which would provide power to the grid. Forest 
biomass would be gasified in a downdraft gasifier and the produced gas would thereafter be cooled, 
cleaned and dried before fueling several 250 kW internal combustion engines connected to an 
electricity generator (Jiménez 2007). In a second phase energy forests will be grown in the area with 
the aim of increasing the production capacity to 3 MWe. The project is expected to offset 17524 ton 
of CO2 emissions annually compared to a “business-as-usual” scenario but has not been launched for 
lack of funding (CUBAENERGIA 2009).  

3.2 WOOD RESIDUES FOR ELECTRICITY GENERATION 
All organic material which is directly formed through or originates from a photosynthesis process is 
referred to as biomass. Thus, this includes all kinds of vegetation from crops to wood as well as 
animals, organic waste and manure. Globally, it is estimated that a total of 1,5∙103GJ of solar energy 
is stored in standing crop biomass (plants and animals) and the average rate of production is 1,33∙105 
GW or 0,26 W/m2. 99,9 % of the standing crop of biomass is concentrated on land where the 
production is 0,51 W/m2 (Sørensen 2004). On dry mass basis, biomass consists of 45-55 % carbon, 40-
50 % oxygen, 5-7 % hydrogen and small amounts of nitrogen (0-0,5 %) and sulfur (0-1,0 %)(RET 2010). 
Although biomass consists of the same atomic components, there are large compositional variations 
in moisture content, ash content and heating value between different feedstock. Therefore, the 
agricultural, industrial and energy engineering applications of different biomass materials are very 
varied.    

Today, the main use of biomass for energy purposes is in developing countries where 50 % of the 
world’s population is dependent on burning dung, wood and plant residues for cooking and heating. 
The industrial use of biomass energy is limited but growing. In total, biomass is estimated to provide 
13 % of the mankind’s energy consumption but only stands for 1 % of electricity production 
worldwide (Twidell and Weir 2006, Seveda, et al. 2011).     
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Biomass, unlike solar or wind energy, must be managed in order to be considered a renewable 
source of energy. The extensive use of biomass for cooking cannot be considered renewable and has 
in fact led to serious deforestation problems in many developing countries. Indeed, biomass is a 
renewable resource if the rate of growth is equal to the rate of harvesting. If managed in this 
sustainable matter, it will not cause deforestation. Moreover, sustainably managed biomass 
production can be considered ‘carbon neutral’ and will not increase the amount of CO2 in the 
atmosphere since it absorbs the same amount of carbon during its growth as it releases when used 
as a fuel. Another important aspect to consider is the fact that growing biomass as a fuel may 
compete with and displace food crops (Twidell and Weir 2006). Such development may have 
disastrous consequences and, if produced at the cost of causing starvation, biomass cannot be 
considered a sustainable source of energy. A positive environmental benefit of biomass fuels is that 
because of their low sulphur content, they are less acidifying than fossil fuels. There may however be 
some environmental aspects of using biomass as an energy source which are worse than combusting 
fossil fuels. For instance, particulate matter emission can be worse. The details of the emissions 
depend on the process and technique used to convert biomass into power or heat (Sørensen 2004).  

A variety of processes and techniques can be used to convert biomass energy into biofuels or other 
forms of energy. Figure 4 summarizes these processes and techniques:   

 

 
Figure 4: Biomass Conversion Methods (modified from Seveda, et al. 2011) 
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Thermochemical conversion processes include: 

- Direct combustion: By directly combusting the biomass, useful heat is generated. This is the 
conversion process used in developing countries for cooking but it is also used in industrial 
processes, for example for generating steam for power production. In modern applications, 
the design of the boiler used for the combustion is central for obtaining high thermal 
efficiencies and extracting the most energy possible from the biomass. Modern techniques 
of biomass combustion are further examined in the following section. 

- Gasification: The aim of this process is to obtain a combustible gas called producer gas 
which primarily consists of H2 and CO as combustible components. This gas can be used as 
fuel in a gas turbine, internal combustion engine or boiler. By heating or partially 
combusting the biomass the desired fuel gas is extracted (Dong, o.a. 2009). This process is 
explained in depth further on.  

- Pyrolysis: The term pyrolysis is often used to refer to a process which aims at producing 
charcoal and liquids (oils) with a high energy content. The conversion involves the thermal 
decomposition of the biomass at high temperatures in the complete or near absence of 
oxygen. Gas is also generated but with lower energy content than when the process aims at 
producing a combustible gas. Gasification, described above, is in fact a type of pyrolysis but 
carried out at different temperatures, pressures and with more oxygen available than when 
the aim is to produce coal and oil (Sørensen 2004).  

Biochemical conversion processes include: 

- Digestion: Aerobic digestion which is a central part of the biological carbon cycle occurs with 
the presence of oxygen and emits CO2 and heat but is not interesting for energy supply 
purposes. Anaerobic digestion, on the other hand, produces both CO2 and CH4 and is a 
suitable conversion technique for bio-energy. The energy rich gas, called biogas, is produced 
by anaerobic bacteria in wet conditions and in the absence of oxygen. Anaerobic digestion 
uses all fresh biomass material (organic waste, manure, straw, etc) except wood. Sawdust 
can however be used to feed an anaerobic digester (Sørensen 2004).  

- Fermentation: Micro-organisms produce ethanol from sugars and starch present in different 
biomass material. In contrast to anaerobic digestion where the desired product is methane, 
fermentation generates alcohols and organic acids (Seveda, et al. 2011). 

Extracting vegetable oils from biomass and thereafter converting them through esterification 
produces biodiesel (Twidell and Weir 2006).  

In general, for forest biomass in small-scale applications, thermochemical conversion techniques are 
the most suitable option. Before examining the details of combustion and gasification, the 
composition of wood is presented. 

3.2.1 FUEL CHARACTERISTICS OF FOREST BIOMASS  

To begin with, it must be emphasized that the specific characteristic of forest biomass varies 
between tree types as well as between specific trees due to, among others, differences in bark 
content and storage time. Therefore it is difficult to give exact values for properties such as densities, 
moisture content, heating value and ash content (Nyström, et al. 2001). Overall, the higher heating 
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value (HHV) of woods is in the range of 17 to 23  MJ/kg which can be compared to the HHV of light 
fuel oil, 43,5 MJ/kg, and propane, 50,0 MJ/kg (FAO Forestry Department 1990).  

After having been cut down, the moisture content of the tree is usually of about 55 % (RET 2010). 
High moisture contents are undesirable when wood is to be used as a fuel since energy must be 
supplied for drying out this moisture before the wood can be converted into for example heat or gas. 
Indeed, there is a strong negative relationship between the heating value of the wood and its 
moisture content as illustrated by Figure 5 which shows the LHV for non-resinous woods. Here it is 
seen that the LHV of low moisture pellets, with a water content of 8 %, is 17,0 MJ/kg whereas the 
LHV of wood directly after felling, when it has a water content of 55 %, is less than half of this value; 
7,1 MJ/kg (European Biomass Industry Association 2007). 

  

 

Figure 5: Lower Heating Value of Wood as a Function of Moisture Content (European Biomass Industry Association 2007) 

The efficiency of the conversion system will also decrease with increased moisture content. 
Therefore, the design of this system will depend on the wood moisture content of the wood. For 
example, Figure 6 shows the variation of the conversion efficiency of a 300 m3/hour downdraft wood 
gasifier for three different moisture contents.  Here it is seen that the conversion efficiency after 900 
seconds decreases from 80 % at 0 % moisture content to 72 % at 20 % moisture content. 
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Figure 6: Conversion Efficiency for Different Moisture Contents (Mamphweli, et al. 2007) 

 In general, the maximum acceptable moisture content for wood combustion is 60 % whereas the 
corresponding number for gasification is 15 % (RET 2010).  

In modern applications, the forest biomass is usually processed before being used as fuel. Due to the 
importance of a low moisture content, the first step is to dry the wood. Solar, open-air drying is one 
method used. In developed nations it is common to use kilns with circulating hot gases. After having 
been dried, size reduction techniques are used to prepare the biomass for direct fuel use such as 
combustion or for fabrication of pellets or briquettes. For example, in sawmills, the residual slabs and 
cut-offs must be chopped up before entering a stoker or a gasifier. The optimal size is determined by 
the type of conversion technique used and includes aspects such as method of delivering the 
biomass, operating conditions and ash removal. For thermal gasification and liquefaction, the particle 
size and the size distribution may affect the rate of conversion (RET 2010).  

Energy densification techniques are sometimes used to further upgrade the forest biomass. Indeed, 
compressed biomass in the shape of pellets, briquettes, cubes or logs will burn more efficiently and is 
easier to handle, store and feed into furnaces or gasifiers than unprocessed wood residues. The new 
form of the fuel has a higher heating value, lower moisture content and a well-defined, homogenous 
composition which increases the efficiency of the gasification or combustion process and reduces the 
problems associated with removal of ashes (Nyström, et al. 2001).  The drawback of densification is 
that it is costly and electricity consuming (RET 2010).  

Table 1 compares fuel data for unprocessed wood residues such as cutting remainders and wood 
without any industrial use (including bark) with that of wood pellets.  

Forestry Biomass Moisture 
content  
(total weight %) 

Ash Content  
(weight % 
dry basis) 

S-Content  
(weight % 
dry basis) 

Cl-Content 
 (weight % 
dry basis) 

LHV (MJ/kg) 

Wood Residues 35-55 1-5 0,02-0,05 0,02-0,05 7-12 
Wood Pellets 5-20 0,1-1 0,02-0,03 0,002-0,005 14-17 
Table 1: Fuel Data for Wood Residues and Wood Pellets (Nyström, et al. 2001) 

In addition to having lower moisture content and higher heating value than wood residues, wood 
pellets also have the advantage of lower ash content which simplifies ash removal. Moreover, pellets 
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have lower chloride and sulfur contents, a benefit as these elements cause agglomeration and 
corrosion problems in boilers. It should be highlighted that many of the beneficial properties of wood 
pellets are due to the fact that the less valuable wood residues such as bark are removed from the 
residues used to produce the pellets (Nyström, et al. 2001). The content of carbon, hydrogen and 
oxygen is very similar in wood residues and pellets and the weight percent on a dry basis is 50, 6 and 
43 respectively (RET 2010).  

It should be emphasized that in comparison to other types of unprocessed biomass, wood has a low 
ash content which is positive as ash has a corrosive effect on boilers and is undesirable in producer 
gas. Moreover, wood has comparatively low moisture content (FAO Forestry Department 1986).  

The next two sections present detailed descriptions of the conversion techniques which are most 
suitable for the wood residues from sawmills.  

3.2.2 BIOMASS COMBUSTION 

One of the most developed options for generating heat and power from wood residues is through 
combustion in a well-designed combustion system. During the combustion process three elemental 
reactions described in equations (3.1), (3.2) and (3.3) take place between the fuel, biomass or other, 
and the oxygen contained in the air (Department of Energy Technology, KTH 2010): 

 2 2C O CO+ →  (3.1) 

 2 2S O SO+ →  (3.2) 

 2 2 20,5H O H O+ →  (3.3) 

Provided that there is enough oxygen present in the furnace these reactions release a large amount 
of heat. A deficit in oxygen is problematic not only because the heat released is limited but also 
because it will lead to incomplete combustion where parts of the fuel are left unburnt and cause the 
formation of CO which is a poisonous gas. At standard temperature and pressure, the stoichiometric 
combustion of 1 kg of dry wood needs about 1,4 kg of oxygen or 6,1 kg of air and will thereby 
produce 1,8 kg of CO2 and release about 20 MJ of heat, with the exact quantity depending on the 
type of wood (RET 2010). 

 In order to make sure the combustion is complete, excess air is required for the process. The furnace 
air level will be determined by “the composition, properties and conditions of fuel when fired; the 
method of burning the fuel; the arrangement and proportion of the grate or furnace; allowable 
furnace temperature and turbulence and thoroughness of the mixing of combustion air and volatile 
gases” (Teir and Jokivuori 2002).  Excess air also raises temperatures which risks leading to formation 
of hazardous NOx. Indeed, at temperatures above 1400oC, nitrogen and oxygen react to form 
hazardous ‘thermal’ NOx. The temperatures reached during combustion in industrial processes 
depend not only on the fuel but also on the type of combustion technology used. For biomass 
combusted in a circulating fluidized bed system, the temperatures reaches 900-1000oC whereas if a 
bubbling fluidized bed system is employed, temperatures in the order of 1050-1150oC can be 
reached (Teir and Jokivuori 2002).  
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According to Werther et al. (2000), “the purpose of the combustion system and equipment is to 
supply fuel and combustion air such as to facilitate the distribution and mixing of the fuel with air, to 
initiate ignition and maintain combustion, to dry and volatilize the fuel, to position the flames in 
areas where heat release is needed and to reach a high burn-out at low pollutant emission.” The 
design of a specific combustion system depends on the scale of the plant, the desired output (heat or 
electricity), the fuel used, the need for maintenance and the after-treatment of flue gases and 
residues (Nyström, et al. 2001). In most industrial processes, combustion occurs in a furnace which is 
connected to a boiler. The purpose of the boiler is to transfer heat from the combustion to water by 
means of one or several heat exchangers and thereby generate hot water or steam. One of most 
important aspects in boiler design is thus to maximize the amount of heat absorbed by the water 
through radiation, conduction and convection (Teir and Jokivuori 2002).  

There are two main ways of designing a boiler with regards to heat transfer: by using fire tubes or by 
using water tubes. In a fire tube boiler, tubes leading the flue gases from the furnace towards the 
outlet are placed in parallel through the boiler vessel. In a water tube boiler (Figure 7) the design is 
the opposite and tubes filled with water are surrounded by ‘fire’ or flue gases.   In both cases, the 
water is heated by the flue gases. Most modern boilers are of water tube boiler type as fire tube 
boilers only are practical in small-scale systems (Teir 2002).  

 

Figure 7: Schematic Representation of Water Tube Boiler (Teir 2002) 

The number of heat exchangers in the boiler depends on whether the goal is to produce hot water 
for heating or steam which is used for electricity production in a steam turbine (to be discussed in 
3.3.1). In order to produce electricity, high temperature and high pressure steam is necessary and 
several heat exchangers are used: an economizer to bring the water to saturation temperature, an 
evaporator to make the water change phase, and a superheater to heat the steam. In some industrial 
processes, reheaters or preheaters may also be used.  
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 It should be highlighted that biomass combustion can produce useful heat and electricity by other 
means than through a water boiler. For instance, the heat of the flue gases can be used to run a 
Stirling engine which drives an electricity generator. Another option is using a furnace with an 
indirectly fired gas turbine (Nyström, et al. 2001). As in boiler applications, the design of the heat 
exchanger between the flue gases and the Stirling engine or the gas turbine is vital to increase the 
efficiency of the power systems.  

In industrial processes fuelled by unprocessed wet wood residues, the efficiency in the burner is of 
the order of 60 % (Sørensen 2004). Nevertheless, if the wood is made more homogenous in terms of 
size and lower moisture content, for instance through pelletizing, higher thermal efficiencies are 
reached.  Of the heat extracted from the fuel and transferred to the water, it is common that only 
20-25 % can be used for electricity generation due to low combustion temperature and the 
remaining 75-80 % can be used for processes where heat is required such as for drying wood (Twidell 
and Weir 2006). The share that can be extracted for electricity production depends on the 
temperature of the heat sinks available and is usually higher in Nordic countries where the 
temperature of the cooling water is relatively low. In the sugar cane industry where heat is required 
as part of the production process, electricity is seen as a by-product which is being sold to the 
electrical grid. This is also the case in many CHP plants in Nordic countries where the main product it 
heat is for district heating and electricity is a valuable by-product.  

The most common combustors for wood fuels are grate fired systems, fluidized bed systems and 
suspension burners. Table 2 reproduced from Nyström et al (2001), gives a general overview of the 
different types of combustion technologies that are appropriate for small-scale CHP plants using 
wood fuels: 

 
Combustion technology Fuel used Size of boiler 

(MW) 

Overfeed flat grate wood residues, pellets, briquettes 0,5-5 

Underfeed inclined grate wood residues, pellets, briquettes ≥5 
Moving grate wood residues, pellets, briquettes ≥0,5 
Bubling Fluidized Bed wood residues, pellets, briquettes ≥10 
Circulating Fluidized Bed wood residues ≥15 
Suspension Burner powder, dust ≥0,5 

 
Table 2: Overview of Combustion Techniques for Solid Bio Fuels in Small-scale CHP plants (Nyström, et al. 2001) 

Grate fired systems may have moving or stationary grates which can be either inclined or flat and 
cooled by water or by air. The main advantage of grate fired systems is that they can combust fuels 
with a heterogeneous composition and high moisture content (up to 65 %) (Werther, et al. 2000). 
Moreover, grates allow for combustion of large particles, operate well even at partial load and, 
compared to fluidized bed systems, they are insensitive to slagging. Nevertheless, NOx reduction in 
grate fired systems is inefficient unless assisted by special technology and the combustion is not 
homogeneous when compared to fluidized bed systems. In addition, higher excess air leads to lower 
energy efficiency (Werther, et al. 2000).  
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Overfeed flat grates are suitable for dry, small particle biomass fuels where the objective is to avoid 
that particles get carried off in the flue gases. Their design is very simple and they are therefore 
common in small-scale applications. Underfeed inclined grates are more appropriate for fuels with a 
high moisture content. Moving grates, which include vibrating grates, are more fuel flexible than the 
previously mentioned stationary grates. They are also easier to use at part load (Nyström, et al. 
2001).  

Fluidizing beds consist of small particles (usually sand and ash) which are brought to a fluidized state 
as soon as a traversing upstream flow of air reaches a certain limiting value. In bubbling fluidized 
beds (BFB), the velocity of the gas flow is such that it maintains the solid particles in suspension. In a 
circulating fluidized bed (CFB), the velocity of the flow is increased so that the particles move up and 
out of the bed. The exiting flue gases containing the particles pass through a cyclone where the solids 
are extracted to be reintroduced at the bottom of the bed.  The main purpose of the fluidizing beds is 
to increase the heat transfer between the hot fuel and the bed material and thereby create a 
uniform temperature distribution. Indeed, the high heat capacity of the fluidized bed allows for 
complete combustion at low temperatures which has the advantage of avoiding the formation of 
thermal NOx (Werther, et al. 2000). Moreover, because of the constant motion of the fluidized bed 
many different fuels with varying heating values and moisture content may be used. Nevertheless, it 
is important that the fuel is homogenous and dispersed evenly in the bed. Some of the drawbacks of 
fluidized bed systems are that they require special technology to operate at part load and require 
treatment of the flue gases as they have high dust content. Currently, neither bubbling nor 
circulating fluidized bed boilers are viable alternatives for small-scale systems.  Small-scale CFB 
systems are rarely built and in the case of BFB, the systems are too complicated and require too 
much maintenance to be a realistic option (Nyström, et al. 2001).  

Suspension burners have many technical advantages such as the homogenous combustion conditions 
and a high combustion temperature. Nevertheless, as the cost of producing a dry and finely divided 
biomass powder is high, a suspension burner is seldom a realistic alternative. Drawbacks of these 
burners are the high concentration of thermal NOx resulting from the high combustion temperatures 
and high ash content in the flue gases which causes fouling in the downstream equipment (Nyström, 
et al. 2001).  

3.2.3 BIOMASS GASIFICATION 

Another established technique for extracting energy from wood residues is gasification. Gasification 
is a thermochemical conversion process taking place in a cylindrically shaped chemical reactor called 
gasifier and generating producer gas. The gas is also called wood gas, synthesis gas or water gas 
depending on the relative content of its different combustible and non-combustible components. Its 
main components are H2, CO and small amounts of CH4 as well as non-combustible CO2 and, when air 
is used as a gasification agent, N2. The gasification agent may be air, pure oxygen or water steam. 
Pure oxygen and steam produce a more energy rich gas than air. However, as gasification using these 
agents is more costly than using steam, they will not be evaluated in this paper (Compedu 2006).   
Depending on the operating conditions and on the quantity of the components in the biomass used 
as fuel, the gas’ heating value for air gasification fluctuates between 4 and 8 MJ/m3 at standard 
temperature and air (Twidell and Weir 2006).  
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The gasification process can be thought of as a ‘combustion-like’ process where the burning is limited 
by a lack of oxygen. The term equivalence ratio is used to describe the amount of oxygen available 
relative to the amount of oxygen that would be necessary to allow complete combustion.  When the 
equivalence ratio is below 0,1, the conversion is named pyrolysis and, as mentioned previously, the 
resulting gas is energy poor (but the charcoal has a high energy content). On the other hand, an 
energy rich gas is obtained for equivalence ratios between 0,2 and 0,4 and the conversion is then 
called a proper ‘gasification’ (Sørensen 2004). Figure 8 illustrates the distribution of the energy 
contained in the gasified wood fuel between gas and char as a function of the equivalence ratio. Here 
it can be seen that at very low equivalence ratios near zero, a large share of the energy from the 
wood remains in the char. However, as the equivalence ratio increases, more energy is contained in 
the gas and the peak gas content is at about 0,3. After this maximum, combustion starts taking place 
and therefore the energy contained in the gas decreases. Figure 8 also shows that compared to air, 
using oxygen as a gasification agent gives an energy distribution in which more energy is transferred 
to the producer gas that to the char.  

 

Figure 8: Energy Distribution between Producer Gas and Char a Function of Equivalence Ratio (Sørensen 2004) 

The gasification process consists of four sub-processes: drying, pyrolysis, combustion and reduction.   

- Drying: When the biomass enters at the gasifier after having been air-dried, it usually has a 
moisture content of 10-15 %, depending on the temperature and humidity of the air. Upon 
entrance, the heat radiating from the oxidation zone will evaporate the remaining moisture. 
This sub-process takes place at temperature of less than 120oC (Seveda, et al. 2011). 

- Pyrolysis: as the biomass moves closer to the oxidation zone considering a downdraft 
gasifier, the temperature increases. At temperatures above 200oC, in the absence of oxygen, 
volatile gases (CO2, H2 and CO) will be released from the dry fuel through thermal 
degradation (RET 2010). 
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- Combustion: In this part of the gasification process, oxygen is introduced in order to allow 
for combustion of the fuel and the following reactions take place: 

 2 2C O CO+ →  (3.4) 

 2 2 22H O H O+ →  (3.5)   

The combustion reaction (3.4) is exothermic and provides the energy necessary (393 
MJ/kmol) for the other sub-processes to take place. Theoretically, it yields a temperature of 
1450oC. Reaction (3.5) is endothermic and needs 242 MJ/kmol (Seveda, et al. 2011). 
 

- Reduction: In this step of the gasification process, the remaining char is reduced and the 
process is modeled with five reactions.  The Boudard reaction (3.6) is endothermic (-164,6 
MJ/kmol )and therefore reduces the temperature (Seveda, et al. 2011). 

 2 2C CO CO+ →  (3.6) 

Two other endothermic reactions are the steam gasification reactions (3.7) and (3.8) which 
need -122,6 MJ/kmol and -42,3 MJ/kmol respectively (Seveda, et al. 2011). 

 2 2C H O CO H+ → +  (3.7) 

 2 2 22CO H CO H O+ → +  (3.8) 

On the contrary, the water gas shift reaction (3.9) is exothermic, releasing 42MJ/kmol. 

 2 2 2CO H O CO H+ → +  (3.9) 

Reaction (3.10) is also exothermic and releases 75 MJ/kmol. 

 2 42C H CH+ →  (3.10) 

The endothermic reactions need energy which is provided by the heat released from the exothermic 
reactions at the cost of lowering the reduction temperature and ultimately, the energy content of 
the producer gas. The temperature decrease depends on the type of gasifier and in downdraft 
gasifiers which are discussed further on the drop is usually from 1000oC to 700oC whereas other 
designs such as the fluidized bed gasifier manage to maintain the temperature between 800 and 
900oC (Compedu 2006).  

The producer gas generated in the gasification process contains tars, acids and dust which are 
problematic if the gas is to be used in a turbine or combustion engine (FAO Forestry Department 
1986). Tars, which are a collection of organic contaminants with a molecular weight greater than that 
of benzene, are always formed during pyrolysis. Their removal is one of the most central questions in 
gasification applications and the removal techniques used are cracking, steam reforming and dry 
reforming (Muilu and Pieniniemi 2011).  

Tars crack, break into smaller components, naturally at temperatures above 1000oC (Compedu 2006). 
Therefore, high temperature gasification technologies will produce a gas with lower tar content. 
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Moreover, the cleaning process demands a large amount of heat as the cracking reactor must have 
temperatures above 1050-1100oC (Kjellström, et al. 1987).  Nevertheless, if a catalyst is used, 
cracking occurs at lower temperatures and the cleaning process consumes less heat. Tars may also be 
removed mechanically with the use of a scrubber. A drawback of mechanically removing the tars is 
that it lowers the heating value of the producer gas as tars have a heating value of 20-40 MJ/kg. 
However¸ if tars are cracked, this energy remains in the gas (Compedu 2006).  

Another cleaning step is removal of dust. This usually occurs in one or several cyclones and or by 
using filters. Next, if the producer gas is to be used in a gas turbine, it must be compressed whereas it 
must be cooled if the aim is to use it as fuel in a combustion engine. The detailed design of the clean 
up system will depend not only on the end application of the gas but also on the wood fuel and on 
the gasification technique.  

There are different types of gasifiers and selection of a specific design must include careful 
consideration of the application of the producer gas as well as the plant size. For small-scale biomass 
gasification there are three principal kinds of fixed bed gasifiers which all operate at atmospheric 
pressure: updraft, downdraft and crossdraft. As cross-draft gasifiers are fuelled by charcoal, this 
design will not be presented here (Compedu 2006). Fluidized bed gasifiers (bubbling, circulating or 
pressurized) are not suitable for small-scale applications and pressurized entrained flow gasifiers are 
only commercialized for coal (RET 2010). Therefore, these types of gasifiers will not be discussed in 
this thesis. 

In the updraft gasifier, depicted schematically in Figure 9, the biomass fuel enters the top of the 
gasifier and the char residues exit at the bottom. Meanwhile, air enters at the bottom of the gasifier, 
makes its way through all four of the sub-processes and exits as producer gas at the top.  

 

Figure 9: Updraft Gasifier (Seveda, et al. 2011) 
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The main advantage of the updraft gasifier is that it is relatively insensitive to variations in fuel 
characteristics such as moisture content (Nyström, et al. 2001). Indeed, it can gasify fuels with a 
moisture level of about 50 % and fuels containing up to 45 % sawdust (Kjellström, et al. 1987). Other 
benefits are that it is easy to build and operate and has a low pressure drop. Moreover, it has a high 
thermal efficiency since the gas passes upwards and can therefore transfer heat from the 
combustion/oxidation zone and thereby preheat the fuel in the drying and pyrolysis processes. 
Although the resulting gas contains little ash, it has a high concentration in moisture and tars. This is 
due to the fact that the gas passes through the unburnt biomass and is cooled on its way out. 
Therefore, the updraft gasifier should be used for fuels with no or little tar content if it is coupled to 
an engine. Other disadvantages include long start-up time and poor reaction capability with heavy 
gas loads (Seveda, et al. 2011). If wood is to be gasified in an updraft system, the producer gas rich in 
tars is mainly suitable for direct combustion since it would require extensive cleaning for the gas to 
be used in for example an internal combustion engine (FAO Forestry Department 1986).   

The downdraft gasifier, represented in Figure 10, can be used for power generation by connecting a 
gas turbine or an internal combustion engine. Its fuel flow is identical to that in the updraft gasifier. 
However, the gas flow only goes through two zones: air enters the combustion/oxidation zone, 
moves downwards through the reduction zone and exits as producer gas at the bottom of the 
gasifier. 

 

Figure 10: Downdraft Gasifier (Seveda, et al. 2011) 

In this design, the gas exits at the bottom and therefore has high ash content. However, since it does 
not flow through the unburnt fuel, the level of tar and moisture in the producer gas is low and its 
exiting temperature high in comparison with the updraft gasifier. For this reason, the downdraft 
gasifier is suitable for fuels with high tar content such as wood and agricultural wastes. Downdraft 
gasifiers are easy and cheap to make and easily adapt gas production to load. Moreover, they start 
up more quickly than the updraft gasifier. Its main drawbacks are low efficiency, problems with ash 
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and moisture removal and inability to gasify small fuel particles (Seveda, et al. 2011). Another 
drawback is that it cannot gasify wood fuels which contain substantial amounts of sawdust 
(Kjellström, et al. 1987).  

Table 3 illustrates the different contents in tars and particulate matters in downstream and upstream 
gasifiers and it is clear that the tar levels are much higher in gas originating from an updraft gasifier 
than in gas from a downdraft gasifier. Particulates (dust) are more concentrated in gas from a 
downdraft gasifier (Muilu and Pieniniemi 2011). 

  Tars (mg/m3) Particulates (mg/m3) 
Updraft gasifier 9000-100 000 100-1000 
Downdraft gasifier 80-500 90-9000 

Table 3: Tar and Particulate Concentrations in Updraft and Downdraft Gasifiers (Muilu and Pieniniemi 2011) 

To establish the efficiency of the gasification process, the cold gas efficiency is used. This is a 
measure of how much of the energy contained in the biomass fuel is transferred to the producer gas. 
This measure does not take account of the fact that the resulting gas is hot (RET 2010). It is given by 
equation (3.11): 

 100%gas gas
CG

biomass biomass

LHV V
LHV m

η
⋅

= ⋅
⋅

 (3.11) 

In general, the cold gas efficiency will be of the order of 50 to 85 % with the exact value depending 
on the fuel and the gasifier employed. For thermal applications, where the heat contained in the gas 
that exits the gasifier is useful, the efficiency may reach 90 %. The temperature of the exiting gas and 
the specific heat of the producer gas are important for determining the efficiency of thermal 
applications (Compedu 2006). 

Before ending the section on gasification it is important to emphasize that the management of 
residues from the gasification process must be taken into account when integrating a gasifier into an 
energy system. While char can be recycled in the gasifier; ash, tar and waste water need to be 
removed from the process. As tar and ashes can be of use in some industrial processes such as road 
or building construction, the local possibilities should be considered. Another environmental 
consideration is the transportation of biomass to the gasifier. If the biomass has to be transported a 
long way it may not end up being a carbon neutral source of energy (Sørensen 2004). 

3.3 HEAT AND POWER PRODUCTION IN SAWMILLS  
The sawmill industry is a large consumer of heat and electricity. In a 1990 report on energy 
conservation in the mechanical forest industries, the FAO Forest Department presents an average 
heating need in sawmills in developed countries of 400 kWh/m3 produced timber and an average 
electricity consumption of 75 kWh/m3.  They point out that in developing countries minimal kiln 
drying is used (FAO Forestry Department 1990). In Sweden in 2010, the heat consumption for drying 
in kilns was 220-300 kWh/m3 produced timber and the electricity consumption was 70-120 
kWh/m3produced timber. When drying timber, the temperature should not be too high as this could 
damage the timber (Naturvårdsverket 2010) . In high temperature driers, an maximum temperature 
of 90oC is used and the outgoing temperature is of 75oC whereas the corresponding values in low 
temperature driers used for high quality timber are 70 oC and 55 oC (Vidlund 2004). 
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The sawmill industry has the advantage of being able to use its waste to generate heat and power. In 
fact, different kinds of wood residues are generated when taking down a tree and producing sawn 
timber. Table 4 illustrates the volume distribution of different residues from this process:  

PART OR PRODUCT FROM TREE RELATIVE VOLUME (%) 
Left in the forest 
Top branches and foliage 23,0 
Stump (excluding roots) 10,0 
Sawdust 5,0 
Sawmilling 
Slabs, edging and cut-offs 17,0 
Sawdust and fines 7,5 
Various losses 4,0 
Bark 5,5 
Sawn timber 28,0 
Total 100,0 

Table 4: Relative Volume of Wood Residues from Forest Industry (FAO Forestry Department 1990) 

It should be noted that volume distribution presented in the table corresponds to that of an efficient 
process and that the residues are even larger in many Cuban sawmills (Fernández 2012). For 
instance, in many developing countries, it is not uncommon that as much as 60 % of the volume of 
the tree is left in the woods (FAO Forestry Department 1990).  

Although the forestry residues are not put to use today, they are a valuable resource. They can be 
used for energy conversion: 45-55 % of the volume entering small-scale mills in developing countries 
end up in troublesome piles despite the fact that, when bone dry, they have a higher heating value of 
17-23 MJ/kg or 1900-26001 kWh/m3 which usually corresponds to more than enough energy to cover 
the energy demands of the mills (FAO Forestry Department 1990). These residues could potentially 
be used for producing both heat and power for the mills. Figure 11 schematically illustrates how the 
wood residues generated from the milling process can be used to provide the heat and electricity 
needed in the mill and possibly be exported to the grid and/or district heating.  Different 
technologies can be used for combined heat and power (CHP) production from the wood residues.  
The requirements on the residues used as fuel as well as the output in terms of electricity and heat 
will depend on the specific technology used and this part of the literature review will examine the 
most relevant technologies for the two sawmills in La Palma. 

                                                            
1 Converted to kWh/m3 using the average wood density for Cuban pines of 410 kg/m3 (World Agroforestry 
Center 2012) 



23 
 

 

Figure 11: CHP Production Integrated with Sawmill 

When considering the possibility of using the residues from the forestry industry as a source of 
biomass for energy services it is important to regard how the potential energy extraction process can 
be incorporated and the costs involved in doing so. For instance, it is much easier to use the residues 
from the processes in sawmills than from the tree-felling process since these must be collected and 
transported whereas the residues in sawmills are already concentrated to one location. Other 
aspects that are important to keep in mind is how to design the drying of the biomass, the technical 
complexity of the energy systems and how many people are necessary to operate this system. 
Another critical economic aspect will often be whether or not excess-electricity can be sold to the 
grid (FAO Forestry Department 1990). Moreover, there are alternative potential applications for the 
residues which should be considered. Sawdust for example can also be used as animal alimentation 
or to produce boards (Fernández 2012). 

This literature review will focus on fully-developed and commercialized technologies for small-scale 
biomass fuelled combined heat and power as they are the only interesting alternatives for the 
present study of the sawmills La Jagua and La Baría. Thus organic Rankine cycle (ORC), externally 
fired gas turbines, evaporative gas turbines and fuel cells applications will not be discussed (Nyström, 
et al. 2001). The section starts with a general overview of the different CHP technologies and 
includes a detailed explanation of the most relevant techniques.  

Some of the most well-established biomass fuelled CHP technologies are (Granö 2011): 

- Direct combustion in a boiler generating steam for a steam turbine or steam engine 
- Gasification followed by combustion generating steam for a steam turbine or steam engine 
- Gasification followed by a gas turbine 
- Gasification followed by a gas engine or micro-turbine 
- Biogas production followed by a gas engine or micro turbine. 

In a recent study, Salomón et al (2011) surveyed the heat and power production of small-scale plants 
using biomass as a fuel. They provide an overview of existing small-scale plants in Sweden and 
Finland using well established technologies as well conversion techniques under development. Table 
5 reproduces their findings for the conventional conversional techniques: 
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Technology Power Output  

Mwe 

Electrical 
eff. % 

Total 
eff. % 

Investment 
cost 
EUR/kWe 

Possible biofuels 

Steam turbines 
(Rankine cycle) 

0,5-100 20-30 85-93 ~1500 Most of solid, 
liqueous or 
gaseous biofuels 

Steam engines 0,02-5 06-20 85-95 ~1500 Most of solid, 
liqueous or 
gaseous biofuels 

Gas turbines 
with HRSG 

0,1–200 24–40 80–85 840–1200 Gaseous biofuels, 
methanol, 
ethyl alcohol, RME 

Microturbines 0,025–0,5 11–33 70–90 800–1700 Possible to use 
methanol, ethanol, 
colza oil, pyrolysis, 
oil, biogas 

Otto engines 0,002–2 25–40 80–90 800–1300 Ethanol, methanol, 
gaseous biofuel 

Diesel engines 0,05–50 40–45 85–90 1200–1800 Pyrolysis oil, 
pine tree oil, colza 
oil, RME,  
gaseous biofuels 

Stirling engines 0,001-0,075 20-40 80-90 ~3500 Most of solid, 
liquid or 
gaseous biofuels 

Table 5: Small-Scale Conversion Technologies (Salomón, et al. 2011) 

Conventional Rankine cycle is the most common technology for small-scale CHP in Sweden and 
Finland. In the range of 2- 20 MWe, most plants use a fluidized bed boiler whereas smaller plants (1-2 
MWe) often use a biomass grate boiler (Salomón, et al. 2011).  

In their literature review of small-scale and micro-scale biomass fuelled CHP systems (generating less 
than 100 kWe), Dong et al (2009) find that combustion combined with steam technologies is the most 
widely used combination for large and medium-scale CHP plants. However, they point out that 
steam-based CHP systems are no longer attractive in small-scale CHP systems with a size of less than 
30 kWe as they have found the typical electrical efficiency for these plants to be in the range of 6-8 %.  
According to Vidlund (2004), the electrical efficiencies are 10-15 % for the plants producing less than 
5 MWe whereas larger plants display efficiencies in the range of 20-30 %. Gas engines, with electrical 
efficiencies in the range of 30-40 % are common in the smallest CHP plants (less than 1 MWe) 
(Vidlund 2004).   

Kjellström et al (1987) carried out a study to find out which of three different technologies; steam 
engine, gasifier with Otto engine and gasifier with gas turbine, was most suitable to use for CHP 
generation in the Swedish sawmill Torsås Ångkvarn. They find a gasifier coupled to an Otto engine to 
be the most favorable alternative in terms of heat and power production and total efficiency. A gas 
turbine was deemed less interesting for Torsås Ångkvarn as its overall performance was judged to be 
lower than and the investments costs similar to that of the Otto engine alternative. The demand for 
extensive gas cleaning and gas compression contributed to rendering the gas alternative 
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unattractive. The steam engine alternative was found to have the lowest risk and cost but also had 
lower electrical and overall efficiency. Kjellström et al (1987) estimate the results to be applicable for 
sawmills with a yearly production volume of 30 000 to 100 000 m3 and for small-scale CHP plants run 
on biomass with an installed effect of 200-1000 MWe. It must nevertheless be highlighted that their 
study was carried out 25 years ago and the current situation might present different sets of costs and 
efficiencies.   

3.3.1 STEAM CYCLE 

Figure 12 illustrates the main steps in a basic, conventional steam (Rankine) cycle: 

 

Figure 12: Steam Cycle (AHPT 2011) 

The wood is combusted in the boiler and the resulting heat generates steam. The energy rich steam 
thereafter enters the steam turbine which transforms most of this energy to mechanical energy, 
work, which is then turned into electrical energy in the generator. After the low energy steam exits 
the turbine, it is condensed, a process which releases heat that could potentially be useful. Finally, a 
pump, using electricity which is transformed into work, closes the cycle by pumping the water back 
to the boiler.   

The main determinant for the electricity output from the steam turbine is the energy contained in 
the steam, which increases with temperature and pressure. In a conventional steam boiler, the 
pressure can range from a few bars to 100 bars and from a few degrees superheat to around 540oC. 
In order to generate these high pressures and temperatures, a well-designed and pertinently 
constructed boiler is vital. In fact, development of boilers able to generate steam at 100 bars /600oC 
will increase the electrical efficiency with 1,5 % (Salomón, et al. 2011). Moreover, in any steam cycle 
application, the presence of a heat sink, usually cold water, is vital in order to condense the steam. 
The colder the water, the greater the electrical efficiency as it is the difference between maximum 
and minimum temperature which determines this value. 

If a large amount of heat is desired from the process, as is the case for district heating in Nordic 
countries or for process heat in the sugar industry, backpressure turbines are used rather than 
condensing turbines. In back pressure steam turbines, the steam does not completely expand inside 
the turbine and only a share of the energy contained in the steam is used for electricity generation.  
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The rest of the energy is used for heating. Condensing turbines let the steam expand over as large a 
pressure drop as possible in order to generate the maximum amount of electricity possible. The 
waste heat when using this type of turbine has a low temperature and cannot be used in most 
industrial processes. However, heat can be produced in a condensing steam cycle by extracting 
steam from the turbine into hot condensers (AHPT 2011). 

Another important component is the steam turbine. Nyström et al (2001) have gathered data on the 
performance of different turbines in small-scale CHP applications which is presented in Table 6. They 
explain that one to two stage turbines are common in the smallest CHP in range of 1 kW to 2,5 MW. 
In these plants, the energy content in the steam will usually be limited by the construction of the 
boiler and therefore the turbines will not be able to deliver their theoretical maximal output. 
Although more frequent in larger-scale applications, the use of a multi-stage turbine will deliver 
more electricity even at lower pressures and temperatures (Nyström, et al. 2001). Table 6, illustrates 
the differences in electrical power output and the ratio of heat to power generated for one-stage and 
multi-stage turbines for various steam conditions:  

Type of turbine One 
Stage 

One 
Stage 

One 
Stage 

One 
Stage 

One 
Stage 

Multiple 
stages 

Multiple 
stages 

Pressure (bar) 13 22 29 28 49 28 53 
Temperature (oC) Saturated Saturated Saturated 380 Saturated 380 480 
El (MW) 1,20 1,36 1,43 1,52 1,60 1,82 2,12 
ηel (%) 12 14 14 15 16 18 21 
Power/Heat  0,14 0,17 0,18 0,19 0,20 0,22 0,27 
Table 6: Power and Power to Heat Ratio for Different Steam Turbines Connected to a 10 MW Boiler (Nyström, et al. 2001) 

Kjellström et al (1987) used data for steam at 40-50 bar/380-390oC when they compared the 
different possibilities for electricity generation in Torsås Ångkvarn. This steam was judged to 
generate a “high but realistic” amount of electricity from a 4 MW boiler. For the option of using a 
steam turbine the steam was generated at 49 bar /382oC which resulted in an electricity output of 
415 kWe and a power to heat ratio of 0,21. A turbine with a rated effect of at 400 kWe at 42 450 rpm 
was used.  The authors point out that the drawback of using a steam turbine operating at low steam 
energy levels is that the rotational speed of the turbine must be decreased, in this case to 1500 rpm, 
leading to efficiency losses in gears and bearings, in this case of about 8 %. Kjellström et al (1987) 
write that with a few modifications, the chosen turbine could be adapted for use in Torsås Ångkvarn. 
Another general problem in small-scale CHP plants is that in order to reduce the volume flow in the 
turbine, which leads to higher electrical output, advanced steam conditions are needed (Salomón, et 
al. 2011).  

Nyström et al. (2001) conclude that there are several standardized and relatively cheap small-scale 
steam turbines available on the market. The problem for this technique is the lack of standardized 
boilers which makes it hard to generate high energy steam at affordable prices and thereby reduces 
the overall profitability of small-scale steam cycle plants. Nyström et al. (2001) point out that an 
alternative to using a steam turbine is replacing it with a steam engine which runs on the same cycle, 
a solution which for instance has been used in the heat plant in Sävsjö, Sweden. In fact,  Kjellström et 
al(1987) investigated this possibility for Torsås Ångkvarn’s sawmill  and found it to be a better option 
than the steam turbine as it generated more electricity (460 kWe and a power to heat ratio of 0,23) 
with a lower energy steam than was used for the steam turbine case (40 bar/380oC). Nevertheless, 
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Salomón et al(2011) write: “nowadays, the steam engine has been replaced by more economical 
applications such as steam turbines, internal combustion engines and electric motors.” They also 
point out that steam engines are extremely noisy and require constant maintenance.   

3.3.2 INTERNAL COMBUSTION ENGINES 

The producer gas from wood gasification can be used to fuel both Otto and diesel engines. Electricity 
can be produced by connecting the engine to a generator and heat can be extracted from flue gases, 
engine cooling water and cooling of producer gas by means of heat exchangers. The main challenge 
for this CHP technique is the necessity for the gas to be free of tars and ash before entering the 
engine (Nyström, et al. 2001).  These processes were discussed in 3.2.3 and involve tar cracking at 
high temperatures and dust removal in cyclones and filter. Moreover, the gas should be cooled in 
order to increase its density and thereby maximize the amount of combustible gas which enters the 
engine at each stroke. In addition, cooling the gas is a part of the cleaning process as it causes 
moisture to condense. For moisture to condensate, the gas should be cooled to 40-60oC (Solar 
Energy Research Institute 1988). 

Figure 13 schematically illustrates a gasifier system where electricity is generated by means of an 
internal combustion (IC) engine. Biomass is first fed into a gasifier to generate producer gas which 
has to be cleaned in several steps. The cyclone and filter remove dust and the cooler cools the gas to 
an acceptable temperature for entering the IC engine. The start-up blower is used when the system 
starts up to burn the gas initially produce which is too dirty to enter the engine. Once the process has 
started up, the gas can be used in the engine. This system has no heat recovery. As is the case in the 
figure, downdraft gasifiers are the most suitable for small-scale IC engine applications because they 
produced a gas with low tar level and work well at varying load. Depending on the type of forest 
biomass used and on the specific design of the gasifier, the producer gas may in fact be virtually tar-
free in which case no subsequent cracking or scrubbing is needed, as in the case below (FAO Forestry 
Department 1986). As a whole, a system similar to the one depicted below has an electrical efficiency 
in the order of 15-20 %. However, if waste heat is put to use for electrical generation and state of the 
art technology is employed, the electrical efficiency may be as high as 25 % (Compedu 2006). 

 

Figure 13: Gasifier System for Electricity Generation with IC Engine (Compedu 2006) 
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Otto engines need virtually no reconstruction to run on producer gas. Diesel engines can be 
converted into Otto engines by installing a spark ignition system and by lowering the compression 
ratio. Otto engines are able to run on producer gas alone and have a high total efficiency, in the 
range of 80-90 % with heat recovery, and an electrical efficiency in the range of 20-40 % when 
operated on gasoline (Nyström, et al. 2001). According to Salómon et al (2011), the use of Otto 
engines for small-scale CHP applications is well-established in Europe and they are highly competitive 
for small-scale CHP plants below 2 MWe. Moreover, these engines have a long lifetime, short start-up 
time and good part load operation. Nevertheless, the total efficiency is lower at part load operation. 
Other disadvantages are that Otto engines are noisy and maintenance intensive. At the smallest 
scale, the large investment cost renders Otto engines uncompetitive as the cost per kWh generated 
becomes very high (Salomón, et al. 2011).  

If diesel engines are to be run on producer gas without being converted to Otto engines, they must 
run in dual fuel mode. This implies that, in the best case, up to 90 % of the power output can come 
from producer gas but the rest must be provided by diesel in order for the combustible gas/air 
mixture to ignite when compressed. Although dual fuel mode lowers the overall reduction in CO2 
emissions from the system compared to converting it to fueling it entirely with bio-fuel, it has the 
advantage of giving the system a high flexibility. This is beneficial for example in the case of a 
breakdown of the gasifier where an immediate switch to full diesel operation generally is possible 
(FAO Forestry Department 1986). According to Nyström et al (2001) CHP plants using diesel engines 
running on diesel are most common in the range of 1,5 to 6,5 MWe. Nevertheless, applications can 
be found in the range of about 40 kWe as well as on a scale of about 50 MWe. Different engine sizes 
correspond to different rotational speeds with smaller engines having higher rotational speeds than 
large engines. As increased rotational speed implies greater precision with regards to fuel, ignition 
quality and ignition timing, larger engines are generally better suited for running on poor quality 
fuels (Nyström, et al. 2001). 

Compared to Otto engines, diesel engines have similar total efficiencies but higher electrical 
efficiencies in the order of 40- 45 % even for relatively small units when operating solely on pure 
diesel (Salomón, et al. 2011). In contrast to Otto engines, diesel engines present high efficiencies 
even at part load operation. Just like Otto engines, diesel engine start up quickly but require high 
maintenance. Diesel engines emit high levels of NOx and particulate matter but with modern catalytic 
technology the emission levels can be reduced by 80-90 % (Nyström, et al. 2001).   

When converting an IC engine to run on producer gas it is important to keep in mind that the power 
output will generally be reduced due to several factors. To begin with, the heating value of the 
producer gas is substantially lower than that of diesel or gasoline which means that the heating value 
of the gas-air mixture which enters the engine is substantially lower than that of the normal gasoline-
air mixture. In Otto engines, heating values of the producer gas-air mixture of about 2,5 MJ/m3 

compared with 3,6 MJ/m3 for gasoline-air mixtures. The lower heating value of the mixture accounts 
for a power loss of about 35 %.  Moreover, because of pressure drops in the gasification system, the 
producer -gas air mixture entering the engine cylinders will only be 0,65 to 0,8 times the theoretical 
maximum as compared to 0,7 to 0,9 times when the engine is run on gasoline. Additionally, the 
combustion speed of the producer gas-air mixture is lower than that of the gasoline-air mixture 
which reduces engine speed and ultimately lowers the engine efficiency (FAO Forestry Department 
1986). Overall, in Otto engines, “the combined effects of a reduced mixed gas heating value and a 
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reduced peak-power rpm result in an overall reduction in the maximum engine power of up to 50 %” 
(Solar Energy Research Institute 1988).  

Diesel engines converted to running in dual fuel mode typically experience smaller power losses than 
Otto engines converted to running on producer gas. This is due to the fact that some diesel still is 
introduced as well as the fact that diesel engines have higher compression ratios. Moreover, as diesel 
engines operate with a large excess of air, the energy in the diesel-air mixture in each stroke is close 
to the heating value of the producer gas-air mixture (Solar Energy Research Institute 1988).  From 
their review of existing research, Parikh et al. (1989) found that “some workers have reported 
derating of engine power capacity under producer gas dual fueling whereas others do not mention 
so”. In their study they find that the design of the cooler-cleaning system, especially its volume, is 
one of the most important parameters in determining the replacement ratio as well as the power-
capacity in dual-fuel mode. 

In their study of Torsås Ångkvarn, Kjellström et al (1987) find that the best option in terms of 
combined electricity and heat output is a downdraft gasifier coupled to an Otto engine. They discard 
the option of using a fluidized bed gasifier as its cost is substantially higher with small increased 
benefits. They also reject the alternative of using an upstream gasifier as a significant amount of gas 
would have had to be sacrificed in order to reach the high temperatures needed for the necessary tar 
cracking and because downdraft gasifiers were the only ones that had been developed in Sweden at 
the time of the study. Although tar cracking still is needed with the selected downdraft gasifier, less 
energy is needed as the temperature of the produced gas is higher than for an updraft gasifier. The 
tar cracker uses a catalyst which means that the required heat is lower than would otherwise have 
been the case. The authors assume that by installing a pre-condenser, they will be able use wood fuel 
with a moisture level of 50 %.  Figure 14 shows the theoretical setup of the system. The specific 
downdraft gasifier selected must have a capacity of 2-5 MW and the temperature after the reduction 
zone will be of 640 oC.  
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Figure 14: The Theoretical Design of a CHP System Using a Gas Driven IC engine at Torsås Ångkvarn (modified from 
Kjellström, et al. 1987) 

Kjellström et al (1987) choose to use an Otto engine as they find it beneficial from an economic and 
energy political perspective to avoid the 8-10 % diesel fuel which would have been necessary to run a 
diesel engine. With a displacement volume 20 l per cylinder and 16 cylinders, the engine has an 
electrical power of 580 kW at 1000 rpm. This can be compared to the 837 kW that it would generate 
if it had been fuelled with natural gas. Nevertheless, the electrical efficiencies of the engines remain 
the same for the two fuels (Kjellström, et al. 1987).  

In the system represented in Figure 14, the incoming cold district heating water has a temperature of 
65oC and is heated through three heat exchangers: the first one removes heat from the engine 
cooling system, the second one cools the gas exiting the gasifier and the third one draws heat from 
the engine’s flue gases.  The outgoing water has a temperature of 89 oC and the heating power is 
1575 kW. The total efficiency of the system is 87 % and the electrical efficiency is 37 % (Kjellström, et 
al. 1987). 

Today, the sawmill in Torsås is part of the large forestry company Södra AB and has not adopted any 
of the electricity generating alternatives investigated by Kjellström et al. However, the mill generates 
heat for district heating from the wood residues (Svensson 2012). 

3.3.3 STIRLING CYCLE 

As mentioned in section 3.2.2, the heat from forestry biomass combustion can be used to drive a 
Stirling engine. Both direct combustion of wood and combustion of producer gas generated from 
wood represent possible alternatives for fueling a Stirling engine. Electricity is produced by 
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connecting the engine to an electricity generator and waste heat can be put to use for example to 
dry wood. Figure 15 illustrates a CHP plant using a Stirling engine for electricity production. In the 
case below, biomass is directly combusted and the air is preheated in order to increase the 
temperatures reached in the furnace.   

 

Figure 15: Boiler Coupled to Stirling Engine (modified from Nyström, et al 2001) 

In contrast to the Otto and diesel engines where the combustion takes place inside the engine, 
Stirling engines, like steam engines, are external combustion engines. This implies that virtually any 
source of heat, from combustion of biomass to solar energy, can be used for driving the engine. The 
fluid inside the Stirling engine, usually hydrogen or helium as these gases have adequate thermal 
properties, is alternatively heated and cooled. The fluid always remains in its gaseous form and no 
mass exchange occurs with the environment as the cycle is closed. Compressed gas is heated and 
therefore expands and pushes a piston in a power stroke which transfers energy, work, to the 
crankshaft. The gas is subsequently cooled which implies that the work necessary to compress it 
anew in the following stroke is lesser than the work extracted during the power stroke. In sum, the 
cycle transfers energy in the form of heat to mechanical work that can be used for driving an 
electrical generator (Keveney 2011).  

The thermal efficiency of an ideal Stirling cycle is equal to the thermal efficiency of the Carnot cycle; 
the maximum theoretical thermal efficiency. In reality however, the thermal efficiency is lower than 
this theoretical maximum but Stirling engines have the potential to reach higher efficiencies than 
steam or gas turbine cycles (Salomón, et al. 2011). The thermal efficiency will be determined entirely 
by the difference between the heat source and the heat sink. In order to make the most of the heat 
supplied and thereby increase the temperature in the hot part of the cycle a regenerator is used. A 
regenerator is a type of heat exchanger in which the heat is stored in the exchanger and thereby 
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remains in the system rather than being exchanged with the environment. The regenerator usually 
consists of a mesh of tightly spaced metal sheets to which the gas transfers heat when it passes from 
the high temperature side towards the cold side. In the next stroke, when the cooled gas is pushed 
back towards the hot side, the metal mesh will transfer some of the stored heat back to the gas 
(Keveney 2011). Figure 16 shows a Stirling engine where a heater is used as heat source, water 
cooling provides a heat sink and a regenerator stores part of the heat in the system.  

 

Figure 16: Stirling Engine with Regenerator (modified from Cardozo 2010) 

There are three general types of Stirling engines: the alpha, beta and gamma types. An alpha Stirling 
engine (Figure 16) has two cylinders, one in which heat is transferred from the heat source and 
another giving off heat to the heat sink. A piston connected to the crank shaft moves up and down 
the length of each cylinder as the gas passes from the hot cylinder to the cold cylinder via a 
regenerator (Keveney 2011).  

 

Figure 17: Alpha Stirling Engine (modified from Keveney 2011) 
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Both the beta and gamma type of engines are displacement type of engines. This means that they 
have a displacer which pushes the gas from one temperature level to the other by letting it flow 
through a narrow space between the displacer and the cylinder wall. In theory, no work should be 
carried out by or be done to the displacer:  the piston both compresses the gas and is moved by its 
expansion. In a beta Stirling, the piston and displacer are connected to the same shaft and are 
contained in the same cylinder. In a gamma type engine, the piston and displacer are contained in 
separate cylinders.  The beta type of engine is considered to be the most efficient (Cardozo 2010).   

Most Stirling engines today have a power output of 1 to 75 kWe and electrical efficiencies of 20-40 % 
and in CHP applications their total efficiency is 80-90 % (Salomón, et al. 2011). Stirling engines 
generally operate at a pressure of 150 bar and in the temperature range of 650-700oC (Nyström, et 
al. 2001). Some of their benefits include quiet functioning and low emission levels. Moreover, they 
have good performance at partial load (Salomón, et al. 2011). A key advantage is the low 
maintenance needed: the service interval for a Stirling engine is between 5000 and 8000 hours, much 
longer than for Otto and diesel engines. Moreover, the flexibility in the heat source is another 
important benefit (Muilu and Pieniniemi 2011).  

Although the Stirling engine theoretically can use heat from any combustion process the system is in 
practice limited by constraints on the heat exchanger. The aim in any Stirling engine system is to 
generate as high a temperature as possible in the heat source which in the case of using biomass is 
the furnace. At these desired elevated temperatures, the ashes in the flue gas will melt. The problem 
lies in the fact that when the flue gases come in contact with the cooler heat exchanger, the ashes 
will stick to its surface, a process called fouling. The deposits from fouling reduce the heat transfer 
capacity of the heat exchanger which diminishes the efficiency of the system and ultimately lead to 
corrosion which subsequently reduces the lifetime of the equipment (Cardozo 2010).  In the 
combustion of liquid or gaseous fuels, including liquid gas, the burner can be integrated with the 
engine’s heat exchanger without any greater difficulty as these fuels have very low ash content. 
However, if biomass is to be combusted directly in the furnace it may be necessary to separate the 
ash from the flue gases in order to avoid fouling. For biomass fuels with low ash contents such as 
forestry biofuels, it may be sufficient to adapt the heat exchanger somewhat (Nyström, et al. 2001).     
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4 DESCRIPTION OF THE TWO SAWMILLS IN LA PALMA: LA JAGUA AND 
LA BARÍA 

La Empresa Forestal Integral La Palma (EFI La Palma) is located in Cuba’s westernmost province, Pinar 
del Rio, and belongs to the Grupo Empresarial de Agricultura de Montaña which is a part of the 
agriculture department. With a yearly production surpassing 27 000 m3 sawn timber, the company is 
one of the largest producers of sawn timber in Cuba. In addition to the two largest mills located in 
the municipality of La Palma, La Jagua and La Baría, the EFI La Palma also manages two smaller 
sawmills located in neighboring municipalities: one in Viñales and another one in Los Palacios. 
Moreover, the firm manages large areas where it cultivates pines and eucalyptus: in La Palma alone it 
oversees 27 900 hectares, an area corresponding to 44,6 % of the municipality’s territory, and it also 
has plantations in Viñales and Los Palacios. Additionally, the EFI La Palma manages a coffee farm and 
a pig farm in La Palma (Gutierrez 2012).  

4.1 PRODUCTION AND WOOD RESIDUES 
Both La Jagua and La Baría process wood from pine trees. In La Jagua, the timber stocks originate 
from plantations in nearby Viñales whereas in La Baría, located 16 km further into the municipality, 
sawn timber is produced out of lumber2 from the local plantations in La Palma. In 2001 band saws of 
Spanish origin were installed, placing the mills among the most modern in Cuba. La Jagua, the smaller 
of the two mills with a production of sawn timber of 8400 m3 in 2010, only has one band saw 
whereas La Baría which produced 12 500 m3 in 2010, has two band saws as well as a third circular 
saw. The band saws cut lumber stocks that are 4 m long and have a minimum diameter of 18 cm 
(Rodriguez 2012). Figure 18 is a picture of the process in La Baría.  

 

Figure 18: Lumber Stocks Entering the Band Saws in La Baría 

                                                            
2 In this paper, lumber refers to incoming trees which have not yet been processed in the sawmill whereas 
timber refers to the final, sawn product   
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The end products of both mills are planks and pallets of two different qualities as well as small 
containers for transportation of for examples vegetables. As La Baría has two band saws it is more 
efficient than La Jagua since timber can be sawn simultaneously in two directions (Rodriguez 2012).  

The circular saw at La Baría, shown in Figure 19, is used exclusively to produce pallets and the smaller 
containers. This saw only processes incoming lumber of a smaller size; with a length of 1,25 m and a 
diameter of 10 to 16 cm (Rodriguez 2012).  

 

Figure 19: Circular Saw in La Baría 

Both mills have previously been drying the sawn timber before selling it and therefore have boilers 
and kilns installed. However, as it is no longer deemed economically beneficial to produce high 
quality timber products they have abandoned the drying process and thus produce low quality wood 
products with high moisture content (Hernández 2012). 

Both mills operate between 05.00 in the morning and 17.00 in the afternoon all days of the week and 
run for a total of 300 days per year. La Jagua has 110 employees whereas La Baría has 200 
employees. Each employee works 192 hours per month, as directed by the Cuban government 
(Rodriguez 2012). 

The EFI La Palma is concerned by the fact that the sawdust generated in the milling process is simply 
dumped in two large disposal sites near each of the mills. Figure 20 below is a picture illustrating the 
dumping site for La Baría which can be seen from a distance of several kilometers. The managers are 
well aware of the fact that the sawdust causes local environmental problems and represents a 
wasted resource which they wish to put to use. They are particularly interested in selling electricity 
to the grid. 
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Figure 20: La Baría Sawdust Disposal 

In addition to throwing away the sawdust, the mills make limited use of the other wood residues; 
slabs, edgings and cut-offs. 15 % of the larger residual parts from both mills are sent to a carpentry 
located next to La Baría. Moreover, La Jagua uses some of the residues to produce charcoal. In La 
Baría the unused residues are mixed with the sawdust when transported to the deposit whereas only 
sawdust is transported to La Jagua’s deposit (Lemus 2012). Table 7 shows the projected daily 
volumes of residues generated in each mill for 2011 (Hernández 2012).  

Type of residue (kg/day) La Jagua La Baría 
Sawdust 4950 9920 
Bark 610 1250 
Slab 2360 4830 
Chips 510 1040 
TOTAL 8430 17030 

Table 7: Daily Wood Residues Generated in La Jagua and La Baría (modified from Hernández 2012)3 

Sawdust and bark was collected in La Jagua and sent to the combustion laboratory in Umeå, Sweden, 
for analysis. Table 8 presents the composition of the residues on dry weight basis. The heating values 
are also on dry basis. 

  Ash4 
(%) 

C 
(%) 

H 
(%) 

N5 
(%) 

O 
(%) 

Cl (%) S6 
 (%) 

HHV7 
(MJ/kg) 

LHV7 
(MJ/kg) 

Sawdust 0,3 51,5 6,1 <0,1 42,0 <0,01 <0,01 20,83 19,50 
Bark 0,1 56,1 5,6 0,1 38,1 0,02 <0,01 22,02 20,80 

Table 8: Composition of Sawdust and Bark from La Jagua (Bränslelaboratoriet 2012) 

                                                            
3 The EFI La Palma provided information about the quantities of wood residues generated in the form of 
volumes. These quantities are here expressed as masses as this was deemed to give increased readability to 
the report. Appendix 11.1 provides information about the assumptions made and calculations carried out in 
the conversion from volumes to masses.                   
4 Ash content at 550oC  
5 Contents of C, H, N at 1050oC 
6 S content at 1350oC 
7 With ash 
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The exact moisture content of the residues has not been calculated but it is assumed to be 50 % 
based on the fact that fresh wood is processed. 

4.2 ENERGY USE 
Both mills operate from 5.00 to 17.00 all days of the week and are connected to the national grid 
from which they draw electricity at 440V and 60 Hz. Although blackouts are no longer seen as a 
problem, both mills have a grupo electrógeno which were installed in 2002 as back-up power. These 
electricity generating units were bought from the Spanish manufacturer Electro Molina S.A. and 
consist of a Volvo Penta diesel motor and an electricity alternator. The generators broke down in 
2009 and have still not been repaired although contact has been made with GEYSEL, the agency 
which is responsible for all state owned grupos electrogenos and it is believed that they are not 
seriously damaged (Hernández 2012). The diesel generator in La Jagua has a nominal power output 
of 276 kW and 345 kVA (power factor of 0,8)  at 1800 rpm. In La Baría, the diesel generator has a 
nominal power output of 504 kW and 630 kVA (power factor of 0,8) at 1800 rpm.  

The 2011 projection for La Baría was a maximum daily electricity consumption of 549 kWhe with a 
peak load of 425 kWe in 2010. Despite producing less sawn timber, La Jagua was expected to have a 
higher electricity consumption with a maximum daily consumption of 853 kWhe and a peak load of 
412 kWe. The reason for La Jagua’s elevated electricity use is the fact that it only has one band saw, 
which must be used to saw in two directions whereas the process in La Baría is more efficient as 
there are two band saws which constantly saw lumber in the same direction. Moreover, in La Jagua, 
sawdust is removed with a 45 kW fan whereas in La Baría a more efficient band extractor of 20 kW is 
used to remove the sawdust. In both mills, the peak load is expected in the afternoon between 15.00 
and 17.00. Information regarding the duration of the peak load is not available, it is simply known 
that this load occurs in the time interval between 15.00 and 17.00(Hernández 2012).  

As mentioned previously, the mills currently have no heat demand. Nevertheless, they each have a 
boiler and a kiln for wood drying. In La Baría, the boiler bought in 2002 from Spanish manufacturer 
Vulcano-Sadeca S.A. is designed for running on biomass from waste from olives used for producing 
olive oil and with this fuel it has a nominal capacity of 697,8 kW. When in use, the boiler was fired 
with sawdust and therefore had a lower capacity. The working pressure is 4 bars and the maximum 
temperature of the water is 100 oC. No detailed data could be collected for the boiler in La Jagua but 
it was reported to be smaller than the one in la Baría with similar working pressure and temperature. 
In both sawmills, 15 liters of diesel per day is used for removal of wood residues. Table 9 summarizes 
key data for the two mills (Hernández 2012): 
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  La Jagua La Baría 
Yearly production (m3)  8400   12500  

Saws  1 band saw  2 band saws 
1 circular saw 

Operating hours  05.00-17.00   05.00-17.00 
Operating days   300   300 
Employees 110 200 
Total daily electricity consumption (kWh)  853  549  
Average daily electricity consumption (kWh) 71  46  
Peak electrical load (kW)  412   425  
Diesel engine (kW) 276  504  
Daily diesel volume for removal of residues (l) 15  15  

Table 9: Key data for La Jagua and La Baría(Hernández 2012) 
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5 POTENTIAL FOR ELECTRICITY GENERATION IN LA JAGUA AND LA 
BARÍA 

The first step in assessing the potential for power production in La Jagua and La Baría was to 
determine which technique would be most suitable. Although both plants have boilers installed, 
these boilers are only suitable for heating water and cannot be used for steam generation and 
electricity production without extensive refurbishing of the heat exchangers, if at all possible. 
Moreover, the literature review indicates that small-scale steam cycles have low profitability and are 
not standardized. Most importantly, although La Jagua has a small river running nearby, both mills 
lack access to cooling water which is necessary in a steam cycle. Therefore, it was decided that the 
steam cycle alternative would not be further evaluated. 

As the Stirling engine alternative presents a very high investment cost, it was deemed not to be an 
economically feasible alternative and was also excluded from further evaluation. 

Instead, the option of a downdraft gasifier connected to an internal combustion engine was selected 
as the main alternative. This gasifier type suits the daily amount of residues produced and can 
effectively be combined with the diesel engines installed in the mills.  As both plants already have 
diesel generator sets in place, the EFI La Palma already owns part of the equipment necessary for 
electricity production from this technique. Moreover, there are other cases in Cuba where wood 
biomass is gasified to fuel internal combustion engines. Although these systems are smaller than La 
Jagua and La Baría, the fact that the technology is starting to emerge in the country makes it 
particularly suitable due to the potential for knowledge transfer. Lastly, internationally, this 
technique is very well established in small-scale CHP applications with access to woody biomass.  

In order to provide detailed information about a specific gasification system which would be 
compatible with the EFI La Palmas diesel generators, contact was made with Indian gasifier 
manufacturer Ankur. Thus, the existing diesel generators are used for dimensioning the rest of the 
energy system. The reason Ankur was selected is that this company has extensive experience in 
installing gasification systems around the world and has expert knowledge in the field. Moreover, as 
mentioned in 3.1.3, Ankur has installed two existing wood biomass gasification systems in Cuba and 
thereby has previous experience working with the country. 

5.1 DESCRIPTION OF GASIFIER SYSTEM  
Despite the fact that the mills currently only operate for 12 hours per day, it is assumed that 
organizational changes can be implemented in order for the electricity production to take place 
continuously all 24 hours of the day. This is to avoid losses from starting up the gasifier. Moreover, 
the system has been designed to continuously produce the same amount of electricity. Depending on 
the mill’s electricity demand at different times of the day, this may or may not be enough to meet 
the demand. If an excess of electricity is generated, it will be sold to the grid. If there is an electricity 
deficit, the necessary amount of electricity will be bought from the grid. As mentioned previously, 
the dimensioning of the system is done with regards to the existing diesel generators. This is deemed 
a suitable dimensioning method as the amount of fuel available could potentially be increased by for 
example collecting the residues generated when cutting down the trees whereas the size of the 
existing generators is fixed. 
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The investigated gasification system consists of four different operations which are schematically 
illustrated in Figure 21 

 

 

Figure 21: Mass and Energy Flows Through Gasifier System 

As seen in the figure, the processes are: 

- Fuel preparation: Neither the sawdust nor the slabs can be directly placed in the gasifier 
reactor. Indeed, both must initially be processed in order to make the gasification as efficient 
as possible. The slabs must be chopped in a chopping machine in order to become smaller 
and homogeneously shaped: they are transformed into wood blocks. The sawdust on the 
other hand, must be briquetted to obtain a higher density and gasification properties similar 
to that of the other wood residues (Gujara 2012). It is assumed that the size and shape of the 
wood chips and bark is adequate for gasification and that they therefore do not need to be 
further processed. Although bark can cause high levels of dust in the producer gas, the 
laboratory test results presented in Table 8 show that the bark from the pine trees in La 
Palma has low ash content and it will therefore be used as fuel (Solar Energy Research 
Institute 1988).  All incoming fuels must be dried as the initial moisture content is too high 
for the gasifier. According to Ankur, the maximal acceptable level of moisture in the WBG 
gasifiers is 20 % (Gujara 2012). 
The fuel preparation is an electricity consuming process and will therefore lower the overall 
output from the system. With regards to drying the fuel, it is possible to make use of the 
waste heat from the gas cooling process and the hot exhaust gases from the engine by 
means of one or several heat exchangers.  
The input in this process is sawdust, large, heterogeneous wood residues, wood chips and 
bark with high moisture content. The output is briquettes and small wood blocks as well as 
bark and wood chips with a moisture content of 20 % (Gujara 2012). 



41 
 

 
-  Gasification: this is the core process in the fuel transformation. Both gasifiers selected to fit 

the two engines are from Ankur’s wood biomass gasifier (WBG) series of downdraft gasifiers 
and the detailed offer for these two gasifiers can be found in Appendix 11.2. For La Jagua, 
the WBG 250 with a maximum fuel consumption of 225 kg wood per hour was selected and 
for La Baría, the WBG 400 with a maximum fuel consumption of 360 kg wood per hour was 
selected. The model numbers (250 and 400) indicate the suggested maximum output in kWe 
when connected to an Otto engine and the selected models are judged to be the best fit for 
the 276 and 504 kWe diesel engines in place. The gasification process consumes heat and 
therefore uses up a part of the energy contained in the fuel. Its inputs are wood briquettes 
and wood chips whereas the output is hot producer gas. 
 

- Gas cleaning and cooling: as mentioned in 3.3.2, the producer gas must be cleaned and 
cooled before it can be used in the diesel engine. The central components of the gas cleaning 
system are a cyclone, a scrubber, a wet blower, a separation box, a heat exchanger and a 
series of three filters.   
The cleaning and cooling process needs electrical power for the wet blower which moves the 
gas through the entire system (Solar Energy Research Institute 1988). Moreover, electrical 
power is needed to refrigerate water that is used to cool the producer gas to 25oC (Gujara 
2012). The input to the process is hot producer gas which contains dust and tars and the 
output is cold clean producer gas. Moreover, heat can be extracted when cooling the gas . 
 

- Electricity generation: this process was also described in 3.3.2 and will use the 276 kW diesel 
engine in La Jagua and the 504 kW diesel engine in La Baría which are both connected to 
electricity alternators. The engines will have to be run on dual fuel mode with a diesel 
replacement of between 50 % and 75 % according to Ankur’s offer. For the best replacement 
figures, they should be run at 75 % of nominal capacity (Gujara 2012). The process’ input is 
clean, cold producer gas and its output is heat and electricity.   

5.2 ENERGY MODELING OF THE GASIFICATION SYSTEM 
All equations used are presented in this section. The calculations were performed using Matlab and 
the code used can be found in Appendix 11.4. 

5.2.1 FUEL PREPARATION 

With regards to fuel preparation, sawdust, slabs, bark and wood chips must be considered 
separately. All types of wood residues must be dried, a process that requires heat. The sawdust and 
slabs must then be further prepared by being briquetted or cut; processes which require electrical 
power and labor for operating the briquetting and cutting machines. In contrast, bark and wood 
chips do not require any electrical power in the preparation step.  

DRYING 
The heating calculations are based on the following assumptions: 

- Wood fuel drying will take place 24 hours per day because it is feasible to install a heat 
exchanger that makes use of the heat which must be removed from the producer gas coming 
out of the gasifier and it should therefore operate when the gasifier is operating. The 
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assumption that it is possible to use a heat exchanger is based on previous examples in the 
literature study, for example in the study by Kjellström et al (1987). 

- The volume of dry wood residues is equal to the volume of wet residues and therefore, the 
mass of the residues at 0 % moisture content, mtotal 0%, can be calculated using known dry 
densities from the literature and the volumes at 50 % provided by EFI La Palma. This dry daily 
mass is calculated with equation (5.1) where i refers to the type of wood residue which were 
presented in 4.1. 

 0%total i i im Vρ= ∑ ⋅  (5.1) 

- All wood fuel types have an initial moisture content of F1 = 50 % and are dried to F2 = 20% 
which is the maximum acceptable moisture level for WBG gasifiers (Gujara 2012). Therefore, 
the daily heat needed to dry the fuel, Qfuel processing,  is determined with equation (5.2) where 
rH2O is the mean value for heat of vaporization, 2,44 MJ/kg H2O at 25ºC (SPG 2010). 

 2 0%
1 2

1 1( )
1 1fuel processing H O totalQ r m

F F
= ⋅ ⋅ −

− −
 (5.2) 

Moreover, the thermal power needed is given by equation (5.3) where tdrying, the time it takes 
to dry the mass, initially is set to 24 hours (86 400 seconds): 

   
fuel processing

fuel processing
drying

Q
Q

t
=  (5.3) 

- Ankur states that the volume flows out of the gasifiers, �̇�gas norm, is 560 Nm3/hour in La Jagua 
and 900 Nm3/hour in La Baría and the outgoing temperature is set to Tgas,1 = 400oC as Ankur 
states that the value is between 300 oC and 500 oC (see Appendix 11.2). It is assumed that the 
gas can be cooled with an air heat exchanger to Tgas,2 =50 oC.  

- In order to calculate the heat contained in the exiting gas, the specific heat of the gas must 
be determined. The gas components are assumed to have the relative volume and specific 
heat shown in Table 10 and the specific heat of the total gas is calculated using equation (5.4)
where j is he specific gas component.  

 CO H2 CO2 N2 CH4 H2O 
Volume Share in % 18 18 8 47 2 7 
Specific heat in kJ/m3K at (250oC)8 1,3 1,3 1,8 1,3 1,8 1,5 

Table 10: Volume Share and Specific Heat of he Components of the Producer Gas (Turare 1997; Wester 1998) 

 
, ,p gas p j j

j
c c VolumeShare= ⋅∑  (5.4) 

- Moreover, the volume of the gas at the mean temperature of 250 oC must be determined. 
This volume, �̇�gas250, is calculated with equation (5.5) which is derived from the ideal gas law 

                                                            
8 The specific heat of each component was taken at 250oC as this is the mean of the assumed entering and 
exiting temperatures of the producer gas 
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(as the gasification takes place at atmospheric pressure, the pressure is the same throughout 
the process) and where Tnorm is standard temperature at normal conditions, 0 oC. The 
temperatures must be converted to Kelvin in the equation.  

 250
250

o C
gas gas norm

norm

T
V V

T
= ⋅   (5.5) 

- The thermal power in the outgoing gas is determined with equation (5.6)  

 250 , ,1 ,2( )gasout gas p gas gas gasQ V c T T= ⋅ ⋅ −   (5.6) 

- The heat in the outgoing gas is assumed to be transferred to the air going into the kiln. This 
air is assumed to have obtained a temperature of Tair,1= 350oC after the heat exchanger. It is 
assumed to have a temperature of Tair,2=100 oC when it leaves the kiln. The volume flow of air 
necessary to dry the fuel, �̇�air, is determined with equation (5.7) where the density ρair is set 
to 0,74 kg/m3 (the average of the air densities at 300oC and 100 oC) and the specific heat of 
the air, cp,air , is set to 1,0 kJ/(kg K) (Havtun 2010). 

 
, ,1 ,2( )

gasout
air air

p air air air

Q
V

c T T
ρ= ⋅

⋅ −



  (5.7) 

- The electrical power needed to drive the fan necessary to move the air is calculated using 
equation where f, the specific fan power, is set to 1,5 kW/m3s-1 which is the average value 
found by Nilsson (1995). 

 fan airP f V= ⋅   (5.8) 

- After the fuel has been dried, the mass amount of fuel available for further processing and 
use in the gasifier is given by equation (5.9).  

 0%
20%

21
total

total
mm

F
=

−
 (5.9) 

BRIQUETTING AND CUTTING 
The modeling of the briquetting and wood cutting systems is based on the following initial 
assumptions : 

- All the sawdust available in each mill is briquetted and all the available slabs in each mill are 
cut on a daily basis after having been dried. The quantities in kg are referred to as msawdust 20%  

and mslabs 20 % and are calculated using the initial volumes, the dry bulk densities and equation 
(5.9).  

- The briquetting and cutting only takes place for six hours each day, between 06.00 and 12.00, 
and process the sawdust and slabs generated during the previous day. A stock corresponding 
to one day’s fuel processing production is initially built up so that there is some leeway 
between the fuel processing and the fuel input to the gasifier. The fuel stock increases the 
flexibility of the system and serves as a safety buffer if the briquetting or cutting machine 
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should break down since the gasification process still can be maintained for 24 hours after a 
break down. This setup is deemed to be more efficient from an operational point of view 
than having the preparation processes run 24 hours per day. It is chosen to prepare the fuel 
in the morning in order to avoid the peak electrical load of the mill which occurs in the 
afternoon (15.00 to 17.00, see 4.2).   The hourly mass flow of briquettes and wood blocks out 
from the machines is determined by equations (5.10) and (5.11) where tpreparation is set to six 
hours.  

 
20%sawdust

briquetting machine
preparation

m
m

t
=  (5.10) 

 
20%slabs

wood cutting machine
preparation

m
m

t
=  (5.11) 

- Briquetting and wood cutting machines are selected based on the hourly mass flows of 
briquettes and wood blocks. The amount of electrical power needed to run the machines, 
Pbriquetting and Pwood cutting, is then determined based on this selection and the total electrical 
load for the fuel processing is calculated with equation (5.12). The daily electrical energy 
demand is calculated with equation (5.13) 

 fuel processing briquetting wood cuttingP P P= +  (5.12) 

 fuel processing fuel processing preparationE P t= ⋅  (5.13) 

- As in the case of the gasifier system in Indio Hatuey, the slabs will be chopped up into wood 
blocks with a length of 8-10 cm and a diameter of 5-7 cm (Martín 2012). The briquettes are 
assumed to have a similar size with a length of 10 cm and a diameter of 7,5 cm (Solar Energy 
Research Institute 1988). 

MASS FLOWS AND ENERGY CONTENT OF THE FUEL ENTERING THE GASIFIER 
As mentioned previously, it is assumed that the gasifier operates 24 hours per day. The hourly mass 
flow for each type of dried wood fuel is therefore given by equations (5.14), (5.15), (5.16) and (5.17)
respectively: 

 20% 24
preparation

briquettes briquetting machine

t
m m= ⋅   (5.14) 

 20% 24
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m m= ⋅   (5.15) 
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The total hourly mass fuel flow into the gasifier is given by equation (5.18) but is limited by the 
maximum flows that the gasifiers can handle; 225 kg/hour and 360 kg/hour in La Jagua and La Baría 
respectively (see Appendix 11.2). 

 20% 20% 20% 20% 20%total briquettes wood blocks bark wood chipsm m m m m= + + +      (5.18) 

Because the LHV given from the laboratory results presented in Table 8 corresponds to dry fuel 
(LHV0%) the LHV at 20 % moisture content must be calculated using equation (5.19) where F2 = 20%  
and rH2O is the mean value for heat of vaporization, 2,44 MJ/kg H2O at 25ºC (SPG 2010).  

 20% 0% 2 2 2(1 ) H OLHV LHV F r F= ⋅ − − ⋅  (5.19)   

Equation (5.19) is used to calculate the LHV of sawdust and bark at 20 % moisture content, LHVsawdust 

20%  and LHVbark 20 %. In order to calculate the total LHV of the fuel, it is assumed the briquettes, the 
wood blocks and the wood chips all have the same LHV as sawdust. Thus, the LHV of the fuel mix 
going into the gasifier is calculated with equation (5.20): 

20% 20% 20% 20%
20% 20% 20%

20% 20%

briquettes wood blocks wood chips bark
fuel sawdust bark

total total

m m m m
LHV LHV LHV

m m
+ +

= ⋅ + ⋅
   

 

 (5.20) 

5.2.2 GASIFICATION AND GAS COOLING 

The LHV of the producer gas can be calculated using equation (5.21) where the volume share is on 
dry basis (Compedu 2006).  

 ( )gas gascomponent gas componentLHV LHV VolumeShare dry= ⋅∑  (5.21) 

The relative share was taken from Ankur’s proposal, which can be found in Appendix 11.2, whereas 
the LHV of each component was taken from the gasification chapter in Compedu (2006). Table 11 
summarizes the input data:  

 CO H2 CO2 N2 CH4 

Volume Share (dry)gas component (%) 20 19 9 50 2 
LHVgas component (MJ/m3) 12,6 10,8 0 0 35,9 

Table 11: LHV and Volume Share from Producer Gas (Ankur 2012; Compedu 2006) 

For basis of comparison with the rated volume flows, the volume of gas generated is calculated with 
equation (5.22) by using a cold gas efficiency, ηCG of 75 %, which is given in Ankur’s proposal, 

attached in Appendix 11.2 (Compedu 2006).  

 
20% 20%CG total fuel

dry gas produced
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V

LHV
η ⋅ ⋅

=


  (5.22) 

The cleaning process is electricity consuming, mainly because a wet blower must provide energy to 
move the gas through the system. This electrical load is denoted as Pclean. According to Ankur, the 
WBG 250 system to be installed in La Jagua has an electrical load of 15 kWe and the WBG 400 system 

to be installed in La Baría has an electrical load of 21 kWe (see Appendix 11.2).    
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5.2.3 ENGINE FUEL CONSUMPTION 

As no records exist of the diesel engines’ previous diesel volume consumption, this consumption is 
calculated by using the value of 0,234 kg/kWh, referred to as cmass, and a density of ρdiesel=0,912  kg/l 
which are used as reference by the Cuban government (Dirección de Energía Renovable MINEM 
2012). Thus, the standard diesel volume consumed per kWhe is calculated with equation (5.23) : 

 mass
diesel standrd

diesel

cc
ρ

=  (5.23) 

The diesel engine is run in dual mode and only part of the diesel consumption is replaced.  The new 
consumption of diesel per kWhe depends on the level of replacement and is calculated using 
equation (5.24). According to Ankur, the replacement level, r, will be between 50 % and 75 %. 
Therefore, three different replacement levels, 50 %, 60 % and 75 % are evaluated in the main model.  

 (1 )diesel dual diesel standardc r c= − ⋅  (5.24) 

Ankur which has developed the cleaning system central to the power output from the engine (see 
literature study 3.3.2), states that the power output from running the diesel engine in dual mode is 
the same as the rated output of the engine running solely on diesel. Therefore, it is assumed that the 
power output in dual mode will be the same as the rated outputs Pengine, 276 kWe and 504 kWe in La 
Jagua and La Baría respectively. Thus the hourly diesel volume flow to the engine running in dual 
mode is given by equation (5.25) 

 diesel dual diesel dual engineV c P= ⋅  (5.25) 

5.2.4 ELECTRICITY GENERATION AND CONSUMPTION 

The overall power output from the system, Pout , will have two possible values during the day 
depending on whether fuel is being processed (between 06:00 and 12:00) or not and is calculated 
with equation (5.26) where Δt is the time interval. 

 ( ) ( )out engine fan fuel processing cleanP t P P P t P∆ = − − ∆ −  (5.26) 

The instantaneous load varies during the day. However, this instantaneous load variation is 
unknown. The daily electrical consumption (853 kWhe in La Jagua and 549 kWhe in La Baría) and the 
peak load (412 kW and 425 kW) are nevertheless known (see section 4.2). It is also known that the 
mill operates between 05:00 and 17:00 and that the heaviest electrical load is concentrated between 
15:00 and 17:00 (although the duration of the peak load is unknown). Based on these facts, the 
instantaneous load Pmill is assumed to be the one presented in Table 12 : 
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Time interval Δt n La Jagua (kW) La Baría (kW) 
05:00-06:00 1 44  17  
06:00-12:00 2 44  17  
12:00-15:00 3 44  17  
15:00-16:00 4 124  124 
16:00-16:15 5 412  425 
16:15-17:00 6 247  255 
17:00-05:00 7 0  0 

 Table 12: Assumed Instantaneous Electrical Load 9 

 The electrical power balance for each time interval Δtn is determined with equation (5.27). If Pdiff is 
positive, electricity can be exported to the grid whereas electricity must be bought if Pdiff is negative. 

 ( ) ( ) ( )diff n out n mill nP t P t P t∆ = ∆ − ∆  (5.27) 

The amount of electrical energy that is sold or bought from the grid will be different in different time 
intervals. The calculation of the electrical energy is based on the assumptions made about the mill’s 
instantaneous loads and the schedule for fuel processing.  For each interval Δtn, the electrical energy 
in excess or deficit is determined with equation (5.28):  

 ( ) ( )el n diff n nE t P t t∆ = ∆ ⋅∆  (5.28) 

The electricity balance over a whole day, the amount of electricity which can be sold to the grid, is 
calculated with equation (5.29): 
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=

=

= ∆∑  (5.29) 

The yearly amouont of electricity which can be sold to the grid is given by equation (5.30)where 
noperating is the number of operating days per year: 

 el year operating el dayE n E= ⋅  (5.30) 

5.3 ECONOMIC CALCULATIONS FOR THE GASIFICATION SYSTEM 
In the economic model, all costs and revenues are calculated in US dollars (USD). Despite the fact 
that Cuban companies use a conversion rate of one convertible peso (CUC) to one Cuban peso (CUP), 
this conversion rate will not be used in this thesis as it does not reflect real economic value.  Instead, 
a conversion rate of 25 CUP to 1 USD is used. 

5.3.1 INVESTMENT COST OF THE GASIFICATION SYSTEM 

The investment cost of the gasifier and the cleaning system is given in the offer from Ankur (see 
Appendix 11.2) and is referred to as Cgas. The WBG 250 system to be used in La Jagua has a cost of 
199 150 USD whereas the WBG 400 system to be used in La Baría costs 240 090 USD10. Additionally, 
investments in fuel preparation equipment are needed. Cbriquettes refer to the cost of a briquetting 
                                                            
9 Even though the loads are the same between 05:00 and 12:00, this time interval is divided into three as the 
power output is different during this time.  
10 Using a conversion rate of 51,7 Indian Rupies to 1,00 USD (Coin Mill 2012) 
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machine and Cwood chopper refers to the cost of a wood chopper. These costs will be determined from 
the choice of briquetting and wood cutting machines which are chosen based on the masses to be 
processed (see 5.2.1).   

Moreover, an additional cost for installation and for parts such as storage tank for cool water, 
insulation and wiring will emerge. As exact information about the cost of these components was 
difficult to find, it was assumed that this cost, referred to as Cadditonal, amounts to 10 % of the main 
investment cost Cgas .  The investment cost is calculated with equation (5.31) and in the sensitivity 
analysis, it will also be determined for the case of the additional cost amounting to 5 % and 20 % of 
the main investment cost.  

 investment gas briquetting wood cutting additionalC C C C C= + + +  (5.31) 

5.3.2 NET PRESENT VALUE OF THE GASIFICATION SYSTEM   

The operating cost, Coperating, as well as the savings, S, and revenue, R, generated from the gasification 
system must be determined in order to calculate its net present value. These values are determined 
on a daily basis. Then, using a yearly discount rate d of 5 % which corresponds to the Cuban inflation 
rate in 2011 and an assumed lifetime tlifegas of 20 years, the net present value is calculated with 
equation (5.32) where noperating is the number of operating days per year (CIA 2012). 
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+∑  (5.32) 

OPERATING COST 
The operating cost for the new system includes the cost of diesel and increased labor cost. The price 
of diesel, pdiesel, is set to the pump price of diesel, 1,24 USD per liter (Trading Economics 2012). The 
daily cost of diesel is therefore calculated with equation (5.33): 

 24diesel diesel diesel dualC p V= ⋅ ⋅  (5.33) 

It is assumed that the systems can each one be run by a team of two employees. Thus, the number of 
new employees necessary at each mill is determined with equation (5.34) where tlabor is the number 
of hours an employee works every month and where nempl is rounded up to the nearest integer.  A 
month is assumed to have 30 days and the system is assumed to operate 24 hours per day. 

 2 24 30
empl

labor

n
t
⋅ ⋅

=  (5.34) 

The daily additional labor cost is calculated with equation (5.35) where w is the monthly wage of one 
employee, here assumed to be 12 USD (Gustafsson 2011). 
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⋅
=  (5.35) 

The total operating cost is thus determined as the sum (5.36):  
 operating diesel laborC C C= +  (5.36) 



49 
 

SAVINGS 
The savings from the gasification system are primarily due to the reduction of the amount of 
electricity which has to be bought from the grid.  The electricity price used in the main model, pel  is 
0,13 USD/kWhe which corresponds to the current subsidized price found in the literature study (see 
3.1.2). The reduction in electricity which must be bought is the difference between the electricity 
need of the mill, Emill, presented in section 4.2 and the amount of electricity which still must be 
bought from the grid which corresponds to the absolute value of the sum of the electrical energies 
found to be negative in equation (5.28)     

 .( ( ))el el mill el neg nS p E E t= ⋅ − ∆  (5.37) 

Moreover, savings are obtained from the elimination of transports to and from the disposal sites. The 
eliminated diesel fuel costs lead to the savings calculated in equation (5.38) where pdiesel is the diesel 
price and Vdiesel removal is the daily volume of diesel used in each mill to remove the residues presented 
in section 4.2.  

 diesel diesel diesel removalS p V= ⋅  (5.38) 

The total savings from the gasification system are given in equation (5.39) : 

 el dieselS S S= +  (5.39) 

REVENUE 
The revenues from the system are calculated with equation(5.40): 

 el el dayR p E= ⋅  (5.40) 

5.3.3 PAYBACK TIME FOR THE GASIFICATION SYSTEM 

The number of whole years after which the investment will be paid back, i.e. the minimal lifetime the 
system must have for the investment to be profitable tlife min, is given by equation (5.41). 

 ( )lifemin investmentNPV t C≥  (5.41) 

   

5.4 ENVIRONMENTAL CALCULATIONS 
The yearly reduction in CO2 emission is calculated with equation (5.42) where the emission rate eco2 
is set equal to the Cuban average from 2009 of 0,75 kg CO2/kWhe (IEA 2011). Thus, in a simplifying 
manner, the emissions from the diesel combustion is here assumed to be the same as the emissions 
from the general Cuban fuel mix.  

 
2 2 .(( ) (1 ) ( ))CO operating co el day mill el neg nm n e E E r E t = ⋅ ⋅ + ⋅ − − ∆   (5.42) 
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6 RESULTS 

6.1 ENERGY MODELING 
The results are presented in the same order they were explained in the model.  

6.1.1 FUEL PREPARATION 

DRYING 
The results for the first step of the fuel preparation, the drying to 20 % moisture content, are 
summarized in Table 13. The specific heat of the outgoing gas which will be used to dry the wood 
residues, cp,gas, is found to be 1,37 kJ/(m3K).  

 La Jagua La Baría 
mtotal 50 % (kg) 8430  17030  
 mtotal 20 % (kg) 5270 10650  
 Qfuel processing (kWh/day) 2140  4330  
�̇�gas250 (m3) 1073 1724 
 �̇�fuel processing (kW) 90  180  
 �̇�gasout(kW) 140 230 
 Pfan (kWe) 0,6 1,0 
 Table 13: Daily Heat and Mass Flows for Fuel Drying  

Here, it can be seen that the thermal power in the outgoing gas is more than enough to dry the fuel 
to a moisture level of 20 %. In fact, there is a heat excess of 50 kW in both mills that could perhaps be 
used for drying the sawn timber before selling it. Moreover, it should be noted that the electrical fan 
power needed is relatively very small. 

BRIQUETTING AND CUTTING 
The results for the briquetting and wood cutting calculations are shown in Table 14.  

 La Jagua La Baría 
�̇�briquetting machine (kg/hr) 515  1032 
�̇�woodcutting machine(kg/hr) 246  503  
Pbriquetting (kW) 35  40  
 Pwood cutting (kW) 5,6 5,6  
 Efuel processing (kWh/day) 244 274  
Table 14: Electrical Power and Energy Needed for Briquetting and Cutting 

As has been previously explained, the briquetting and wood cutting machines were selected based 
on the mass flows found. The briquetting machines selected with the help of Ankur are two JUMBO-
9075 machines from the Indian company Jay Kodiyar Group. This machine is designed for a mass flow 
of 1200 to 1500 kg per hour which is higher than the briquetting mass flows in both mills. 
Nevertheless this machine was deemed suitable as it could process the sawdust directly without 
needing to break it down into powder which was the case of the smaller machine proposed by the 
manufacturer (see Appendix 11.3). As the JUMBO 9075 has an electrical load varying between 35 and 
40 kW the lower value was chosen for further calculations in La Jagua and the upper value was 
selected for La Baría. Better usage of the briquetting machine through reduced preparation time will 
be discussed in the sensitivity analysis in section 7. The offer from Jay Kodiyar Group which was 
recommended by Ankur can be found in Appendix 11.3. 
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The wood cutting machine selected is Ankur’s Biomass Cutter Model MB5-250 for both mills. This 
model can cut approximately 400 kg of woody biomass per hour which is about 150 kg per hour more 
than what is needed in La Jagua and about 100 kg per hour less than needed in La Baría.  

MASS FLOW AND ENERGY CONTENT OF THE FUEL ENTERING THE GASIFIER 
Table 15 summarizes the mass flows of the different wood residues after they have been processed. 

 La Jagua (kg/hr) La Baría (kg/hr) 
�̇�briquettes 20% 129 258 
�̇�woodblocks 20% 62 100 
�̇�wood chips 20% 16 33 
�̇�bark 20% 13 27 
�̇�total 20% 220 41 
Table 15: Mass Flows of the Different Processed Wood Residues 

It should be highlighted that the total hourly mass flow in La Jagua, 220 kg per hour, is close to the 
maximal flow of the WBG 250 gasifier, 225 kg per hour. In contrast, in La Baría the total hourly mass 
flow of 417 kg per hour is greater than the maximal inflow to the WBG 400 gasifier, 360 kg per hour. 
In La Jagua, an additional 8 kg of wood fuel could be fed to the gasifier, a number which corresponds 
to an additional 133 kg of fuel per day. In La Baría, 58 kg of fuel per hour cannot be used in the 
gasifier, a number which corresponds to 1388 kg per day.  

The LHV of the wood fuel mixture is found to be 15,2 MJ/kg which is a reasonable value compared to 
the information found in the literature study (see section 3.2.1).  

6.1.2 GASIFICATION AND GAS COOLING 

The LHV of the gas is found to be 5,29 MJ/m3 which is a reasonable value as the heating value of 
producer gas at standard temperature and pressure usually lies between 4 and 8 MJ/m3 (see section 
3.2.3). 

 Table 16 presents the dry producer gas volume flow that could theoretically be produced in WBG 
250 in La Jagua and WBG 400 La Baría given the cold gas efficiency of 75 % stated by the 
manufacturer Ankur as well as the rated gas flows.  

 La Jagua (Nm3/hr) La Baría (Nm3/hr) 
�̇�dry gas produced 473 899 
�̇�rated 563 900 
Table 16: Producer Gas Volume Flows 

It can be seen that the dry gas flow in La Baría, 899 Nm3 per hour, is very close to the rated flow of 
900 Nm3 per hour. This is perhaps somewhat surprising as the wood mass flow used to calculate the 
volume of produced gas, 417 kg per hour, exceeds the maximal possible wood fuel inflow to the 
gasifier, 360 kg per hour. The total gas volume flow out of the gasifier would in fact be greater than 
the rated flow if all the wood fuel was used. However, because the calculated gas flows are on dry 
basis whereas the rated flows include water vapour the calculated gas flows are lower than the rated 
ones for same fuel input. In fact, when using the maximal mass inflow to WBG 400, 360 kg per hour, 
the dry producer gas volume is found to be 776 m3 per hour.  
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6.1.3 ENGINE FUEL CONSUMPTION 

The consumption of diesel at different producer gas replacement levels is presented in Table 17. 

Replacement 50 % 60 % 75 % 
Diesel consumption l/kWh 0,13 0,10 0,06 
Table 17: Diesel Consumption at Different Replacement Levels 

Table 18 shows the hourly diesel consumption at different producer gas replacement levels in the 
two mills. 

Replacement La Jagua (l/hr) La Baría (l/hr) 
50 % 35 65 
60 % 28 52 
75 % 18 32 
Table 18: Hourly Diesel Consumption at Different Producer Gas Replacement Levels 

6.1.4 ELECTRICITY GENERATION AND CONSUMPTION 

Table 19 summarizes the electrical output from the electricity generating system in La Jagua at 
different times as well as how much is left after power has been supplied to the mill. The electrical 
energy that can be sold to the grid for each time interval is also presented. Over an entire day, the 
total amount of electricity that can be sold to the grid is 5160 kWhe. This corresponds to 1,5 MWhe 
that can be sold to the grid in one year. It should be highlighted that for the peak load between 16:00 
and 16:15 electricity must be bought from the grid.  

 LA JAGUA   
Time interval  Pout (kW) Pdiff (kW) Eel (kWhe) 
05:00-06:00 261  217  217  
06:00-12:00 220  176  1057  
12:00-15:00 261  217  650  
15:00-16:00 261  137  137  
16:00-16:15 261  -151  -38  
16:15-17:00 261  14  10  
17:00-05:00 261  161 3128  
Table 19: Electrical Power and Electricity Output in La Jagua 

Table 20 presents the corresponding data for La Baría. The daily amount of energy that can be sold to 
the grid in the larger mill is 10 714 kWhe which corresponds to 3,2 MWhe per year. The system is 
completely self-sufficient as no energy needs to be bought from the grid.  

 LA BARIA   
Time interval  Pout (kW) Pdiff (kW) Eel (kWhe) 
05:00-06:00 482  465  466  
06:00-12:00 437  420  2519  
12:00-15:00 482  465  1396 
15:00-16:00 482  358  359  
16:00-16:15 482  57  14  
16:15-17:00 482  227 17  
17:00-05:00 482  482 5790  
Table 20: Electrical Power and Electricity Output in La Baría 
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6.2 ECONOMIC CALCULATIONS 

6.2.1 INVESTMENT COST OF GASIFICATION SYSTEM  

The investment cost for the gasification system in La Jagua is found to be 273 580 USD and the 
investment cost for the gasification system in La Baría is found to be 318 610 USD.  

6.2.2 NET PRESENT VALUE OF THE GASIFICATION SYSTEM 

The net present value of the gasification systems at an electricity price of 0,13 USD/kWh and a yearly 
discount rate of 5 % is presented in Table 21. 

Replacement La Jagua (USD) La Baría (USD) 
50 % -941 000  -1 662 000  
60 % -153 000  -223 000  
75 % 1 029 000  1 935 000  
Table 21: Net Present Value of the Gasification System 

It is quite evident that the replacement level has a large impact on the net present value. A closer 
look at the operating cost gives some explanation to this result.  

OPERATING COST 
The daily diesel costs for different producer gas replacement levels are summarized in Table 22 
where a diesel price of 1,24 USD/l has been used. 

Replacement La Jagua (USD/day) La Baría (USD/day) 
50 % 1054 1924  
60 % 843  1539  
75 % 527  962  
  Table 22: Daily Diesel Cost at Different Replacement Levels 

It is found that eight new employees must be hired in each mill if the system is to run 24 hours per 
day. The daily cost of these additional employees is very small compared to the diesel cost; it is 3,2 
USD. Thus, as can be seen in Table 23, the daily operating cost of the mills is almost equal to the daily 
diesel costs.  

Replacement La Jagua (USD/day) La Baría (USD/day) 
50 % 1057  1927  
60 % 846  1542  
75 % 530  965  
Table 23: Daily Operating Costs at Different Replacement Levels 

SAVINGS 
The daily savings from eliminated diesel consumption due to eliminated transportation to the 
disposal sites is 19 USD in both mills. The savings due to eliminated or reduced electricity import and 
the total savings are presented in Table 24. 

 La Jagua (USD/day) La Baría (USD/day) 
Se 116  71  
S 134  90  
Table 24: Daily Electricity Saving and Total Daily Savings 
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REVENUE 
The daily revenue from selling electricity to the grid is 671 USD in La Jagua and 1393 USD in La Baría. 

6.2.3 PAYBACK TIME FOR THE GASIFICATION SYSTEM 

The 75 % replacement level is the only one of the three main alternatives investigated for which the 
sum of the savings and revenue is greater than the operation cost and is therefore the only 
alternative for which it is interesting to evaluate the payback time (because the other two 
replacement levels never will give investments that can be paid back).  For La Jagua, the investment 
is paid back after 3 years whereas for La Baría the investment is paid back after 2 years.  

6.3 ENVIRONMENTAL CALCULATIONS 
Table 25 presents the reduced CO2 emissions per year for the three different replacement levels. It 
can be seen that the emission reduction at 75 % replacement is twice that of the emission reduction 
at 50 % replacement level in La Baría and the relationship is nearly the same in La Jagua. The 
difference between the two mills is explained by the fact that in La Jagua, a small amount of 
electricity must be imported on a daily basis whereas La Baría is completely self-sufficient. 

Replacement La Jagua (tons/year) La Baría (tons/year) 
50 % 327  636  
60 % 462  890  
75 % 665  1272  
Table 25: Yearly Reduced CO2 Emissions for Different Replacement Levels 
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7 SENSITIVITY ANALYSIS 

7.1 EFFECT OF PREPARATION TIME 
One of the initial assumptions was that the briquetting and wood cutting machines would be run for 
six hours per day, from 06:00 to 12:00. Based on this assumption, ingoing mass flows were calculated 
and a briquetting machine manufacturer was contacted to help in the selection of briquetting 
machine. The selected briquetting machine is designed to operate a mass flow of 1200 to 1500 kg per 
hour which is larger than the dimensioning mass flows of 515 and 1032 kg dried sawdust per hour in 
La Jagua and La Baría respectively.  Therefore, it is of interest to investigate what happens if the 
preparation time is decreased while using the same briquetting machine.  

Moreover, investigating the effects of decreased preparation time is also interesting for the wood 
cutting machine. Indeed, the wood cutting machine selected has a cutting capacity of 400 kg per 
hour which is larger than the 246 kg dried slabs per hours found in La Jagua for six hours of 
preparation. In La Baría, even with six hours of preparation time, there are more slabs than can be 
processed by the wood cutting machine: 503 kg per hour. However, even with a wood block 
production of 400 kg per hour for six hours, there is still a daily fuel excess of 1388 kg per day (see 
6.1.1). Decreasing the fuel preparation time to four hours would reduce the fuel excess to 588 kg per 
day. 

Figure 22 and Figure 23 show the effect of reducing the preparation time to four and five hours. It 
was assumed that the fuel preparation would start at the same time as previously, 6:00. For the 
briquetting machine, the rated flow is exceeded by 50 kg per hour in the four hour preparation case 
in La Baría. As there is still an excess of fuel input to the gasifier in La Baría it should not be 
problematic to simply process 50 kg per hour less of sawdust (this would imply 200 kg of fuel in 
excess less on a daily basis). In La Jagua, the briquetting mass flow of 770 kg per hour for the four 
hour case is still far from the rated 1200 to 1500 kg per hour of the briquetting. Simulating a three 
hour preparation case for La Jagua gives a briquetting mass flow of 1030 kg per hour which seems 
acceptable. However, a three hour preparation time give a slab flow of 492 kg per hour which 
exceeds the capacity of the wood cutting machine.  
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Figure 22: Fuel Preparation Mass Flows as a Function of Preparation Time in La Jagua 

 

Figure 23: Fuel Preparation Mass Flow as a Function of Preparation Time in La Baría 

Different preparation times imply different electricity usage and ultimately different amounts of 
electricity that can be sold to the grid. Figure 24 illustrates the daily amount of electricity which can 
be sold to the grid in both mills for the three different preparation times. The electrical power loads 
were assumed to be the same for the different cases; 35 kW in La Jagua and 40 kW in La Baría. It can 
be seen that in an additional 19 kWhe can be sold in La Jagua if the preparation time is decreased to 
four hours whereas 91 kWhe electricity can be sold from La Baría for the same decrease.  
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These results are based on the assumption that the power ratings of the fuel preparation machines 
remain constant with varied mass flows. This may not be completely correct in reality but as no 
information regarding the power rate as a function of wood mass flow was provided by the 
manufacturer, this simplification was carried out.  

 

Figure 24: Daily Elcectrical Energy that can be Sold to the Grid as a Function of Fuel Preparation Time 

Different amounts of electricity sold to the grid ultimately affect the NPV of the gasifier system. 
Figure 25 shows the NPV of each system depending on the fuel preparation time. In La Jagua, the 
NPV increases with 39 000 USD when the preparation time is decreased to four hours whereas the 
NPV for La Baría increases with 44 000 USD for the same change.   
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Figure 25: Net Present Value at 75 % Replacement as a Function of Fuel Preparation Time 

7.2 EFFECT OF REPLACEMENT LEVEL 
As was highlighted by the three different replacement levels simulated in the main model, this 
variable is central in determining the profitability of the system. Indeed, the NPV is as a function of 
the replacement level. Figure 26 illustrates the relationship between the variable in the two mills for 
the base cases of fuel preparation time and an electricity price of 0,13 USD/kWhe, a discount rate of 5 
% and a lifetime of 20 years. It can be seen that in the case of La Jagua, the NPV turns positive at a 
replacement level of 61,9 % and the investment level becomes profitable (NPV is larger than 
investment costs) at replacement levels above 65,4 %. In La Baría, the NPV turns positive at a 
replacement level of 61,6 % and the investment level becomes profitable at replacement levels 
above 63,8 %.  
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Figure 26: Net Present Value as a Function of Producer Gas Replacement Level 

7.3 EFFECT OF ELECTRICITY PRICE 
The electricity price in Cuba is highly subsidized and heavily dependent on the political situation as 
well as the development in the rest of the world (see 3.1.1). The current price which was used in the 
model, 0,13 USD/kWhe, corresponds to about half of the production costs. In fact, in the literature, 
the breakeven rate is estimated to be 0,255 USD/kWhe (Belt 2010). Figure 27 and Figure 28 illustrate 
how the NPV varies as a function of the electricity price. It is interesting to note that at the estimated 
breakeven price of 0,255 USD/kWhe even the lowest replacement level of 50 % would be profitable 
in both La Jagua and La Baría.   
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Figure 27: NPV in La Jagua at Different Replacement Levels as a Function of the Electricity Price 

 

Figure 28: NPV in La Baría at Different Replacement Levels  as a Function of the Electricity Price 
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7.4 EFFECT OF VARYING ADDITIONAL COST 
As described in 5.3.1, the additional cost for parts such as insulation was difficult to determine and 
was assumed to be 10 % of the price for the system provided by Ankur. It seems necessary to 
evaluate how a higher or lower additional cost would affect the total investment cost and the NPV. 
Thus, these values were calculated for an additional cost of 5 % and 20 % of the price. Table 26 
presents how different additional costs affect the investment cost. 

Additional Cost La Jagua (USD) La Baría (USD) 
5 % of price 263 620 306 600 
10 % of price 273 580 318 610 
20  % of price 293 490 342 626 
Table 26: Total Investment Cost for Varying Additional Cost 
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8 DISCUSSION AND FUTURE WORK 
In the modeling of the initial step of the fuel processing, the drying, it is found that the thermal 
power that can be extracted from the outgoing gas is more than enough to dry the biomass fuel and 
that there is in fact a 50 kW excess of heat power in both mills. A consequence of the heat exchanger 
that has not been investigated is the fact that the need for water cooling will decrease and therefore 
the electrical load for cooling should also decrease leading to an increased amount of electricity that 
can be sold to the grid and ultimately a greater NPV and greater CO2 emission reduction. 

The excess heat could potentially be used to dry the sawn timber and thereby produce high quality 
timber rather than the low quality, high moisture sawn timber which is produced today. If the 
demand for heat for drying sawn timber were to exceed 50 kW, the potential for using heat from the 
engine exhaust gases could be considered. Another possibility for meeting a greater heat demand 
could be to use heat from solar radiation.   

The selected briquetting machine does not run at full capacity for the main modeling time of six 
hours and thus represents a resource that is not adequately put to use. The sensitivity analysis 
indicates that lowering the preparation time to four hours will increase the performance of the 
gasifier systems and in the case of La Baría a good balance seems to be found for this preparation 
time. In La Jagua however, the briquetting machine is not fully used even for a preparation time of 
three hours. The briquetting machine should be run for a shorter time and the possibility of buying a 
briquetting machine with smaller capacity from a different supplier should be considered.  

The fact that all the wood fuel mass cannot be put to use in La Baría must be seriously considered. 
One option could be to use the additional fuel for drying. Another possibility is to invest in a larger 
internal combustion engine, a possibility which is further discussed below. 

The only environmental aspect which was calculated was the reduction in CO2 emission. However, 
eliminating the residues that are disposed of in the deposits implies an improved local air quality as 
the amount of dust particles will decrease. Moreover, as the sawdust no longer is decomposed in the 
open air, it will not release methane into the atmosphere and therefore the greenhouse gas 
emissions from the mills are further reduced. These additional environmental benefits could be 
included when evaluating the gasifier system as a whole. 

Moreover, the water treatment from the wet scrubber has not been examined and neither has the 
disposal of the ashes from the gasifier. Generally, ashes from biomass contain nutrients which are 
good for the soil and one alternative is therefore to develop a system for returning the ashes to the 
pine tree plantation. Another alternative that should be examined is using the ashes in a small 
concrete factory which is located between the two sawmills.   

The social implications of the gasifier system include the creation of employment opportunities as 
well as changes in the operational procedures of the mills. These aspects have not been examined in 
detail and the implications of installing the system should be further investigated. For instance, it 
should be examined whether having activity at the mill during nighttime could affect the local 
community in a negative way. Moreover, although sawdust is separated from the other residues in 
La Jagua, this is not the case in La Baría and new working procedures must be developed for 
separation of the different wood residues. Another operational aspect that has not been discussed is 
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effect of different fuel preparation times on employee work distribution. Overall, this thesis has not 
looked at the details of how the operation and management of the gasifier system should be carried 
out and these aspects must be further evaluated in order to make a decision regarding the feasibility 
of installing an electricity generating system at each of the mills.  

Another aspect which should be evaluated is the potential for drying the sawn timber. Although this 
is not deemed economically profitable today, in the long run when Cuba starts opening up its 
economy, it will probably be necessary to go back to producing higher quality, dried timber. Heat 
from the exhaust engine could potentially be used for timber drying. Alternatively, the boilers could 
be put to use once again. In this case, additional wood fuel must be found and perhaps the residues 
left in the forest when taking down the trees could be put to use.  

The main weakness of the system is, as highlighted by the sensitivity analysis, the sensitivity to the 
replacement level. Indeed, having a replacement level below 65 % will not make the system a viable 
solution as it is an economic loss. In light of this fact, a system with a guaranteed higher level of 
replacement should perhaps be considered. This would imply investing in a new diesel engine which 
could guarantee a higher replacement level or opting for an Otto engine which can be run solely on 
producer gas. In La Baría this alternative is particularly interesting as the existing diesel engine is too 
small to make use of all the wood fuel and a larger engine would therefore be useful. In light of the 
high NPV for the 75 % replacement levels (1,029 million USD in La Jagua and 1,935 million USD in La 
Baría) the additional investment cost of buying a new engine allowing for higher replacement levels 
would most likely be profitable. Moreover, because the NPV proved so high, it might be interesting 
to consider the alternative of a Stirling engine in one or both of the mills.  

An option that might also be interesting to investigate is building a small power plant located 
between the two mills which is fueled by the biomass from the two plants. Combining the plants 
might have positive efficiency effects. 
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9 CONCLUSION 
This thesis aimed to investigate how EFI La Palma’s sawmills La Jagua and La Baria could use their 
wood residues to produce electricity while optimizing economic, social and environmental 
considerations. The Cuban energy power sector was studied in order to gain necessary background 
information and different electrical power generation technologies using biomass fuels were studied. 
Three technologies were studied in depth: the steam cycle, gasification with an internal combustion 
engine and combustion with a Stirling engine. After gathering specific information about the sawmills 
through repeated visits, the gasification alternative was selected. Contact was made with Indian 
manufacturer Ankur to select two downdraft gasifiers which would work with the two diesel engines 
in place in the sawmills. The diesel engines would have to run in dual mode with expected 
replacement levels between 50 % and 75 %. 

The Matlab model of the gasification system showed that a 5160 kWh of electricity could be sold to 
the grid on a daily basis in La Jagua whereas 10 714 kWh per day could be sold in La Baría. The 
profitability of the system is extremely dependent on the producer gas replacement level and on the 
Cuban electricity price. The diesel engines must run in dual mode and in La Jagua, 65,4 % of the 
diesel must be replaced by gas for the gasifier investment to be profitable at the current Cuban  
electricity price of 0,13 USD/kWh. In La Baría, the investment is profitable at levels above 63,8 % at 
the current electricity price. If the breakeven price of 0,225 USD/kWh is used, all the replacement 
levels will be profitable. With this price, the lowest NPV at 50 % replacement is 1,3 million USD in La 
Jagua and 2,5 million USD in La Baría. The reduction in yearly CO2 emission is also dependent on the 
replacement level and  at 75 % replacement level they are found to be 665 tons in the smaller mill 
and 1272 tons in the larger mill. 
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11 APPENDIX 
 

11.1 CONVERSION OF WOOD RESIDUE VOLUMES TO WOOD RESIDUE MASSES 
Two key assumptions are made in converting the wood residue volumes to masses: 

1. The volumes of dry and wet wood residues are the same and thus 

 dry dry dry dry wetm V Vρ ρ= ⋅ = ⋅   

2. The moisture content of the residues is F = 50 % 

 
1

dry
wet

m
m

F
=

−
  

The different dry bulk densities have been taken from the literature and are: 

- 177 kg/m3 for sawdust (Solar Energy Research Institute 1988) 
- 150 kg/m3 for wood chips (Solar Energy Research Institute 1988) 
- 410 kg/m3 for dry slabs (World Agroforestry Center 2012) 
- 240 kg/m3 for dry bark (Aqua-Calc 2012). 

The volumes provided by EFI La Palma are summarized in the table below. Only 85 % of the slabs are 
used in the calculations as 15 % from each mill go to the carpentry in La Baría.   

Type of residue 
(m3/day) 

La Jagua La Baría 

Sawdust 13,97 28,01 
Bark 1,27 2,6 
Slab 3,39 6,93 
Chips 1,7 3,47 
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11.2 GASIFIER OFFER FROM ANKUR SCIENTIFIC TECHNOLOGIES 
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11.3 BRIQUETTING MACHINE OFFER FROM JAY KHODIYAR GROUP 

  

Features JUMBO-9075 SUPER-60 

Production Capacity 
1200 - 1500 Kg / hr 
(Depends on the Raw 
Material). 

600-750 Kg/Hr 

Finished product Size 90 mm  Diameter 60mm Diameter 

Briquette Length 150 mm – 550 mm 
150 mm – 550 mm 

  
Finished Product Shape Cylindrical Cylindrical 

Raw Material form 
Up to 20-25mm, If it is 
longer than 25mm, it’s 
required for cutting process. 

Powdery 

Process Cost/MT (Approx) IRs.450/- 
IRs.450/- 

  

Required power connection 88.5 HP  one machine 
50 HP  one machine 

  
Practical used Amp. Load 75 –85 Amp (Approx) 30 –50 Amp (Approx) 
Power consumption 35 – 40 Unit / Hrs. 35 – 40 Unit / Hrs. 
 

11.4 MATLAB CODE 
%% Modell 
clc 
clear all 
  
disp('Values for La Jagua are presented in the first column of the 
matrices/vectors whereas values for La Baria are presented in the second 
columns') 
disp(' ') 
%% 4.1 INGOING MASSES 
disp('4.1 INGOING MASSES') 
F1=0.5;% moisture content when entering mill 
V_day=[13.97 28.01;1.27 2.6;0.85*3.39 0.85*6.93;1.7 3.47]; %m^3 volumes 
obtained from EFI LaPalma 
ro_dry=[177 177; 240 240; 410 410; 150 150]; %kg/m^3 dry bulk densities of 
the different wood residues from various sources 
%ro_50mc=[1000.+ro_dry]./2;%kg/m^3 taking into account the fact that 50% of 
the weight comes from water 
m_fuel0mc=ro_dry.*V_day; % kg 
m_fuel50mc=m_fuel0mc/(1-F1); % kg 
m_total0mc=sum(m_fuel0mc); 
m_total50mc=sum(m_fuel50mc); %kg 
disp('Daily generated masses of all types of residues at 50 % moisture 
content (in kg) = ') 
num2str(m_fuel50mc) 
disp(['Daily total masses at 50 % moisture content = ' num2str(m_total50mc) 
' kg']) 
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disp([' ']) 
%% 5.2.1 FUEL PREPARATION 
disp('5.2.1 FUEL PREPARATION') 
% Drying  
disp('DRYING'); 
F2=0.2; % moisture content after having been dried 
r_H2O=2.44; %MJ/kg_H2O 
Q_fuelprocessingMJ=m_total0mc*r_H2O*(1/(1-F1)-1/(1-F2)); % MJ 
Q_fuelprocessingkWh=Q_fuelprocessingMJ/3.6; % kWh 
t_drying=24; % hours 
Qprick_fuelprocessing=Q_fuelprocessingkWh/t_drying; % kW 
disp(['Heat needed for drying on a daily basis, Q_fuelprocessing = ' 
num2str(Q_fuelprocessingkWh) 'kWh']) 
disp(['Thermal power needed for drying; Qprick_fuelprocessing = ' 
num2str(Qprick_fuelprocessing) ' kW']) 
MC_gas=0.07; % assumed moisture content in gas 
T_gas1=400; %C 
T_gas2=50; %C 
Vprick_gas=[560 900]; %m^3/hour 
VolumeShare_dry=[0.2 0.19 0.09 0.5 0.02]; % in the order: CO; H2; CO2; N2 
and CH4 
VolumeShare_wet=[(1-MC_gas)*VolumeShare_dry MC_gas]; 
cp_j=[1.3 1.3 1.8 1.3 1.8 1.5]; 
cp_gasintermediate=VolumeShare_wet.*cp_j; 
cp_gas=sum(cp_gasintermediate); 
Qprick_gasout=cp_gas*(T_gas1-T_gas2)*Vprick_gas/3600; 
disp(['Specific heat of the outgoing producer gas; cp_gas = ' 
num2str(cp_gas) ' kJ/(m^3*K)']) 
disp(['Thermal power in outgoing gas;Qprick_gasout  = ' 
num2str(Qprick_gasout) ' kW']) 
ro_air=0.74; %kg/m^3 
cp_air=1.0; 
Tair_in=350;%C 
Tair_ut=100;%C 
Vprick_air=ro_air*Qprick_gasout/(cp_air*(Tair_in-Tair_ut)); % m^3/s 
disp(['Air volume flow needed for drying (assumed t_in=350C and 
t_out=100C); Vprick_air = ' num2str(Vprick_air) ' m^3/s']) 
f=1.5; %kW/m^3s 
P_fan=f*Vprick_air; %kW 
disp(['Electrical power needed for fan; P_fan = ' num2str(P_fan) ' kW']) 
m_fuel20mc=m_fuel0mc/(1-F2); 
m_total20mc=m_total0mc/(1-F2); 
disp(['Daily generated masses of all types of residues at 20 % moisture 
content (in kg) = ']) 
num2str(m_fuel20mc) 
disp(['Daily total fuel masses at 20 % moisture content; m_total = ' 
num2str(m_total20mc) ' kg']) 
disp([' ']) 
  
% Briquetting and cutting 
disp('BRIQUETTING AND CUTTING'); 
m_sawdust20mc=[m_fuel20mc(1,1) m_fuel20mc(1,2)];% kg 
m_slabs20mc=[m_fuel20mc(3,1) m_fuel20mc(3,2)];% kg 
  
t_preparation=6; % h of fuel processing per day 
  
mprick_briquettingmachine=m_sawdust20mc/t_preparation; 
mprick_woodcuttingmachine=m_slabs20mc/t_preparation; 
disp(['mprick_briquettingmachine = ' num2str(mprick_briquettingmachine) ' 
kg/hour']) 



81 
 

disp(['mprick_woodcuttingmachine = ' num2str(mprick_woodcuttingmachine) ' 
kg/hour']) 
mprick_maxwoodcuttingmachine=400; 
disp(['mprick_maxwoodcuttingmachine = ' 
num2str(mprick_maxwoodcuttingmachine) ' kg/hr']) 
P_briquetting=[35 40]; 
P_woodcutting=[5.6 5.6]; 
P_fuelprocessing=P_briquetting+P_woodcutting; 
E_fuelprocessing=t_preparation.*P_briquetting+t_preparation.*P_woodcutting; 
disp(['Electrical load of each of the briquetting machines; P_briquetting = 
' num2str(P_briquetting) ' kW']) 
disp(['Electrical load of each of the wood cutting machines; P_woodcutting 
= ' num2str(P_woodcutting) ' kW']) 
disp(['Electrical load of the preparation processes; P_fuelprocessing = ' 
num2str(P_fuelprocessing) ' kW']) 
disp(['Electrical energy consumed in the fuel preparation; E_fuelprocessing 
= ' num2str(E_fuelprocessing) ' kWh']) 
mprick_woodcuttingmachinenew=[mprick_woodcuttingmachine(1) 
mprick_maxwoodcuttingmachine]; 
disp([' ']) 
  
%Mass flows and energy content of fuel enterring the gasifier 
disp('MASS FLOWS INTE THE GASIFIER'); 
mprick_briquettes20mc=mprick_briquettingmachine*t_preparation/24; 
mprick_woodblocks20mc=mprick_woodcuttingmachinenew*t_preparation/24; 
mprick_bark20mc=[m_fuel20mc(2,1) m_fuel20mc(2,2)]/24; 
mprick_woodchips20mc=[m_fuel20mc(4,1) m_fuel20mc(4,2)]/24; 
mprick_total20mc=mprick_briquettes20mc+mprick_woodblocks20mc+mprick_bark20m
c+mprick_woodchips20mc; 
mprick_fuelmax=[225 360]; 
mprick_difference=mprick_fuelmax-mprick_total20mc; 
Dailymassdifference=mprick_difference*24; 
disp(['mprick_briquette20% = ' num2str(mprick_briquettes20mc) ' kg/hour']) 
disp(['mprick_woodblocks20% = ' num2str(mprick_woodblocks20mc) ' kg/hour']) 
disp(['mprick_bark20% = ' num2str(mprick_bark20mc) ' kg/hour']) 
disp(['mprick_woodchips20% = ' num2str(mprick_woodchips20mc) ' kg/hour']) 
disp(['mprick_total20% = ' num2str(mprick_total20mc) ' kg/hour']) 
disp(['mprick_fuelmax = ' num2str(mprick_fuelmax) ' kg/hour']) 
disp(['Hourly difference between maximum flow and calculated flow into 
gasifier = ' num2str(mprick_difference) ' kg/hour'])   
disp(['Daily deficit/excess of wood fuel = ' num2str(Dailymassdifference) ' 
kg']) 
disp(' ') 
LHV_sawdust0mc=19.5;%MJ/kg 
LHV_bark0mc=20.8;%MJ/kg 
LHV_sawdust20mc=LHV_sawdust0mc*(1-F2)-r_H2O*0.20;%MJ/kg 
LHV_bark20mc=LHV_bark0mc*(1-F2)-r_H2O*0.20;%MJ/kg 
LHV_fuel20mc=(LHV_sawdust20mc*(mprick_briquettes20mc+mprick_woodblocks20mc+
mprick_woodchips20mc)/mprick_total20mc)+(LHV_bark20mc*mprick_bark20mc/mpric
k_total20mc); %MJ/kg 
  
disp(['LHV of sawdust at 20 % moisture content = ' num2str(LHV_sawdust20mc) 
' MJ/kg'] ) 
disp(['LHV of bark at 20 % moisture content = ' num2str(LHV_bark20mc) ' 
MJ/kg'] ) 
disp(['LHV of all fuel at 20 % moisture content = ' num2str(LHV_fuel20mc) ' 
MJ/kg'] ) 
disp(' ') 
  
%% 5.2.2 GASIFICATION AND GAS COOLING 
disp('5.2.2 GASIFICATION AND GAS COOLING') 



82 
 

LHV_gascomponent= [12.6 10.8 0 0 35.9]*10^6;% J/m^3 in order CO H2 CH4 N2 
CO2 
LHV_intermediate=LHV_gascomponent.*VolumeShare_dry;%J/m^3 
LHV_gas=sum(LHV_intermediate)*10^-6; %MJ/m^3 
disp(['LHV of producer gas = ' num2str(LHV_gas) ' MJ/m^3'])  
Eta_cg=0.75; 
Vprick_drygasproduced=(Eta_cg*mprick_total20mc.*LHV_fuel20mc)./LHV_gas; % 
m^3/hour 
Vprick_gasrated=[562.5 900]; % m^3/hour  
Vprick_drygasLaBariamaxmassflow=(Eta_cg*mprick_fuelmax(2)*LHV_fuel20mc)./LH
V_gas; % m^3/hour 
disp(['Volume flow of dry producer gas = ' num2str(Vprick_drygasproduced) ' 
m^3/hour']) 
disp(['Rated volume flow of producer gas = ' num2str(Vprick_gasrated) ' 
m^3/hour']) 
disp(['Volume flow of dry producer gas in La Baria at maximal wood mass 
flow = ' num2str(Vprick_drygasLaBariamaxmassflow) ' m^3/hour']) 
Eta_cgmaxflow=Vprick_gasrated*LHV_gas./(mprick_fuelmax*LHV_fuel20mc); 
P_clean=[15 21]; %kW 
disp(' ') 
%% 5.2 3.ENGINE FUEL CONSUMPTION 
disp('5.2.3 ENGINE FUEL CONSUMPTION') 
c_mass=0.234; %kg/kWh 
ro_diesel=0.912; %kg/l 
c_dieselstandard=c_mass/ro_diesel; %l/kWh 
disp(['c_dieselstandard = ' num2str(c_dieselstandard) ' l/kWh']) 
  
  
stepr=0.05; 
  
  
r=[0.5:stepr: 0.75]; 
c_dieseldual=(1-r)*c_dieselstandard; 
disp(['Diesel volume consumed per kWh at replacement of 50%; 60% and 75%: 
c_dieseldual = ' num2str(c_dieseldual) ' l/kWh']) 
P_nominal=[276 504]; % nominal power output of the engines in kW 
disp('The total diesel volume consumed in dual mode at replacement of 50%; 
60% and 75% is (in l)') 
Vprick_diesel=c_dieseldual'*P_nominal 
disp(' ') 
%% 5.2.4 ELECTRICITY GENERATION AND CONSUMPTION 
disp('5.2.4 ELECTRICITY GENERATION AND CONSUMPTION') 
t_out=[t_preparation t_preparation; (24-t_preparation) (24-t_preparation)]; 
disp('Electrical power output of the systems at time intervalls 6:00 to 
6:00+t_preparation and 6:00+t_preparation to 06:00 (in kW)') 
P_out=[P_nominal-P_fan-P_fuelprocessing-P_clean; P_nominal-P_fan-P_clean] 
%kW 
disp('Electrical energy output of the system at time intervalls 6:00 to 
12:00 and 12:00 to 06:00 (in kWh)') 
E_out=t_out.*P_out 
  
t_mill=[10 1 0.25 0.75 12;10 1 0.25 0.75 12]'; 
P_mill=[44 124 412 247 0; 17 124 425 255 0]'; 
disp('Electricity need of the mills for different time intervalls(in kWh)') 
E_mill=t_mill.*P_mill 
  
%t_diff=[1 6 3 1 0.25 0.75 12; 1 6 3 1 0.25 0.75 12]'; 
t_diff=[1 t_preparation (9-t_preparation) 1 0.25 0.75 12; 1 t_preparation 
(9-t_preparation) 1 0.25 0.75 12]' 
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disp('Electrical power balance of the systems at different time intervalls 
(in kW)') 
P_diff=[P_out(2,:)-P_mill(1,:); P_out(1,:)-P_mill(1,:);P_out(2,:)-
P_mill(1,:);P_out(2,:)-P_mill(2,:); P_out(2,:)-P_mill(3,:); P_out(2,:)-
P_mill(4,:);P_out(2,:)-P_mill(5,:)]% 
disp('Electricity balance at different time intervalls (in kWh)') 
E_diff=t_diff.*P_diff 
disp('Total daily electricity balance (in kWh)') 
E_day=sum(E_diff) 
n_op = 300; % number of operating days per year 
disp('Total yearly electricity balance (in kWh)') 
E_year=n_op*E_day 
%% 5.3 ECONOMIC CALCULATIONS FOR THE GASIFICATION SYSTEM 
disp('5.3 ECONOMIC CALCULATIONS FOR THE GASIFICATION SYSTEM') 
% 5.3.1 INVESTMENT COST 
disp('5.3.1 INVESTMENT COST OF THE GASIFICATION SYSTEM') 
C_gas=[10296000 12412400 ]/51.7; %1 USD=51,7 INR 
C_briquetting=[52000 52000];% in USD 
C_woodblocks=[130000 130000]/51.7; % 1USD=51,7 INR 
C_additional=0.10*C_gas; 
C_invest=C_gas+C_briquetting+C_woodblocks+C_additional 
  
% 5.3.2 NET PRESENT VALUE OF THE GASIFICATION SYSTEM 
disp('5.3.2 NET PRESENT VALUE OF THE GASIFICATION SYSTEM') 
% OPERATING COST 
disp('OPERATING COST') 
p_diesel=1.24; % USD/liter 
t_labor=192; %number of hours an employee works during one month 
w=12; % USD. Wage for one employee 
C_diesel=p_diesel*Vprick_diesel*24; %USD/kWh 
n_empl=ceil(2*24*30/t_labor); 
disp(['Number of new employees which must be hired = ' num2str(n_empl)]) 
C_empl=(w*n_empl)/30; 
disp(['Daily cost of additional employees = ' num2str(C_empl) ' USD'])  
C_op=[C_diesel+C_empl]; 
  
% SAVINGS 
E_milltot=[853 549]; % kWh 
V_dieseltransport=15; % liters per day 
E_negJ=[]; 
E_negB=[]; 
for j=1:length(E_diff) 
    if E_diff(j)<0 
       E_negJ(j)=E_diff(j); 
    else E_negJ(j)=0; 
    end 
    if E_diff(j,2)<0 
       E_negB(j)=E_diff(j,2); 
    else E_negB(j)=0; 
    end   
end 
E_neg=[E_negJ' E_negB']; % deficit in kWh for each time interval  
  
raknare=1; 
n = [0.13:0.1:0.3]; 
for p_elcurrent = [0.13:0.1:0.3] % This for loop is used for calculating 
the NPV at different electricity prices 
    S_el=p_elcurrent*(E_milltot-sum(E_neg)); 
    S_diesel=p_diesel*V_dieseltransport; 
    S=S_el+S_diesel; 
    Shelp=[S(1)*ones(length(r),1) S(2)*ones(length(r),1)]; 
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    S_plot=[S]; 
  
    % REVENUE 
    R = p_elcurrent*E_day; 
    Rhelp=[R(1)*ones(length(r),1) R(2)*ones(length(r),1)]; 
    tot=(Rhelp+Shelp-C_op)*n_op; 
  
    % NET PRESENT VALUE 
    d=0.05; %discount factor 
    NPV=zeros(length(r),2); 
    A=[]; 
    for k=1:20  
        A=tot/(1+d)^k ; 
        NPV=NPV+A; 
    end 
    NPV;  
    NPVdiffpriceel_J(:, raknare) = NPV(:,1); 
    NPVdiffpriceel_B(:, raknare) = NPV(:,2); 
     
    if raknare == 1  
       NPVorg = NPV; 
    end 
    raknare = raknare +1 ; 
end 
NPV = NPVorg; 
  
C_investplotJ1=ones(length(n),1)*C_invest(1); % this vector is built in 
order to include the investment cost in the plot (figure (3)) 
C_investplotB1=ones(length(n),1)*C_invest(2); 
  
figure(1) %plots the NPV in La Jagua as a function of the electricity price 
for three different replacement levels 
plot(n, NPVdiffpriceel_J(1,:)./1000,'b--', n, 
NPVdiffpriceel_J(3,:)./1000,'b-o',n, NPVdiffpriceel_J(end,:)./1000,'b-*',n, 
C_investplotJ1/1000,'b-') 
legend('50 % replacement','60 % replacement','75 % replacement','C invest') 
xlabel('Electricity price in USD/kWh') 
ylabel('Thousands of USD') 
title('NPV in La Jagua as a Function of Electricity Price at Replacement 
Level 50%, 60% and 75 % ') 
grid on 
grid minor 
  
figure(2)%plots the NPV in La Baría as a function of the electricity price 
for three different replacement levels 
plot(n, NPVdiffpriceel_B(1,:)./1000,'m--',n, 
NPVdiffpriceel_B(3,:)./1000,'m-o', n, NPVdiffpriceel_B(end,:)./1000,'m-
*',n,C_investplotB1./1000,'m-') 
legend('50 % replacement','60 % replacement','75 % replacement','C invest') 
xlabel('Electricity price in USD/kWh') 
ylabel('Thousands of USD') 
title('NPV in La Baría as a Function of Electricity Price at Replacement 
Level 50%, 60% and 75 % ') 
grid on 
grid minor 
  
C_investplotJ=ones(length(r),1)*C_invest(1); % this vector is built in 
order to include the investment cost in the plot (figure (3)) 
C_investplotB=ones(length(r),1)*C_invest(2); 
figure(3) 



85 
 

plot(r*100,NPV(:,1)./1000,'b--
',r*100,C_investplotJ./1000,'b',r*100,NPV(:,2)./1000,'m-
o',r*100,C_investplotB./1000,'m-*') 
legend('NPV La Jagua','C_ invest La Jagua','NPV La Baría','C_ invest La 
Baría') 
xlabel('Producer gas replacement level in %') 
ylabel('Thousands of USD') 
title('NPV as a Function of Replacement Level') 
grid on 
grid minor 
  
firstNPVoverzero = [0, 0]; 
for l = 1:length(r) 
    if NPV(l, 1) >0 && firstNPVoverzero(1) <= 0 
        firstNPVoverzero(1) = l;     
    end 
     
    if NPV(l, 2) > 0 && firstNPVoverzero(2) <= 0 
        firstNPVoverzero(2) = l; 
    end 
end 
ReplacementNPVzeroJ=firstNPVoverzero(1)*stepr+r(1); 
ReplacementNPVzeroB=firstNPVoverzero(2)*stepr+r(1); 
disp(['First positive net present value in La Jagua = ' 
num2str(NPV(firstNPVoverzero(1), 1)) ' which occurs at replacement level = 
' num2str(ReplacementNPVzeroJ)]); 
disp(['First positive net present value in La Baría = ' 
num2str(NPV(firstNPVoverzero(2), 2)) ' which occurs at position = ' 
num2str(ReplacementNPVzeroB)]);  
  
firstNPVbreakeven = [0, 0]; 
for l = 1:length(r) 
    if (NPV(l, 1) >C_invest(1)) && (firstNPVbreakeven(1) <= 0) 
        firstNPVbreakeven(1) = l;    
    end 
     
    if (NPV(l, 2) > C_invest(2)) && (firstNPVbreakeven(2) <= 0) 
        firstNPVbreakeven(2) = l; 
    end 
end 
ReplacementbreakevenJ=firstNPVbreakeven(1)*stepr+r(1); 
ReplacementbreakevenB=firstNPVbreakeven(2)*stepr+r(1); 
disp(['First net present value greater than investment cost in La Jagua = ' 
num2str(NPV(firstNPVbreakeven(1), 1)) ' which occurs at replacement level = 
' num2str(ReplacementbreakevenJ)]); 
disp(['First net present value greater than investment cost La Baría = ' 
num2str(NPV(firstNPVbreakeven(2), 2)) ' which occurs at position = ' 
num2str(ReplacementbreakevenB)]);  
  
%% ENVIRONMENTAL CALCULATIONS 
disp('ENVIRONMENTAL CALCULATIONS') 
e_CO2=0.75; 
Red=e_CO2*[E_day+sum(E_mill)]; 
RedJ=(1-r)'*Red(1)+sum(E_neg(:,1))*ones(length(r),1); 
RedB=(1-r)'*Red(2)+sum(E_neg(:,2))*ones(length(r),1); 
m_CO2=n_op*[RedJ RedB] 
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