
Bamboo to electricity
Assessment of the technoeconomic potential of bam
boo on degraded land for electricity generation in In
donesia

Linde de Klerk

Te
ch
ni
sc
he
U
ni
ve
rs
ite
it
D
el
ft





Bamboo to electricity
Assessment of the technoeconomic potential of

bamboo on degraded land for electricity generation
in Indonesia

by

Linde de Klerk

in partial fulfillment of the requirements for the degree of

Master of Science
in Sustainable Energy Technology

at the Delft University of Technology,
to be defended publicly on May 31th, 2022 at 13:00

Student number: 4375904
Project duration: August, 2021 – May, 2022
Thesis committee: Prof.dr. K. Blok First supervisor

Prof.dr.ir. W. de Jong Second supervisor
J.K.A. Langer Advisor





Abstract

Following the Paris Agreement of 2015, Indonesia aims to reduce emissions by 29% by 2030, com
pared to the business as usual scenario. In Indonesia it is expected that between 2015 and 2030 the
electricity demand could triple and the total energy demand could increase by 80%. Bioenergy would
account for more than half of all renewable energy in 2030 in Indonesia. However, the expansion
of energy crops contributes to negative effects like deforestation, loss of biodiversity, and competition
with food production. An other problem Indonesia currently deals with is the large amount of degraded
land. A solution to these problems would be to cultivate biomass on degraded land. Bamboo can be
used as a biomass feedstock, as it meets all selection requirements to be produced on degraded land.

This thesis report quantifies the extent and finds the location of degraded land in Indonesia. Also,
the technical and economic potential of bamboo cultivation on the degraded land locations is assessed.
The research question that will be answered is: how much degraded land would be needed to cover
Indonesia’s electricity demand by 2030, when using bamboo as a biomass feedstock, and how likely is
this land available?

This research question is answered by first doing a geographic information system (GIS) analysis.
Through the QGIS software, the degraded land locations in Indonesia which are suitable for bamboo
plantations can be found. This is done by layering multiple datasets on top of each other in four steps.
Next, the technoeconomic potential analysis is done by calculating how much degraded land would be
needed to cover a certain percentage of Indonesia’s electricity demand by 2030, and calculating the
levelized cost of electricity (LCOE) of different biomass conversion technologies.

The results show that between 0.21% and 49.9% of Indonesia’s total land area can be considered
degraded according to different scenarios. The suitable area for bamboo plantations lays between the
0.01% and the 13% of Indonesia’s total land area. Using these areas the potential electricity that can
be reached lays between the 0.4732 TWh for gasification, 0.3533 TWh for combustion, 0.3506 TWh
for anaerobic digestion, and 0.1266 TWh for pyrolysis. The area needed to cover 25% of Indonesia’s
electricity demand by 2030 ranges from 2.05.6% of Indonesia’s total land cover when using different
conversion technologies. For 100% electricity demand this area increases to the range of 8.122.4%
of Indonesia’s total land cover. The LCOE goes from 13 US$ct./kWh for gasification, to 16 US$ct./kWh
for combustion, 22 US$ct./kWh for anaerobic digestion, and finally to 45 US$ct./kWh for pyrolysis.

The result show that when using the least strict degraded land scenarios, it would be possible to
cover a significant amount of Indonesia’s electricity demand. However, it is not likely that these sce
narios will be applied. The definition of degraded land, still is not completely clear, and extensive field
research needs to be done to validate the degraded land results. This research shows that bamboo
cultivation on degraded land for electricity generation in Indonesia might not be applicable to generate
large amounts of electricity. Nevertheless, it can be applied on smaller scales and it is a step in the
right direction of Indonesia’s energy transition.

Finally, some recommendations for future research can be made. First of all, uncertainty exists
about the datasets used to assess the extent of degraded land in Indonesia. It is recommended that
the datasets are validated through field research. Furthermore, in this research an assumption for
the yield of bamboo is made, which can be tested against the actual yield of a bamboo plantation on
degraded land in Indonesia. Also, socioeconomic and environmental effects of bamboo plantations
are not considered, which provides the opportunity to address these in further research. Finally, other
end uses like biofuel, other conversion technologies like cofiring, and pretreatment technologies to
enhance the conversion efficiency can be evaluated in more detail in future research.
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1
Introduction

In 2015, 196 parties signed the Paris Agreement, at the COP 21 in Paris. The main goal of the agree
ment is to keep the global warming below 2∘C, and preferably below 1.5∘C (United Nations, 2015).
Similarly to the other countries, Indonesia submitted their Nationally Determined Contribution (NDCs).
According to Indonesia’s first NDC, the aim is to reduce emissions by 29% by 2030 on its own efforts,
going to 41% reduction in case of international help (Republic of Indonesia, 2016). These values are
compared to a business as usual scenario. According to The World Bank both the population and the
Gross Domestic Product (GDP) of Indonesia have grown immensely over the last few decades (World
bank, 2020). It is expected that the energy demand increases similarly to the population and the GDP.

Between 2015 and 2030 the electricity demand could triple and the total energy demand could
increase by 80% (IRENA, 2017b; Choi et al., 2020). In 2020 Indonesia’s total electricity demand was
283 TWh (Lolla and Yang, 2021). As mentioned in Chapter 1, it is expected that the electricity demand
could triple between 2015 and 2030. This is due to the economic growth which results in a higher
electricity consumption from household appliances. Another factor that caused the electrification rate
to increase is urbanisation, from 2000 to 2014 the population living in urban areas increased from 42%
to 53% (IRENA, 2017c). However, a more recent report published by PLN corrected the estimations
according to the changes in demand due to the COVID19 pandemic. The new forecast is that the
electricity demand will grow with 4.9% yearly. The report, the New Electrical Generation Plan for
20212030 (RUPTL), estimates that the electricity demand will be 445.1 TWh by 2030 (PLN, 2021).

In 2020, only 14.7% of the electricity in Indonesia was generated by renewables, the majority
(49.7%) was generated by coal (Statista, 2022). Following the scenario proposed by IRENA (2017c),
renewable energy should cover 38% of the electricity generation in 2030. This provides an opportunity
for renewable energy sources, like biomass, to be implemented to generate electricity and reduce the
greenhouse gas emissions.

However, currently there are some issues with the way that biomass is used in Indonesia. One of
the issues is deforestation. Currently, the main resource for bioenergy is palm oil waste. These palm oil
plantations are the cause of deforestation and peatland drainage (Sharma et al., 2018). Globally, the
deforestation rate is the highest in Indonesia (Wicke et al., 2011). This results in a loss of biodiversity
and Green House Gas (GHG) emissions of carbon that was stored in the natural tropical forests and
peatlands (Obidzinski et al., 2012). It is estimated that between 10% and 20% of total global GHG
emissions result from landuse change in the tropics (Petrenko et al., 2016).

Another issue related to biomass is competition with food production. Increasing the amount of
biomass plantations can result in a lower availability of land for agricultural production (Ignaciuk et al.,
2006). Not only direct land use change can be a problem, but also indirect land use change should be
taken into consideration. Due to indirect land use change, land in different locations can be converted
to agricultural cropland, extra to the land that is used for energy crops and biomass production (Kim
and Dale, 2011). This happens because the demand for food crops does not change when biomass is
produced on existing agricultural land (European Commission, 2012). This means that energy policies
that work in favor of biodiesel production, do not always meet sustainability principles (Dharmawan
et al., 2020).

A solution to the landuse conflicts can be found by using degraded land for the production of
energy crops (Immerzeel et al., 2014; Dauber et al., 2012; van Vuuren et al., 2009; IRENA, 2017c;
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2 1. Introduction

NL Agency, 2012). Doing so might avoid the issues faced by the abovementioned biomass types, like
competition with crop production and biodiversity loss(Immerzeel et al., 2014; van Vuuren et al., 2009;
Choi et al., 2020). Furthermore, cultivation of degraded land might improve the quality of the soil
(van Vuuren et al., 2009). One of the feedstocks that can be grown on degraded land in Indonesia is
bamboo (Sharma et al., 2018; Mishra et al., 2014; Boissière et al., 2019). Bamboo meets all selection
requirements when evaluating energy crops which are suitable to be produced on degraded land, since
it is a lignocellulosic, perennial, fast growing plant.

1.1. Problem statement and research objectives
As mentioned before, problems might occur when growing biomass in Indonesia. Possibly, some of
these problems can be solved by growing biomass on degraded land. However, currently the main
issue with doing so is that the location and extent of degraded land in Indonesia is not fully clear.
Many different degraded land definitions exists, and there is no general method on how this land is
quantified. Also, knowledge gaps are brought to light when looking at the development of degraded
land for biomass, and the economics and benefits of bamboo on these types of land.

The research objectives result from the previously stated problem statement. The first research
objective is to find how degraded land is defined and in what way the definition influences the results
of the research. Then, the second research objective is to quantify the extent and location of degraded
land in Indonesia. The third research objective is to quantify the potential of bamboo plantations as a
biomass feedstock on the found locations.

1.2. Research questions and approach
The main research question can be derived from the problem statement, research objective, and liter
ature review, doing so results in the following research question:

How much degraded land would be needed to cover Indonesia’s electricity demand by 2030,
when using bamboo as a biomass feedstock, and how likely is this land available?

To be able to form an answer to the main research question stated above, multiple subquestions are
formulated. The different subquestions will be answered using different approaches.

1. What bamboo species native to Indonesia, is suitable to use as a feedstock for land restoration
and energy generation on degraded land?

2. What is degraded land and which factors should be taken into account when evaluating degraded
land using GIS?

3. What is the extent and location of degraded land in Indonesia and which degraded land areas in
Indonesia are suitable for bamboo plantations?

4. Which conversion technologies are available to convert bamboo to electricity and what is their
technical and economic potential?

The first two questions will consist of a literature study. Different online search libraries will be
informed to obtain an answer to the subquestion. Then for the third question the GIS software will
be used. In this software the different factors found in subquestion 2 will be implemented in the form
of different layers, each layer contains a dataset. When adding these layers on top of each other on
the map of Indonesia, the optimal locations for bamboo plantations can be found. This method will
be similar to methods used in the articles described in Section 2.3. To obtain an overview, different
scenarios will be considered, which each different definitions of degraded land. The severity of the
degradation will differ per scenario. For the fourth subquestion the technical and economic potential
of cultivating bamboo on degraded land for electricity generation is calculated. After this is done, the
available degraded land area can be compared with the degraded land area that would be required to
cover a certain percentage of Indonesia’s electricity demand.
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1.3. Thesis outline
The report is structured as follows, first a literature review is done in Chapter 2. Next, a theoretical
background on bamboo as an energy crop is given in Chapter 3. In this chapter also the different
conversion technologies are discussed. Then, in Chapter 4 the methods used in this research are
described. The results of the first part of the method, the degraded land analysis, can be found
in Chapter 5. After this the results of the second part of the method, the technical and economic
potential analysis can be found in Chapter 6. Finally, the discussion, conclusion, and recommendations
are given in Chapters 7, 8, 9, respectively.





2
Literature Review

In this chapter, literature found in academic digital libraries such as Google Scholar, TU Delft Library and
Scopus, is reviewed which concludes in multiple knowledge gaps. First, in Section 2.1 literature about
biomass in general on degraded land is evaluated. Next, in Section 2.2 literature concerning bamboo
as a biomass feedstock on degraded land is evaluated. In Section 2.3 literature on how GIS is used
to map and evaluate degraded land locations is reviewed. Finally, in Section 2.4 discusses different
definitions, found in literature, used for degraded land.

2.1. Biomass on degraded land
Much general research on the energy transition has been done worldwide as well as specifically for
Indonesia (PwC, 2018; IRENA, 2017c; International Energy Agency and The World Bank, 2015). This
literature provides general information on the energy transition in Indonesia, and gives an overview of
the current status of renewable energy in Indonesia.

To find specific knowledge gaps literature was evaluated using different search terms. After this arti
cles on research that combines these terms are reviewed. The different terms are the biomass potential
in general, degraded land, biomass on degraded land, and finally bamboo as a biomass feedstock. The
location Indonesia is taken into account during the research, but also studies done in different locations
can be helpful, and thus will be evaluated as well. During the final search only studies done on the
potential of bamboo as a biomass feedstock for power production on degraded land in Indonesia will
be evaluated.

When looking at example researches where biomass is used in combination with degraded land,
multiple studies can be found. First, a study done by Van der Laan et al. (2017) looks at how land
use change can be mitigated while producing palm oil, rice, pulpwood and rubber. Results showed
that producing on underutilised/degraded land is the most important mitigation measure. The study
mentions that thorough field research is needed to improve estimates of underutilised land (Van der
Laan et al., 2017). Also, a study on the global potential of biomass for energy shows the potential of
bioenergy production on degraded land is between the 8110 EJ per year globally. However, it assumes
a high area of degraded land and that all this land can be used for energy crops (M. Hoogwijk et al.,
2003). Furthermore, a spatial assessment of degraded land for biofuel production is done by Jaung
et al. (2018), this study evaluates five different biofuel species which can be grown on 3.5 Mha of
degraded land. Further research is recommended to better understand the potential of degraded land
for bioenergy production. Also, research was done on the suitability of four tree species, to grown on
degraded land in Central Kalimantan. Results show that nyamplung is the most adaptive of the four
for growth on degraded peatland. In this study it is mentioned that an improvement of the accuracy of
the measurement variables is needed to get additional data (Maimunah et al., 2018). All these studies
conclude that further research on degraded land is needed.

By looking at research done on the potential of biomass in Indonesia the following knowledge gaps
can be found. Signh states that utilization of biomass is not done in a sustainable way, but in a tra
ditional way (R. Singh and Setiawan, 2013). There is general consensus on the potential of biomass
and land resources, but more should be done to map these resources and analyze the problem and
challenge of bioenergy in Indonesia (Pirard et al., 2016; R. Singh and Setiawan, 2013).
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6 2. Literature Review

2.2. Bamboo as a biomass feedstock on degraded land
When looking at the potential of bamboo as a biomass feedstock in Indonesia some more knowledge
gaps can be found. According to Sharma et al. (2018), there is a dearth of literature on bamboo in
the context of Indonesia, and Mishra et al. (2014) recommends to raise awareness on the importance
of bamboo for land restoration and to include local people in restoration programs. Sharma et al.
(2018) recommends further research on the production and management of bamboo for bioenergy
in Indonesia, as well as further research on the economics and benefits of restoration using bamboo,
since bamboo can contribute substantially to achieve renewable energy targets set by the government
of Indonesia. Mishra et al. (2014) generally mentions that further extensive research on this topic is
needed to be able to integrate local people in restoration programs. Research done on bamboo uti
lization in Indonesia showed that Betung bamboo would be suitable for bioenergy (Yusuf et al., 2018).
Also, the biomass and carbon storage potential of a bamboo forest in Bali are evaluated, and this study
results in the finding that forest management is an important tool to manage carbon sinks (Sujarwo,
2016). However, the last two researches do not take degraded land into consideration.

Next, research on degraded land in Indonesia is reviewed. Dauber states that further research is
needed to determine the environmental and socioeconomic implications of developing degraded land
for bioenergy use. This is important to decrease the rate of loss of the biodiversity (Dauber et al.,
2012). Wicke mentions that uncertainties exist about the actual extent and location of degraded land
in Indonesia, and that this needs to be investigated further to limit land tenure conflicts which can
result in ILUC (Wicke et al., 2008).

In Scopus only one article appears if the search terms related to the topics above are combined
(bamboo as a biomass feedstock on degraded land in Indonesia). This is the article by Sharma et al.
(2018), which is discussed above. Since only one article comes up when combining these search re
quirements, it becomes clear that there is a lack of research on the potential of bamboo as a biomass
feedstock on degraded land in Indonesia. From the literature review multiple knowledge gaps are
found. First, the challenges, potential and land resources of biomass should be further analyzed in
general. Then the extent, location, potential, and environmental and socioeconomic implications of
degraded land that can be used for bioenergy should be evaluated. Finally, the production and man
agement of bamboo in Indonesia and the economics and benefits of using bamboo for land restoration
form a knowledge gap.

2.3. GIS
The method that will be used to assess the degraded land areas and locations in Indonesia, is the
GIS software. This system provides the tools to map the important bioresources. The geographical,
technical, and economic potential can be analysed using this method (M. M. Hoogwijk, 2004). As
stated in (Hiloidhari et al., 2017), the GIS software has been used for many different types of research
concerning biomass, like supply chain optimization, mapping of the feedstock density, and estimate the
technical potential of biomass. To find out how GIS was used previously, in combination with degraded
land and biomass, literature was reviewed.

GIS has been used in many different studies to evaluate the potential of biomass in general and on
degraded land. For example, GIS was used to evaluate energy crops in the UK, Portugal, and Boston
(Lovett et al., 2009; Abreu et al., 2020; Saha and Eckelman, 2018), oil palm development in Kalimantan
(Fairhurst and McLaughlin, 2009), and land use, biomass and carbon status of dry tropical forest in
India (Bijalwan et al., 2010). In all these studies it was concluded that GIS is an effective approach to
identify land areas suitable for energy crops. The studies done by Fairhurst and McLaughlin (2009),
Saha and Eckelman (2018), and Abreu et al. (2020) focus on degraded land. The land that could be
used was found by adding multiple spatially referenced layers on top of each other, like soil quality,
soil slope, land cover, water and protected areas. It will not be possible to compare the results from
these studies with the results of this research, because of the different study locations and the lack of
information provided by the literature.

When searching on Scopus for the combination of degraded land, GIS and Indonesia, only three
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articles can be found of which only two were relevant to review for this study. The first is a research
on the level of degraded land in the Central Java province. Here different parameters (slope, erosivity,
erodibility, slope length and steepness, cover and management, support practice, and canopy cover)
are evaluated to find the best formula for the level of degraded land. It turned out that degraded land
could be most accurately found using only erosion parameters (Sulistyo et al., 2017). This finding will
be interesting for further research into degraded land for the whole country since this indicates which
parameters can be used. The second article is a study on the rehabilitation of degraded forest land in
Kalimantan. A model was built to evaluate the rehabilitation value of different forest fragments (Mar
jokorpi and Otsamo, 2006). By searching other online search libraries, it became clear that degraded
land studies using GIS in Indonesia have only been done for specific regions (Lestariningsih et al.,
2018; Narendra et al., 2019; Eddy et al., 2021). Parameters used are land use, slope, soil erosion and
erodibility, land productivity and management, and rainfall erosivity (Narendra et al., 2019; Eddy et al.,
2021).

From this review, it can be concluded that a degraded land study in combination with biomass
cultivation for electricity, for the entire country of Indonesia has not been done before. Different parts
of Indonesia have been evaluated, but the connection of these different locations is currently missing
in literature, especially in combination with biomass production on these locations. Van der Laan et al.
(2017) mentions that the selected areas are chosen because for the analysed provinces most data
is available. The locations used by Fairhurst and McLaughlin (2009) were chosen because of their
different land covers, and the fact that field research could be done.

2.4. Degraded land definitions
To determine the amount of degraded land available in Indonesia, it is important to have a clear def
inition of degraded land. To get a better understanding of degraded land, different definitions are
compared to each other. An overview of the definitions is given in Table 2.1, here the cause, charac
teristics and the possible quantification of degraded land are visualized for each definition.

Table 2.1: Overview of degraded land definitions

Reference Cause Characteristics Quantification

Human Natural
Produc
tivity
loss

Low
carbon
stock

Loss of
ecological
integrity

Loss in
human
value

Change in
soil
character
istics

<35
tonnes
of C
per ha

<40
tonnes
of C
per ha

AbdelKader, 2019 X X X
Abreu et al., 2020 X X X X X
FAO, 2022b X X X
Gingold et al., 2012 X X X
Olsson and Barbosa, 2019 X X X X X
Prince et al., 2009 X
Rothman et al., 2007 X X
Ruysschaert et al., 2011 X X
Sharma et al., 2018 X
UN, 2007; OECD, 2001 X X X
UNCCD, 2015 X X X
Wicke et al., 2008 X X X X
WRI, 2022 X X

When analyzing Table 2.1 some similarities and differences can be found. First, looking at the
cause of degraded land, it becomes clear that a distinction is being made between human activities
and natural processes that cause the degradation to happen. Not all definitions include a cause for the
degradation, however from the definitions that do, it can be concluded that most definitions state that
both human activities and natural processes can result in degraded land. This is in contrast with the
definitions which specifically only mention the human cause. There are no definitions that only state
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natural events as a cause of degraded land.

Next, the characteristics of the land degradation can be evaluated. Most definitions give a qualita
tive indication of what happens to the land when it becomes degraded. Concluding from the different
definitions, degraded land has suffered a loss of productivity, low carbon stock, loss of ecological in
tegrity, loss of value to humans, or a change in physical, chemical, and biological characteristics of the
soil. One or multiple results are mentioned in all the definitions (UN, 2007; OECD, 2001; Rothman
et al., 2007; Olsson and Barbosa, 2019; Abreu et al., 2020). Loss of natural, biological, or economic
productivity and loss of ecological integrity are the most common results of degraded land. However,
how this is measured is not described by the definitions.

Finally, a quantitative way of indicating degraded land is only given by two definitions. The defini
tions by Gingold et al. (2012) and Ruysschaert et al. (2011) state that degraded land can be measured
by the amount of carbon stored per hectare. If the land contains less than 35 or 40 tonnes of car
bon per hectare, it will be classified as degraded according to these definitions (Gingold et al., 2012;
Ruysschaert et al., 2011).

Two definitions that clearly show the difference are given here as an example. First, according to
the Food and Agriculture Organisation of the UN, degraded land is ” degraded land covers all negative
changes in the capacity of the ecosystem to provide goods and services (including biological and water
related goods and services – and in Land Degradation Assessment in Drylands (LADA) its vision  also
landrelated social and economic goods and services)” (FAO, 2022b, p. 1). However, the definition by
Gingold et al. (2012, p. 2) only states that ”land is considered degraded if it contains less than 35 tons
of carbon per hectare”. According to Van Rooijen (2014) the exact definition of degraded land is not
clear. They do however state that biofuel which is obtained from a feedstock grown on degraded land
will not compete with food production (Van Rooijen, 2014). This implies that land use/cover needs to
be included in the degraded land definition as well.

Furthermore, Figure 2.1a shows different types of surplus land in relation to each other according
to different sources. Similar to the differences in the definitions, these figures indicate that there is no
agreement on what degraded land is. For example, in Figure 2.1c, degraded land completely falls in
the marginal land area, while in Figures 2.1a and 2.1b this is not the case. Also, fallow land is related to
degraded land in a different way. Between Figure 2.1a and Figure 2.1b, the main difference is whether
or not there is an overlap between waste land and degraded land.
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(a) Land categories scaled from unused to used land (Rettenmaier et al., 2012)

(b) Different land categories compared to underutilised agricultural land (Miyake et al., 2015)

(c) Different classes of surplus land visualized based on productivity and need for land restoration
(Dauber et al., 2012)

Figure 2.1: Three different ways of visualizing degraded land based on the use of (agricultural) land and productivity
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Due to these different definitions, also different assessments of the amount of degraded land in
Indonesia have been made. In 2013, 24.3 million ha of land in Indonesia was classified as degraded
land according to the United Nations Convention to Combat Desertification (UNCCD). The main cause
of the degradation was inappropriate land use and conversion of forests and peatlands for agricul
ture (Sharma et al., 2018; UNCCD, 2015). However, according to the International Renewable Energy
Agency (IRENA), the amount of degraded land in Indonesia lies between the 12 and 74 million ha,
depending on the definition of degraded land (IRENA, 2017c).

Besides the differences in the definitions for degraded land, there are some other problems with
how degraded land is defined. Often, it is not clear whether the focus of the definition lays on the end
condition of the land, the process of the degradation, or even the perceived risk of degradation (Gibbs
and Salmon, 2015). Another problem is that often the focus lays on soil degradation, while the issue
of land degradation can also be approached by evaluating the ecosystem, thus including both the soils
and the vegetation (Gibbs and Salmon, 2015).

Furthermore, the method by which land is considered to be degraded below a certain level of car
bon storage per hectare results in problems as well. Using this method, land that is currently being
cultivated or land that naturally has a low carbon stock is wrongly considered to be degraded (Gingold
et al., 2012; Gibbs and Salmon, 2015). This land might provide food or medicinal resources for indige
nous people (Dauber et al., 2012). Another problem with this way of quantifying degraded land is that
this measurement only includes above ground biomass (AGB), meaning the carbon stored in vegetation
(Ruysschaert et al., 2011). Carbon stored in the soil, soil organic carbon (SOC), is neglected, while
this also plays an important role in an ecosystem (Chan, 2008). A final problem arises with land that
is classified as degraded according to all criteria, which is that even degraded land can harbour high
levels of biodiversity, or can harbour unique components of biodiversity which are of high value to the
ecosystem (Dauber et al., 2012).

For this research, degraded land is assessed in two ways, following two different definitions. These
two definitions are chosen because the different characteristics used and the quantification that is given
by one of the two definitions. The first definition used is by the UN (2007, p. 140): ”Land degradation
means reduction or loss of the biological or economic productivity and complexity of rainfed cropland,
irrigated cropland, or range, pasture, forest and woodlands resulting from land uses or from a process or
combination of processes, including processes arising from human activities and habitation patterns,
such as: (i) soil erosion caused by wind and/or water; (ii) deterioration of the physical, chemical
and biological or economic properties of soil; and, (iii) longterm loss of natural vegetation. Land
degradation, therefore, includes processes which lead to surface salt accumulation and waterlogging
associated with saltaffected areas”. The second definition used is one that quantifies the degraded
land by carbon stock, it is the definition by Gingold et al. (2012, p. 2): ”land is considered degraded
if it contains less than 35 tons of carbon per hectare”. The use of these definitions in this research is
further explained in Section 4.1.



3
Theoretical background of bamboo

as an energy crop

As mentioned in Chapter 1, bamboo is a biomass feedstock that can be grown on degraded land
(Sharma et al., 2018; Mishra et al., 2014; Boissière et al., 2019). In this chapter bamboo as a biomass
feedstock is further researched. First, the land restoration qualities of bamboo are discussed in Section
3.1. Then, in Section 3.2, the most suitable bamboo species for the degraded land plantations in
Indonesia is selected. Section 3.3, explains which bamboo yield can be obtained from a plantation.
Next, options for agroforestry/intercropping with bamboo and other energy or agricultural crops are
evaluated in Section 3.4. Finally, possible bamboo to electricity conversion technologies are discussed
in Section 3.5.

3.1. Land restoration
The main advantage of bamboo is that it can be grown on degraded land, doing so results in a de
crease of soil erosion, the loss of soil fertility becomes smaller, more water can be conserved and high
amounts of carbon can be stored (Boissière et al., 2019; Aswandi and Kholibrina, 2020; Sofiah and
Susim, 2020; Setiawati et al., 2017). Also, bamboo litter supplies organic matter to the soil, in case
it stays there for a long period of time it protects the soil against surface erosion (Sofiah and Susim,
2020). Bamboo has a survival rate of 99% on degraded land (L. Singh et al., 2020). Furthermore,
growing bamboo on this land should not cause indirect land use change elsewhere, social conflicts or
human right violations (Wicke et al., 2008).

As mentioned before, bamboo has the ability to restore degraded land. Bamboo effectively ’pumps’
nutrients back into the soil because the roots contain extremely high values of biomass and the litter
is slowly decomposed (Christanty et al., 1996). First, when looking at the carbon storage potential of
bamboo, it is found that the carbon storage lays between the 30121 t C/ha and the carbon seques
tration rate is 614 t C/ha per year (Nath et al., 2015). Bamboo has a below ground carbon stock in
the range of 2.519.7 t C/ha, and a soil carbon sequestration rate ranging between 9.519.1 t C/ha per
year (Teng et al., 2016). Furthermore, the roots and rhizomes (underground horizontal plant stems
that can produce shoots and roots of a new plant) which form underground have the capacity to bind
up to 6 m3 of soil which prevents soil and water erosion (BenZhi et al., 2005). For water conservation
the litterfall of the bamboo plays an important role. The total above ground litter fall is estimated to
lay between 4.17.2 t/ha per year for mature bamboo. This bamboo litter can store as much moisture
as 2.75 times its own dry weight (BenZhi et al., 2005).

Land is considered to be successfully restored when the ecosystem again has a fully functioning
state, so the water and carbon cycles should be intact, the soil should be healthy, and the biodiversity
level should be good as well (BAMBoo, 2014). Two projects operated by EcoPlanet Bamboo showed
that using native bamboo species to the countries operated in, degraded land could be restored while
at the same time creating jobs at the plantations (BAMBoo, 2014).

3.2. Most suitable bamboo species
When evaluating which biomass feedstocks can be grown on degraded land, multiple selection criteria
should be met. The first selection criteria is the type of crop. There are different types of energy
crops that can be assigned to three different categories. The first being oilbearing crops, secondly

11
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carbohydraterich crops, and finally lignocellulosic crops (IRENA, 2017a). The first two types do not
grow well on degraded land, and compete with food production in case they are grown on nondegraded
land, also they have a limited ability to lower emissions (IRENA, 2017a). Thus, for the feedstock that
can be used on degraded land, the focus should lay on lignocellulosic energy crops. Furthermore, it
would be most beneficial to use perennial energy crops since these offer environmental advantages
compared to annual crops, and they provide more benefits to the ecosystem (Dauber et al., 2012).
Finally, it is preferred to have a biomass source from a grass or herbaceous plant, since these are
fast growing and have a greater biomass production (Ling Chin et al., 2017). Bamboo meets all these
selection criteria.

Bamboo is a lignocellulosic perennial crop, and is the biggest member of the grass family, which is
called the Poaceae (Poppens et al., 2013; Sharma et al., 2018; Dauber et al., 2012). Worldwide, there
are close to 1500 species under 87 genera of bamboos (Mishra et al., 2014). In Indonesia, between
120 and 161 species of bamboo can be found, of which 56 species are native to Indonesia (Widjaja,
n.d.; Hafzari et al., 2019; Bamboo U, 2019; Sofiah and Susim, 2020; Setiawati et al., 2017; Nasendi,
1995; Park et al., 2021). The total area occupied by bamboo in Indonesia is estimated to lay between
two and five million ha (Nasendi, 1995; Park et al., 2021). The traditional use of bamboo is as a
source of food, firewood, and fire (Sharma et al., 2018). Recently the use expanded to durable tools,
furniture, and building material. Bamboo now has more than 1500 applications. Currently bamboo is
mostly used for construction and handicrafts, but because of its fuel characteristics, short rotation, and
high productivity, bamboo has the potential to be used as a biomass feedstock (Sharma et al., 2018;
Widjaja, n.d.; Nasendi, 1995).

Using degraded land for bamboo plantations needs consultation from the villagers to gain insight in
the local knowhow in addition to a scientific approach (L. Singh et al., 2020). A study done in Central
Kalimantan showed that land owners prefer bioenergy species that are familiar to them for restoration
of degraded land (Artati et al., 2019). Therefore, one of the most common bamboo species in Indone
sia will be planted. The most common bamboo genera in Indonesia are the Bambusa, Gigantochloa,
and the Dendrocalamus (Widjaja, n.d.; Abdullah et al., 2017; Auman et al., 2018; Utami et al., 2018).

The species that have been used in other studies for bioenergy generation are the D. Asper, G.
pseudorundinacea, B. Vulgaris, G. Apus, and G. Atroviolacea (Widjaja, n.d.; Abdullah et al., 2017; Au
man et al., 2018; Utami et al., 2018). Therefore, the fuel properties of these five species are shown in
Table 3.1. The proximate analysis is used to determine the compounds in a mixture, and the ultimate
analysis is used to determine the chemical elements in the compounds.

Table 3.1: Fuel properties of bamboo species according to different sources. In this table VM is volatile matter, FC is fixed
carbon content, MC is moisture content, C is carbon, H is hydrogen, O is oxygen, N is nitrogen, S is sulfur, and HHV is the

higher heating value.

Proximate analysis [%] Ultimate analysis [%]

Species Ash VM FC MC C H O N S HHV Reference
[MJ/kg]

D Asper 2.44 75.4 15.1 7.1 48.7 6.0 44.9 0.33 0.05 18.41 Park et al., 2019
D Asper 15.16 62.65 5.19 17 43.06 6.57 50.19 0 0.17 17.29 Pattanayak et al., 2020
D Asper 2.7 71.7 19.8 5.8      17.59 Truong and Le, 2014
G Pseudorandinacae 2.08 78.0 11.5 8.4 49.0 6.09 44.4 0.4 0.05 18.65 Park et al., 2019
B Vulgaris 1.15 72.0 16.7 10.2 49.5 6.3 43.7 0.43 0.04 18.27 Park et al., 2019
B Vulgaris 8.69 74.3 9.41 7.61 39.75 5.75     Sucipta et al., 2017
B Vulgaris 2.12 80.13 17.75 20.19 46.78 6.38 46.59 0.25  18.21 Rousset et al., 2011
G Apus 1.89 80.0 10.8 7.3 50.9 6.44 42.3 0.24 0.07 18.7 Park et al., 2019
G Apus 2.45 74.3 18.35 8.89 44.29 6.16 46.47 0.53 0.1 17.38 Purbasari et al., 2016
G Atroviolacea 1.36 72.4 18.4 7.8 50.3 6.21 42.9 0.46 0.05 18.75 Park et al., 2019
G Atroviolacea 3.29 71.7 16.88 8.13 44.11 6.26 45.8 0.47 0.07 17.11 Purbasari et al., 2016
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As can be seen in the table, the values of the proximate and ultimate analysis differ a lot from each
other in the different reference studies. This difference can be explained by the different ages of the
bamboo sample and whether or not the bamboo is dried before sampling. The data by Park et al.
(2019), is obtained by analyzing bamboo samples which have been dried naturally for three months.
The samples were obtained from harvesting the bamboo five years after it was planted. Next, the
samples analysed by Purbasari et al. (2016), were sundried for one day. The age of the bamboo used
for these samples is not known. The data by Sucipta et al. (2017) is taken from bamboo samples
which have been sun dried for six days, the age of the bamboo is not known. The samples used by
Pattanayak et al. (2020) were first sundried for seven days, and then further dried at a temperature of
80∘for one hour, again the age of the bamboo used in this study is not known. No information is given
about the samples used by Truong and Le (2014) and Rousset et al. (2011). Also, what is remarkable
about the proximate analysis done by Rousset et al. (2011), is that the total percentage does not add
up to 100%, but to 120%.

To be able to make a reliable comparison between the bamboo species, the data used should be
obtained via a similar method. Data of which the drying period or age of the bamboo samples is not
know is thus not useful to make a comparison. Because of this only the fuel properties of the samples
by Park et al. (2019), are used to further evaluate the optimal bamboo species for electricity generation.
In Park et al. (2019), samples are taken from all five species using the same method, so the data can
be used to compare the different species to each other. In Table 3.1, the further evaluated values are
indicated in bold.

In Table 3.1, the HHV of the bamboo species is shown. Both the water present as moisture and
the water which is chemically formed from the fuelbound hydrogen content are assumed to be in the
liquid form by the HHV. The lower heating value (LHV) assumes that both types of water remain in
the vapor phase. This means that the difference between the two heating values is the latent heat
of the vaporization of water at room temperature (25∘C) of both water types that are released in the
combustion process (de Jong and van Ommen, 2015).

𝐿𝐻𝑉𝑑𝑏 = 𝐻𝐻𝑉 − 2.4 ⋅ 8.9𝑌𝐻 (3.1)

𝐿𝐻𝑉𝑤𝑏 = 𝐿𝐻𝑉𝑑𝑏(1 − 𝑌𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒) − 2.4𝑌𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (3.2)

Equations 3.1 and 3.2 are used to calculate the LHV from the HHV. The first is used to correct for the
hydrogen content in the dry fuel, and the second corrects for the moisture content of the wet fuel. In
the equations Y𝐻 is the hydrogen content and Y𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 is the moisture content of the biomass. LHV𝑑𝑏

and LHV𝑤𝑏 are the lower heating value on a dry basis and on a wet basis, respectively. The value 2.4
comes from the heat of the evaporation of water at 25∘, which is 2.44 MJ/kg, and the 8.9 stands for
the mass of water created per unit mass of hydrogen, so the unit is kg/kg (Blok and Nieuwlaar, 2021).
Usually, in energy conversion processes the heat of condensation is not used, so the LHV is used in
calculations (de Jong and van Ommen, 2015). The calculated LHV values for the selected bamboo
species are shown in Table 3.2.

Table 3.2: Lower heating values of the selected bamboo species

Species LHV [MJ/kg]
G Apus 15.88

Dendrocalamus Asper 15.74
Gigantochloa Atroviolacea 15.88

Gigantochloa Pseudorandinacae 15.69
Bambusa Vulgaris 14.95

The relatively low ash content, high volitale matter, fixed carbon, and HHV, make bamboo have de
sirable fuel characteristics compared to some other biomass feedstocks (Shah et al., 2021; Fialho et al.,
2019). Different bamboo species might have fuel characteristics which make the species more suitable
for different conversion technologies. For example, biomass species with a low moisture content are
better suitable for thermochemical conversion technologies, and species with a higher moisture content
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are more suitable for biochemical conversion technologies (Cuiping et al., 2004). Which thermochem
ical conversion technology is most suitable for a certain biomass species mainly depends on the fixed
carbon, volitale matter, ash content, and the oxygen, hydrogen, and carbon content (Pattanayak et al.,
2020).

The FC/VM ratio gives an indication on how difficult it will be for the biomass to combust, lower
values indicate easier combustion (Pattanayak et al., 2020). The ash content of biomass influences
the fouling and slagging during combustion. Slagging and fouling happens when inorganic material
melts and deposits in the furnace (Erickson et al., 1995). A higher ash content means that the ther
mal behaviour of the particles will change more, char particles in the end of the burnout will break
into smaller pieces. A lower ash content provides a higher effectiveness of the oxidation process of a
biomass (Pattanayak et al., 2020).

For the thermochemical processes the species are desired to have a low FC/VM ratio (preferably
below 2.5) , since this makes combustion easier due to a higher VM content (Vega et al., 2019; Toptas
et al., 2015; Pattanayak et al., 2020). Furthermore, species with low ash contents are more suitable for
pyrolysis and gasification and species with a low oxygen plus ash content are more suitable for combus
tion (Cuiping et al., 2004; Pattanayak et al., 2020; McKendry, 2002). For combustion and pyrolysis, the
species with a higher hydrogen and carbon content are more suitable, and for gasification a lower H + C
content is desired (Pattanayak et al., 2020). An overview of these selection criteria is given in Table 3.3.

Table 3.3: Biomass selection criteria for different thermochemical conversion routes (adapted from Pattanayak et al., 2020)

Conversion Technology Biomass characteristic
FC/VM ratio Ash content O + Ash content H + C content

Combustion low  low high
Gasification low low  high
Pyrolysis low low  low

When evaluating the fuel properties of the five selected bamboo species using the selection criteria
mentioned above, Table 3.4 can be constructed. What becomes clear is that the differences between
the bamboo species is relatively small. In Pattanayak et al. (2020), the range over which the ash content
and the O + ash content spread was around 15%, and the range of the H + C content also was only
3%. The conclusion that can be drawn from comparing Table 3.4 with Table 3.3, is that the species
B Vulgaris and G Apus best match a specific conversion technology, compared to the other species.
B Vulgaris matches best with the selection criteria for pyrolysis, and G Apus matches the criteria of
gasification and combustion best. Since the species G Apus also has the highest LHV, in combination
with a low moisture content, this species will be used for further calculations in this research.

Table 3.4: Selection criteria values of the five selected biomass species (calculated from Table 3.1)

Bamboo species Biomass characteristic
FC/VM ratio [] Ash content [%] O + Ash content [%] H + C content [%]

D Asper 0.200 2.44 47.34 54.70
G Pseudoarundinacae 0.147 2.08 46.48 55.09
B Vulgaris 0.232 1.15 44.85 55.80
G Apus 0.135 1.89 44.19 57.34
G Atroviolacea 0.254 1.36 44.26 56.51

3.3. Bamboo plantation biomass yield
The amount of biomass that can be harvested from a bamboo plantation depends on multiple factors.
Bamboo can be harvested three years after it was planted (Dwivedi et al., 2019; Liese and Köhl, 2015).
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However, waiting longer before harvesting increases the biomass yield significantly (A. N. Singh and
Singh, 1999; Kuehl, 2015). Besides the age of the plants, also the spacing has a big influence on the
biomass yield. When the clumps are more densely spaced, the yield decreases (B. Patel et al., 2019;
Behera et al., 2016). The optimal spacing depends on the size of the bamboo species used, for smaller
species a smaller spacing can be applied. The optimal spacing for a medium diameter species is 5 x 5
meters (Guadua Bamboo, n.d.). When the goal is not to obtain a high biomass yield, but primarily to
stabilize the soil, a smaller spacing of 3 x 3 meters can be applied (Guadua Bamboo, n.d.).

That the yield of bamboo plantations varies a lot becomes clear when evaluating different stud
ies. According to Darabant et al. (2014) the range of biomass yield lays between the 450 t/ha, while
(Rathour et al., 2022) mentions a biomass yield of 67 t/ha. Furthermore, the biomass yield is expected
to decrease by 50% when growing bamboo on degraded land (B. Patel et al., 2019). With the most
optimal spacing the yield decreases from 57.7 t/ha to 28.8 t/ha, when the plantation is located on
degraded land (B. Patel et al., 2019). An other study found a biomass yield of 24.2 t/ha when growing
bamboo on degraded land (B. Patel, Patel, et al., 2021). Therefore, in this research the average of
these two studies, a biomass yield of 26.5 t/ha, will be applied for further calculations.

3.4. Intercropping
An advantage of bamboo is that it can also be used in intercropping agricultural systems (Mollins,
2021). Intercropping has some benefits like a higher economic return, improved biodiversity, higher
soil improvements, and more acceptance by the community (Zhang et al., 2020; Andriyana et al., 2020;
Hiwale, 2015; B. Patel, Patel, et al., 2021). The first three years after planting the bamboo, the plant
is not fully grown and ready for harvesting yet. During this period the inter space can be used to grow
other crops to get an income from the plantation (Toppo, 2022). After the three years, crops that are
tolerant to shade (ginger, tumeric, large cardamom) can still be grown on the plantation (Hiwale, 2015).

Bamboo intercropping can be done with many different species like tea plants, conifer/other broadleaf
trees, agricultural crops, fish ponds, edible fungi, and medicinal plants (Sastry et al., 1996). However,
what is important is that the species with which the bamboo is intercropped on the plantation is also
able to grow on degraded land. In India and Thailand, it proved to be feasible to plant soybean,
wheat, peas, mustard, maize, and peanuts as the intercropping species on degraded land (Solomon
et al., 2020; Hiwale, 2015; Nirala et al., 1996). Furthermore, there is a possibility to grow bamboo to
gether with other tree species. In general, mixed plantations where a combination of bamboo and teak
(tectona grandis) or bamboo and khair (acacia catechu) are planted are most common (L. Singh et al.,
2021). Both teak and khair grow well on degraded land (Kaewkrom et al., 2005; Jha and Mandal, 2019).

Also, agroforestry systems like the talunkabun system, used in Indonesia, can be applied. The
system has a cycle length of six years, where in the first year mixed vegetable species are grown
(kebun), followed by a year of growing cassava, and finally bamboo is grown for four years (talun)
(Christanty et al., 1996). When looking at the nutrient accumulation in the soil during this cycle, it
became clear that during the talun stage the soil humus built and in site nutrient reserves increased
(Mailly et al., 1997). The bamboo is important since it restores the soil fertility on the plantations
(Christanty et al., 1996).

3.5. Bamboo to electricity: conversion technologies
There are two main ways to convert bamboo into heat, electricity, or fuel, the first being thermochem
ical conversion and the second being biochemical conversion (Ediriweera, Palihakkara, et al., 2020).
Thermochemical processes use heat to transform biomatter in biomass into various end products, like
heat, electricity, and fuel (Ediriweera, Palihakkara, et al., 2020). Processes that can be classified as
thermochemical conversion are combustion, gasification and pyrolysis, the suitable conversion process
depends on the type of bamboo biomass used (Pattanayak et al., 2020). In biochemical conversion,
microorganisms are involved in transforming the biomass to biogas or biofuel (Ediriweera, Palihakkara,
et al., 2020). Anaerobic digestion and fermentation are the two processes that classify as biochemichal
conversion, and can be used for bamboo biomass to produce energy (Truong and Le, 2014). The main
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routes for the conversion of biomass are shown in Figure 3.1.

Figure 3.1: Biomass conversion routes (Truong and Le, 2014)

Currently, energy policies for biomass in Indonesia are oriented towards the transport sector and
power generation (electricity) (Dani and Wibawa, 2018). Biomass can help to make electricity accessi
ble to small communities (Dani and Wibawa, 2018). As mentioned in Chapter 1, the electricity demand
is expected to increase significantly. To meet the electricity demand expected in 2030, the conversion
technologies shown in Figure 3.1 can be used to turn the harvested bamboo into electricity.

From the figure, it becomes clear that the thermochemical conversion route possibilities to convert
bamboo into electricity are direct combustion (or cofiring (Liu et al., 2016; Chao et al., 2008; Fryda
et al., 2014)) using a steam turbine, gasification using either a fuel cell or gas turbine, and pyrolysis
liquefaction which then routes back to a gas turbine as well. Also one biochemical conversion route is
suitable for conversion of biomass into electricity. This is anaerobic digestion using a gas engine. To
improve the fuel quality of the bamboo pretreatment like wet and dry torrefaction can be done (Fryda
et al., 2014). The different conversion technologies are explained below.

First, in Subsection 3.5.1, direct combustion is explained. Subsection 3.5.2 explains how gasifi
cation of a biomass works. Then the final thermochemical conversion technology, which is pyrolysis,
is explained in Subsection 3.5.3. Finally, in Subsection 3.5.4 the biochemical conversion technology,
anaerobic digestion, is discussed.

3.5.1. Direct combustion
Combustion is the most common technology used to convert biomass into energy. Combustion is made
up out of four processes: drying, pyrolysis, combustion of the volatile matter, and combustion of the
residual char (de Jong and van Ommen, 2015; Kerlero De Rosbo and Bussy, 2012). The most used
technology for electricity generation through combustion in thermal power plants is a steam turbine
(de Jong and van Ommen, 2015). There are other possibilities, like the Rankine cycle, the Stirling
engines, the externally fired combined cycle (de Jong and van Ommen, 2015; Makwarela et al., 2017).

Focusing on the most common technology, the steam engine, electricity is generated by first burn
ing the biomass in a boiler which generates steam as well as hot exhaust gasses, and then the steam
is led into the steam engine. Here it pushes against a piston, so mechanical power is produced. The
steam expands, the pressure is lowered and the steam is cooled down. Now the steam can be con
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densed, reheated and pumped back into the boiler, or be released into the atmosphere (Kerlero De
Rosbo and Bussy, 2012; Truong and Le, 2014). A schematic overview of this process is given in Figure
3.2. In this figure the blue blocks are inputs, and the green block is the output of electricity. The
electrical efficiency of this process, based on the lower heating value, lays between the 10% and the
30% (Kerlero De Rosbo and Bussy, 2012; de Jong and van Ommen, 2015).

Figure 3.2: Combustion process (adapted from (Kerlero De Rosbo and Bussy, 2012; Truong and Le, 2014)

Combustion is also possible in another form, biomass can be cofired with coal. A biomass to coal
ratio of around 1030% is optimal when looking at the amount of pollutant emissions per unit of energy
output (Chao et al., 2008). Cofiring will reduce the CO2 and NO𝑥 emissions, as well as the amount of
fossil fuel needed, in a fossil fuel power plant (Makwarela et al., 2017; Truong and Le, 2014). Currently
in Indonesia, PLN (the Indonesian utility company) is cofiring biomass at 17 thermal coal power plants
however the government wants to make this mandatory for all coal power plants (which currently
supply more than 60% of the electricity) (Modi, 2021; Davies, 2021).

3.5.2. Gasification
From the three thermochemical conversion routes that can be taken, gasification is the best option for
power production (Kerlero De Rosbo and Bussy, 2012). Both a pyrolysis and a partial combustion step
are included in gasification. During gasification, a gaseous agent is used to convert a liquid/solid fuel
into a combustible product gas (de Jong and van Ommen, 2015). A limited amount of oxygen is avail
able during the gasification process, and it occurs at high temperatures, between 7501000∘Celcius
(Truong and Le, 2014).

For small scale operations of a few MW, fixed and moving bed gasifiers can be used. For midscale
operations between 10 and more than a 100 MW, fluidized bed reactors can be used, and for operations
of more than 100 MW, entrained flow gasifiers are applied (de Jong and van Ommen, 2015). In Figure
3.3 an overview of the gasification process is shown, in this figure a fixed bed reactor is used. Electricity
can be generated either via a gas turbine, gas engine, or fuel cell. In the figure the path of the gas
turbine and fuel cell are shown. To be able to use the syngas as an input for the fuel cell it needs to be
cleaned, so dust and tars are filtered out (Truong and Le, 2014). Both a molten carbonate and a solid
oxide fuel cell can be used to process bio syngas, however since a solid oxide fuel cell has a higher
resistance to gas contaminates this cell is shown in Figure 3.3 (de Jong and van Ommen, 2015).
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Figure 3.3: Gasification process (adapted from (de Jong and van Ommen, 2015; ipieca, 2014)

The electrical efficiency of this process, based on the lower heating value, lays between the 20%
and the 35% (Kerlero De Rosbo and Bussy, 2012).

3.5.3. Pyrolysis
Pyrolysis is the first step of the combustion and gasification processes of biomass. During pyrolysis,
biomass is converted into biooil, syngas, and charcoal in the absence of oxygen. These outputs then
can be used as an input for a power production process (de Jong and van Ommen, 2015; Truong and
Le, 2014). For electricity, the best product of the pyrolysis to use is the syngas, using the oil would
require more steps and energy to separate the oil from the tars and purify it (Truong and Le, 2014).
The syngas can be burnt in either a boiler, similar to the combustion process explained in Subsection
3.5.1, or in a gas engine (Truong and Le, 2014).

Most pyrolysis reactions are conducted in fluidized bed reactors at a temperature between 350
600∘Celcius, in these reactors the produced syngas is often recycled back into the reactor to keep the
reaction going and prevent the need for additional input gas once the reaction has started (de Jong
and van Ommen, 2015; Kerlero De Rosbo and Bussy, 2012). However, since the syngas is needed for
power generation this will not be possible in this case. This means that a constant input of additional
gas is needed to keep the reaction running. The production of gases is optimized when the pyrolysis
reaction is done at low temperatures of 350400∘Celcius, this process is also called carbonization (Ker
lero De Rosbo and Bussy, 2012).

Figure 3.4 gives an overview of the process to convert bamboo into electricity using pyrolysis. Either
the steam turbine or the gas turbine path can be followed. Again, the blue blocks are inputs, and the
green blocks are outputs.
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Figure 3.4: Pyrolysis process (adapted from (ipieca, 2014; Ebrary, n.d.; Truong and Le, 2014)

The electrical efficiency of this process, based on the lower heating value, is around the 10%
(Kerlero De Rosbo and Bussy, 2012).

3.5.4. Anaerobic digestion
During anaerobic digestion, organic matter in biomass is biologically degraded by microorganisms with
out the presence of oxygen (Truong and Le, 2014). The biogas that is produced consists of approxi
mately 60% methane and 40% CO2 (Truong and Le, 2014; de Jong and van Ommen, 2015). Anaer
obic digestion exists of four steps being: hydrolysis, acidogenesis, acetogenesis, and methanogensis
(Truong and Le, 2014). Reactors used for this process are the plug flow reactor and the continuous
stirred tank reactor. Theoretically, it is optimal to have a plug flow reactor in which the catalyzing
microorganisms for the methanogensis step are maintained by a recirculation rate (de Jong and van
Ommen, 2015).

Figure 3.5 shows a schematic overview of the anaerobic digestion process. The reactor in this
figure is a plug flow reactor, and the syngas is converted to mechanical energy in a gas engine. The
generator is used as a final step to convert the mechanical energy to electricity. The efficiency of
anaerobic digestion varies between 2070%, and the efficiency of a gas turbine is around 43% (Mei
et al., 2016; Weiland, 2010). This gives an overall electrical efficiency of 19%.
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Figure 3.5: Anearobic digestion process (adapted form (Coney et al., 2004; de Jong and van Ommen, 2015)



4
Methodology

In this chapter the methods for both the potential assessment and the QGIS degraded land assess
ment are explained. First, to be able to select the degraded land areas which are suitable for a biomass
plantation a GIS analysis is conducted. As mentioned in Chapter 2, a GIS approach has been used for
similar studies. In this study the QGIS software is used, this is a free and open source geographic
information system software (QGIS.org, 2022). The method used to find the suitable locations is ex
plained in Section 4.1. After this, in Section 4.2, the method used for the potential analysis is described.

4.1. QGIS method
To determine the optimal locations for bamboo plantations in Indonesia, multiple classification criteria
have been used. The QGIS analysis consists of four different steps, in each step different criteria are
evaluated. Figure 4.1 gives an overview of the steps described below, and the datasets used in each
step. In this figure, the grey blocks indicate a dataset, the blue blocks represent the different steps,
and the green blocks are outputs. Multiple datasets are used for the different steps of the QGIS anal
ysis. An overview of the datasets used is given in Table 4.1.

Table 4.1: Datasets used for the GIS analysis

Data Year Source
Soil quality (HWSD) 2008 Fischer et al., 2008
Above ground biomass (AGB) 2016 Avitabile et al., 2016
Land cover 2017 MoEF, 2017
Protected areas 2022 UNEPWCMC and IUCN, 2022
Protected areas 2015 Global Forest Watch, 2019
Key biodiversity areas 2021 Key Biodiversity Areas, 2022
Peat lands 2016 Global Forest Watch, 2016
Elevation 2018 3 CGIARCSI, 2018
Roads 2022 OpenStreetMap, 2022

The first step, described in Subsection 4.1.1, is to find degraded land locations. This is done by
analyzing two different datasets, first the Harmonized World Soil Database (HWSD) is used to assess
the quality of the soil and second the above ground biomass (AGB). Criteria used in literature which
analysis the soil quality are for example: soil erosion, water erosion, salinization, sodification, peat,
nutrient status, and physical, chemical and biological degradation (AbdelKader, 2019; AbdelRahman
et al., 2016; Hou et al., 2016; Dauber et al., 2012; Edrisi and Abhilash, 2016). In the above ground
biomass dataset, the amount of carbon per hectare is used to find degraded land areas (Ruysschaert
et al., 2011; Gingold et al., 2012). The next step, described in Subsection 4.1.2, adds ecological and
peat constraints to the degraded land areas found in Step 1. Key biodiversity areas, peat lands, and
areas that are both legally classified as protected and found in the World Database on Protected Areas
(WDPA), are excluded (Dauber et al., 2012). Then the third step, described in Subsection 4.1.3, is to
take the social criteria into account, in literature the following criteria have been used: land cover, land
productivity, GDP, population density (Romshoo et al., 2020; Kusratmoko et al., 2017; Hou et al., 2016;
Fauzi et al., 2019). Finally, the fourth step includes the economic considerations, including the size of
the plantation, the slope and elevation, and the accessibility (Dauber et al., 2012; Edrisi and Abhilash,
2016). This final step is described in Subsection 4.1.4.

21
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Figure 4.1: Schematic overview of the QGIS method

4.1.1. Step 1: Find degraded land areas
In the first step, two different approaches to find degraded land are used. These approaches are based
on different focus points of the degraded land definitions. The first approach makes use of the HWSD
dataset. The second approach uses the AGB dataset.

Soil quality constraints
In this research, the focus lays growing bamboo on degraded land, as a biomass feedstock. Therefore,
in this case, the quality of the soil is the most important parameter to measure degraded land. This
follows the first definition, as mentioned in Section 2.4, which indicates that the properties of the soil
form a parameter by which land degradation can be assessed. A dataset from the harmonized world
soil database (HWSD) is used to get an overview of the quality of the soil and the matching growth
potential. From this dataset areas with a growth potential of 60% to less than 40% will be classified
as degraded. This limited growth potential implies a reduction of the land’s production capacity as
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mentioned in definitions by WRI (2022), UN (2007), OECD (2001), FAO (2022b), Olsson and Barbosa
(2019), Rothman et al. (2007), and AbdelKader (2019).

As mentioned the HWSD dataset is used in this first step. The dataset is part of a collaboration
between the FAO, the ISRICWorld Soil Information, the Institute of Soil Science, the Chinese Academy
of Sciences (ISSCAS), and the Joint Research Centre of the European Commission (JRC) (FAO, 2022a).
The dataset provides information on problems of land competition for food production, bioenergy
demand, and threats to biodiversity (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012). From this dataset, seven
raster data files, with a resolution of 30 arcsec (1 km), concerning soil quality are implemented in the
QGIS software for the degraded land analysis. The soil quality parameters are the nutrient availability,
nutrient retention capacity, rooting conditions, oxygen availability to roots, excess salts, toxicity, and
workability (constraining field management) (Fischer et al., 2008). The characteristics matching each
of these seven soil qualities are shown in Table 4.2. All these characteristics are summarized in the soil
quality parameters. The reference crop on which the data is based is maize (FAO, 2022a).

In this report, the dataset by the Food and Agriculture Organization of the United Nations (FAO)
is used, which was generated using the methods described below. For more information, please see
FAO (2022a). The FAO compiled the dataset by evaluating different soil characteristics for each of the
seven soil qualities. For the different soil qualities a different estimation procedure was followed. Since
the soil characteristics of the nutrient availability are slightly correlated, the soil characteristic that is
most limiting was combined with the average of the remaining less limiting characteristics. The same
was done for the nutrient retention capacity. Then for the rooting conditions the soil depth limitation
was multiplied with the most limiting soil or soil phase property for the estimation. To estimate the
excess salts the most limiting of the combined soil salinity, sodicity conditions, and occurrence of saline
and sodic soil phase was selected. Again for the toxicity soil quality the most limiting of the combination
of excess calcium carbonate and gypsum in the soil, and the occurrence of petrocalcic and petrogypsic
soil phases was used. Finally, for the workability the same method as for the first two soil quality
was followed. The most limiting soil phase attribute was combined with the average of the remaining
attribute conditions (FAO, 2022a). This method was used by the FAO to assign the numbers 1 to 7, as
shown in Table 4.3, to each location per soil quality.

Table 4.2: Soil qualities and characteristics (FAO, 2022a)

Soil quality Soil characteristics
Nutrient availability Soil texture

Soil organic carbon
Soil pH
Total exchangeable bases

Nutrient retention capacity Soil organic carbon
Soil texture
Base saturation
Cation exchange capacity of soil and clay fraction

Rooting conditions Soil texture
Bulk density
Coarse fragments
Vertic soil properties
Soil phases affecting root penetration
Soil depth
Soil volume

Oxygen availability to roots Soil drainage
Soil phases affecting soil drainage

Excess salts Soil salinity
Soil sodicity
Soil phases influencing salt conditions

Toxicity Calcium carbonate
Gypsum

Workability (constrainting field management) Soil texture
Effective soil depth/volume
Soil phases constrainting soil management
(soil depth, rock outcrop, stoniness, gravel/concretions, hardpans)

For each soil quality parameter, there is a separate raster file in which each location is linked to a



24 4. Methodology

number. These numbers range from 1 to 7, then each number is matched with a different class, as
shown in Table 4.3. The first four classes are matched to a growth potential range, going from 100%
growth potential to less than 40% growth potential in four equal steps (Fischer et al., 2008). These
classes are used to determine which pieces of land can be classified as degraded land.

Table 4.3: HWSD classifications (Fischer et al., 2008)

Number Class Growth potential
1 No or slight limitations 100  80 %
2 Moderate limitations 80  60 %
3 Severe limitations 60  40 %
4 Very severe limitations < 40 %
5 Mainly nonsoil –
6 Permafrost area –
7 Water bodies –

It is assumed that (very) severe limitations, thus a growth potential below 60%, result in a loss of
value and a reduced production capacity of the land, as stated by the degraded land definitions. To
include different levels of loss of value or reduced production capacity, three different degraded land
scenarios are constructed. Scenario HWSD_1 contains the least constraints, this scenario includes all
areas that score number 3 or 4 in at least one of the seven soil quality parameters. Next, scenario
HWSD_2 includes all areas that score number 4 in at least one of the seven soil quality parameters.
Finally, scenario HWSD_3 only includes areas that, when taking the average of the seven parameters,
have an average score which is higher than 2. Since some of the parameters datasets have missing
data points, the average is calculated by dividing the sum of the scores by the number of inputs. Going
from scenario HWSD_1 to HWSD_3, the scenarios become more strict. Examples of the data for each
scenario are given in Tables 4.4, 4.5, 4.6. In these tables the index column provides information on
the location.

To separate the data and bundle it into the three different scenarios a Python code was written.
The input for the program is an attribute table extracted from QGIS, formatted as a CSV file, which
includes all information from the seven soil quality parameters. The output of the Python code gives
three different CSV files with only the locations that apply to each scenario. Then these CSV files can be
converted back to QGIS shape files, resulting in three different maps of Indonesia, with the degraded
land location for each scenario.

Table 4.4: Examples HWSD_1 data (at least one number 3)

Index Excess salt
Nutrient
retention
capacity

Nutrient
availability

Oxygen
available to
roots

Rooting
conditions Toxicity Workability Average

155 1 2 3 1 1 1 1 1.42857
166 1 1 1 1 4 1 4 1.85714

Table 4.5: Examples HWSD_2 data (at least one number 4)

Index Excess salt
Nutrient
retention
capacity

Nutrient
availability

Oxygen
available to
roots

Rooting
conditions Toxicity Workability Average

842 1 1 1 1 3 1 4 1.71429
863 1 1 1 1 4 1 3 1.71429
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Table 4.6: Examples HWSD_3 data (average of at least 2)

Index Excess salt
Nutrient
retention
capacity

Nutrient
availability

Oxygen
available to
roots

Rooting
conditions Toxicity Workability Average

4490 4 4 4 3 3 3 3 3.28571
4497 2 3 4 3 2 2 2 2.57143

Carbon stock constraints
As mentioned in Chapter 2, another way to estimate the degraded land area is by evaluating the carbon
stock per hectare. The second definition mentioned in Section 2.4 is used for this part of the method.
The definition mentions that land is degraded when it contains a carbon stock lower than 35 t C/ha.
Using this adds an extra scenario to the degraded land analysis, being scenario CS_4. A threshold of
35 tonnes of carbon per ha is used by (Gingold et al., 2012). A different study uses a threshold of 40
tonnes of carbon per ha, this value is chosen by comparing the current carbon stock to that of an oil
palm plantation. It is mentioned that converting land below the threshold to a plantation will lead to a
carbon stock gain (Ruysschaert et al., 2011). An important note is that these analysis only take above
ground biomass, which means vegetation, into consideration (Ruysschaert et al., 2011; Gingold et al.,
2012). Soil organic carbon and below ground biomass are neglected.

In this research the more restricting value of 35 tonnes of C/ha is applied. The above ground carbon
stock dataset was added to the QGIS analysis, and modified in such a way that only areas containing
less than 35 tonnes of C/ha remained (Avitabile et al., 2016). These remaining areas are considered
to be degraded in this fourth scenario. The resolution of this dataset is 1 km. For comparison, to
evaluate what happens if this carbon threshold would be reduced to a lower number, also three other
carbon stock limits were applied using this dataset. The values used are a carbon stock lower than 25
t C/ha, lower than 15 t C/ha, and lower than 5 t C/ha.

Figure 4.2: Schematic overview of the proposed degraded land scenarios

Figure 4.8 gives a schematic overview of the four scenarios that will be used to find the degraded
land locations. As can be seen in the figure, the first three scenarios follow from the HWSD dataset, for
each scenario this dataset is filtered using different criteria. These scenarios are based on soil quality
parameters, which can also be used to assess soil erosion. This proved to be a good measurement
criteria to assess degraded land, as mentioned in Section 2.3 (Sulistyo et al., 2017; Narendra et al.,
2019). The fourth scenario results from the AGB dataset, in this scenario the data is filtered by the
carbon stock threshold of 35 t C/ha.

4.1.2. Step 2: Ecological and peat constraints
For the second step, multiple datasets are used. In this step legally protected areas, peat lands, and
key biodiversity areas, including the added buffers, are removed from the degraded land areas. The
datasets used are explained below.

First, the legal classification layer, developed by the Indonesian Ministry of Forestry, is added to
the QGIS analysis to be able to eliminate areas that are legally classified as protected areas. The layer
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shows the protection status of the land (Global Forest Watch, 2019). The total area of this layer is
48,878 km2. A buffer of 1000m was added to these locations to ensure the protection of these areas
(Dauber et al., 2012). Land covers that are classified as protected according to this dataset can be
found in Appendix B.

The second dataset concerning protected areas is part of a collaboration between the UN Envi
ronment Programme and the International Union for Conservation of Nature (IUCN), the dataset is
managed by the UN Environment Programme World Conservation Monitoring Centre (UNEPWCMC),
governments, NGOs, and international secretariats (protectedplanet.net, 2022, UNEPWCMC and IUCN,
2020). The total area of this dataset is 30,235 km2. Again a buffer of 1000m was added around the
protected areas (Dauber et al., 2012). Land covers that are classified as protected in this dataset are
also given in Appendix B. The overlapping area of the two protected area datasets is 23,716 km2, this
shows that the legal classification layer is more elaborate in evaluating protected areas. This is due to
the fact that the legal classification data also includes marine areas.

Next, the key biodiversity area layer is added to the QGIS analysis to make sure that the habitats
and ecosystems of the world’s threatened species are excluded from the potential plantation areas.
Key biodiversity areas are globally threatened or geographically restricted ecosystems, these areas are
risked to be lost because of unsustainable human activity (Key Biodiversity Areas, 2022). The total
area of this layer is 33,379 km2, again around these conservation areas a buffer of 1000m is added
(Dauber et al., 2012).

Finally, the peat land dataset is added. Peat lands consists of wetlands where organic matter is
accumulated faster than it is decomposed, this results in peat formation (Paavilainen and Päivänen,
1995). Similar to natural forests, peat lands contain a high level of carbon (Dauber et al., 2012; Warren
et al., 2017; Petrenko et al., 2016). Since peat lands are not explicitly categorized in the land cover
dataset from Section 4.1.3, this peat layer is added to the QGIS analysis to make sure peat lands are
considered not suitable. From the QGIS analysis it can be concluded that the total peat land area is
149,166 km2.

4.1.3. Step 3: Land cover constraints
In the third step the land cover data is added to the QGIS analysis. The land cover layer is separated
into three different groups, based on the possibility of starting a biomass plantation in each location.
The groups are ”not suitable”, ”used land”, and ”unused land”, and are connected to the degraded land
layers in QGIS (Gingold et al., 2012).

The land cover data used is obtained through the Ministry of Environment and Forestry (MoEF).
The MoEF published a dataset in which 22 different forms of land use are defined. Table 4.7 shows
the different land covers, assigned to their suitability class. The areas of the different land cover types
and the total area per suitability class are included in the table as well. For the analysis all primary
and secondary dryland forest, swamp forest, and mangrove forest areas are combined in the natural
forest land cover class (Boer et al., 2018). A buffer of 100m was added around water bodies since
these buffers ensure the water supply (Dauber et al., 2012).
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Table 4.7: Land cover (MoEF, 2017)

Suitability class Land cover Area [km2] Percentage of total
land area [%]

Unused land Shrub/bush 152,817 7
Savannah 25,721 1
Bare land 35,431 2

Total unused land 213,970 10
Used land Dry agricultural 97,156 5

Shrub mixed dry agricultural 246,099 12
Shrub swamp 80,021 4
Rice field 77,616 4
Estate crop plantation 155,590 7
Mining area 6,986 0.3
Plantation forest 46,282 2

Total used land 709,753 34
Not suitable Natural forest 888,866 42

Airport/harbour 221 0.01
Settlement area 33,166 2
Transmigration area 2,608 0.1
Swamp 203,491 10
Fish pond 9,330 0.4
Water bodies 37,697 2

Total not suitable 1,175,382 56

A separate layer was made for each possible combination of land cover and degraded land scenario,
thus this step results in eight different scenarios. An overview of these scenarios can be found in Table
4.8.

Table 4.8: The eight scenarios

Scenario Degraded land level Land cover level
HWSD_1A At least one level 3 or 4 Unused land
HWSD_1B At least one level 3 or 4 Used land
HWSD_2A At least one level 4 Unused land
HWSD_2B At least one level 4 Used land
HWSD_3A Average higher than 2 Unused land
HWSD_3B Average higher than 2 Used land
CS_4A Carbon stock lower than 35 t C/ha Unused land
CS_4B Carbon stock lower than 35 t C/ha Used land

4.1.4. Step 4: Technoeconomic constraints
In the final step, the economic constraints are added to all eight scenarios. First, the elevation and
slope of the degraded land areas are evaluated. Slope and elevation are added to the analysis since
these factors put feasibility and economic constraints on the location of the bamboo plantation (Pertiwi
et al., 2021; Dauber et al., 2012). In different studies bamboo is grown on altitudes varying from
400m  1700m, 0m  1647m, 900m  1200m above sea level (Nazir et al., 2019; Utami et al., 2018;
Aswandi and Kholibrina, 2020). According to Kigomo (2007) most bamboo species are grown at an
elevation of 1200m to 1500m above sea level. The optimal altitude to grow bamboo is between 200m
and 1600m above sea level (Plantations International, 2020). Therefore, the maximum elevation taken
into account in this research is 1600m above sea level. In QGIS the dataset by CGIARCSI (2018) was
used to remove all degraded land locations above an altitude of 1600m.

Then, from the elevation dataset the slope of the land can be derived in QGIS. Steep slopes can
be used to grow bamboo (van Dam et al., 2013; Madegowda et al., 2021; Devi and Singh, 2021).
According to Xu et al. (2020) bamboo can grow on slopes ranging from 15∘to 30∘. A study done by
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Pertiwi et al. (2021) indicates that it is not feasible to grow bamboo on locations that have a slope
of 40∘. Furthermore, Banik (2015) mentions that locations with a slope up to 30∘are most optimal to
grow bamboo. Therefore, in this research the slope limit is set to 30∘. From the elevation dataset
mentioned before, the slope can be derived in QGIS (CGIARCSI, 2018). All degraded land areas with
a slope steeper than 30∘are removed.

Next, an accessibility constraint is added to the degraded land areas suitable for bamboo production
in QGIS. It is important that the harvested biomass can be transported to the nearest road. The dis
tance from the location to the nearest road influences the (economic) feasibility of a location (Dauber
et al., 2012; Zahraee et al., 2020). A minimal distance of 5 km from the plantation to the nearest
road was used by Sah (2016). In two other studies a minimal distance of 2 km was applied to ensure
feasible transport of the biomass to a near road (Zahraee et al., 2020; Van Holsbeeck and Srivastava,
2020). In this research a limit of 2 km is applied. The accessibility of the possible bamboo plantations
is evaluated in QGIS by using a dataset containing the road network of Indonesia (OpenStreetMap,
2022). The buffer of 2 km is added to the road dataset, and all degraded land locations that do not
fall within the applied road layer are removed and considered not suitable.

Finally, a size constraint is added in this step. There is a minimal area that is needed to realize
a plantation. According to JiangHua and XiaoSheng (2001) medium to large scale plantations can be
around 1 hectare, or expand on many square kilometers. Another study mentions that small scale
plantations range from two to eight hectares, and large scale plantations are anywhere above eight
hectares (NIOS, n.d.). In this research a minimal plantation size of one hectare was applied to the
data. This means that all degraded land areas smaller than one hectare are removed.

4.2. Potential analysis method
The potential analysis is split up into two parts, first the technical potential of bamboo as a biomass
feedstock is assessed following the method described in Section 4.2.1. Next, the economic potential is
assessed following the method described in Section 4.2.2.

4.2.1. Technical potential
The method used to calculate the technical potential of bamboo for electricity generation is adapted
from Kerlero De Rosbo and Bussy (2012). The equation used in this research is Equation 4.1.

𝐸𝑖 = 𝜂𝑖𝑃𝑏𝑎𝑚𝑏𝑜𝑜𝐿𝐻𝑉𝑏𝑎𝑚𝑏𝑜𝑜𝐴𝑝𝑙𝑎𝑛𝑡𝑎𝑡𝑖𝑜𝑛(1 − 𝑌𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒) (4.1)

In this equation 𝐸 is the electricity potential for each conversion technology noted by subscript 𝑖.
Then 𝜂𝑖 is the conversion efficiency of each technology. 𝑃𝑏𝑎𝑚𝑏𝑜𝑜 is the productivity of the bamboo in
kg/ha, and 𝐿𝐻𝑉𝑏𝑎𝑚𝑏𝑜𝑜 is the lower heating value of the bamboo in MJ/kg. Next, 𝐴𝑝𝑙𝑎𝑛𝑡𝑎𝑡𝑖𝑜𝑛 is the area
of the plantation in ha. Finally, 𝑌𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 is the moisture content of the bamboo.

The first step of the technical potential assessment is to calculate the available electricity potential
that can be achieved by bamboo cultivation on the found degraded land areas. Then after this, the
amount of land needed to supply a certain percentages of electricity demand by 2030 is calculated by
turning Equation 4.1 around. When these two steps are finished, the outcomes of the two steps can
be compared to each other, which shows how likely it is that a certain electricity demand percentage
can be covered by bamboo conversion.

The amount of land needed to cover a certain percentage of the electricity demand can be calcu
lated for the four different conversion technologies. The different percentages of the electricity demand
cover evaluated are 25%, 50%, 75%, and 100%, this equals to 111.3 TWh, 222.6 TWh, 333.8 TWh,
and 445.1 TWh, respectively.

To calculate the required area for the different demand percentages, the electricity demand is used
as a first input after which the conversion efficiency, LHV, moisture content, and bamboo yield are
used (Kerlero De Rosbo and Bussy, 2012). The average value of the conversion efficiencies found in
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Subsections 3.5.1, 3.5.2, 3.5.3, 3.5.4 is used in this calculation for each conversion technology.

In Section 3.2, it was decided that G Apus would be the most suitable bamboo species for electricity
conversion. Thus the LHV and moisture content of this species will be used in these calculations.
Furthermore, a yield estimation for bamboo on degraded land was done in Section 3.3, the yield of
26,500 kg/ha is used in the potential calculation. Table 4.9 shows the assumed values used to calculate
the technical potential for combustion, gasification, and pyrolysis.

Parameter Value Unit
𝜂𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 20 %
𝜂𝑔𝑎𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 27.5 %
𝜂𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 10 %
𝐿𝐻𝑉𝐺𝐴𝑝𝑢𝑠 15.88 MJ/kg
𝑌𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 7.3 %
𝑃𝑏𝑎𝑚𝑏𝑜𝑜 26,500 kg/ha
𝐴𝑝𝑙𝑎𝑛𝑡𝑎𝑡𝑖𝑜𝑛 128  245,729 km2

Table 4.9: Technical potential assumptions

4.2.2. Economic potential
To estimate the economic potential of a renewable energy technology, the levelized cost of electricity
(LCOE) can be used. The LCOE is the ratio of the total costs to the total electricity generation over the
entire lifetime, corrected with the discount rate (Baruah and Baruah, 2021). Equation 4.2 shows how
the LCOE is calculated.

𝐿𝐶𝑂𝐸 =
∑𝑛𝑡=0

𝐼𝑡+𝑂&𝑀𝑡+𝐹𝑡
(1+𝑟)𝑡

∑𝑛𝑡=0
𝐸𝑡𝑐𝑓
(1+𝑟)𝑡

(4.2)

In this equation I𝑡 is the initial investment, O&M𝑡 is the annual cost of operation and maintenance,
F𝑡 is the annual fuel cost, E𝑡 is the annual electricity production, and r is the discount rate. The subscript
t means that the amounts may vary over the years (Blok and Nieuwlaar, 2021).
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Table 4.10: LCOE assumptions

Parameter Value Unit Reference
Investment costs (𝐼𝑡)
Gasification 1500 US$/kW You et al., 2017
Combustion 1591 US$/kW Fan et al., 2019
Pyrolysis 10,000 US$/kW Ahmadi et al., 2020
Anaerobic digestion 4339 US$/kW Hadidi and Omer, 2017

Fixed O&M costs (𝑂&𝑀𝑡𝑓𝑖𝑥𝑒𝑑)
Gasification 60 US$/kW IRENA, 2020
Combustion 50 US$/kW IRENA, 2018
Pyrolysis 400 US$/kW IRENA, 2020
Anaerobic digestion 115 US$/kW IRENA, 2018

Variable O&M costs (𝑂&𝑀𝑡𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒)
Gasification 0.005 US$/kWh IRENA, 2020
Combustion 0.0045 US$/kWh IRENA, 2018
Pyrolysis 0.005 US$/kWh IRENA, 2020
Anaerobic digestion 0.0044 US$/kWh IRENA, 2018

Other costs
(independent of conversion technology)
Fixed transport costs 2.91 US$/tonne Agbor et al., 2016
Variable transport costs 0.0326 US$/tonne/km Agbor et al., 2016
Harvesting costs 9.37 US$/tonne B. Patel et al., 2019
Cultivation costs 1293 US$/ha B. Patel et al., 2019
Capacity factor (𝑐𝑓) 90 % IRENA, 2020
Discount rate (𝑟) 10 % Blok and Nieuwlaar, 2021
Lifetime (𝑡) 25 years Agbor et al., 2016

Table 4.10 shows the assumed values to calculate the LCOE for the different conversion technolo
gies. When assuming the gasification process will go following the steps explained in Section 3.5.2,
a fixed bed gasifier will be used. The investment costs for this electricity conversion technology are
between the 21405700 US$/kW (IRENA, 2012). However, from experience of a biomass gasification
plant in combination with a gas engine in Indonesia, it was found that the investment cost was 600
US$/kW (Sulistyo et al., 2017). A similar study done in Indonesia gives an investment cost of 1500
US$/kW, when the same technology is used (You et al., 2017). Since the difference between these ref
erence values is significant, in this research the value of 1500 US$/kW is used. This is chosen because
this value is closer to the range of estimated investment costs by IRENA.

The operation and maintenance costs is split in fixed and variable costs. The fixed O&M costs are
expressed as a percentage of the investment costs. The fixed O&M cost lay between the 26% of the
investment cost (IRENA, 2020). In this research the average of these values, 4%, is used. The vari
able O&M costs are 0.005 US$/kW, 0.0045 US$/kW, and 0.0044 US$/kW for gasification and pyrolysis,
combustion and anaerobic digestion power plants, respectively (IRENA, 2020).

The fuel cost is built up by different variable costs depending on the amount of land used to pro
duce the feedstock. The fuel costs are built up by the cultivation, harvesting, and transport costs of the
bamboo (Abdelhady et al., 2018). The cultivation costs are based on land preparation, plant, fertilizer,
pruning, rotavator, weeding labour, electricity, and organic manure costs (B. Patel et al., 2019). The
transport costs are again built up by a fixed and a variable value depending on the distance from the
plantation to the power plant (Agbor et al., 2016). So, the fuel cost is the sum of the fixed and variable
transport costs, harvesting costs, and cultivation costs shown in Table 4.10.

The capacity factor is the ratio between the electricity that a power plant annually produces to
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the amount of electricity that the plant theoretically could produce in case it would be running at full
capacity for the entire year (Naqvi et al., 2017). Usually the capacity factor of biomass power plants
lays around the 8595% ( IRENA, 2020; Ramlan and Alif, 2021). In this research the value of 90% is
used.

The discount rate used is based on a social discount rate for developing countries, it is estimated
to lay between the 1012% (Blok and Nieuwlaar, 2021). In literature the value of 10% is mostly used,
therefore this value is used in this research as well (Langer et al., 2021; You et al., 2017). Finally, the
lifetime of the power plant is based on similar studies using gasification power plants (Abdelhady et al.,
2018; Agbor et al., 2016; You et al., 2017).
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Results QGIS analysis

The results from the method described in Chapter 4 are given in this chapter. First, the degraded land
locations as well as the total degraded land area are given in Section 5.1. The current land covers
of the degraded land areas area discussed in Section 5.2. Then, the locations that are suitable for a
bamboo plantation are shown in Section 5.3. For all scenarios maps, areas, and land cover percentages
are included.

5.1. Degraded land
After the first step described in Section 4.1.1, the degraded land locations in Indonesia are found. The
degraded land locations per scenario (as mentioned in Table 4.8) are shown in Figures 5.1 and 5.2, the
figures are based on the HWSD dataset (HWSD_1, HWSD_2, HWSD_3) and the AGB dataset (CS_4),
respectively. The areas of the degraded land for each scenario as well as the percentages of Indone
sia’s total land area (1,826,440 km2) are shown in Table 5.1. In general, most degraded land is found
in the east of Indonesia. Sumatra contains many degraded land locations, and only few degraded land
locations are found on Papua. This might be due to the different land covers and population densities
on the islands.

When analysing Figure 5.1, it becomes clear that the degraded land area decreases when going
from scenario HWSD_1 to HWSD_3. First, looking at Figure 5.1a, it can be seen that degraded land
areas are spread almost equally over the entire country, except for on the island Papua. Only the west
and a small part of the south of this island are considered degraded according to this scenario. The
reason for this might be the large amount of natural forest (94% in the year 2000) on the island which
possibly has a lower risk of becoming degraded, however the same goes for the island Kalimantan
(75% in the year 2000) (globalforestwatch.org, 2022). An other possibility for the lack of degraded
land on Papua would be the low population density (10 people/km2) (dbcity, n.d.). In case the only
cause of degraded land is a human cause, this island has a lower chance of being degraded because
it has one of the lowest population densities of all Indonesian islands, and thus less land is utilised
by the local population. An other thing that can be seen in Figure 5.1a is that the highest density of
degraded land can be found on the islands Kalimantan and Sulawesi. The islands Sumatra and Java
have a large degraded land area as well, however the density of degraded land area is a little lower
compared to Kalimantan and Sulawesi. This might be due to different land uses, which have a lower
change of becoming degraded.

Looking at Figure 5.1b, it clearly shows that fewer locations are considered to be degraded ac
cording to this scenario (HWSD_2), compared to scenario HWSD_1. The density of the degraded land
areas is almost equal on all the islands and decreases equally compared to scenario HWSD_1. The
only difference in the way that the degraded areas are spread over the country is that fewer locations
are found on Java, here the amount of degraded land areas decreases more than on the other islands
when going from scenario HWSD_1 to HWSD_2. According to Figure 5.1b Sumatra and Kalimantan
can be considered the most degraded islands.

Finally, in Figure 5.1c, only a few degraded land locations remain. In this figure the areas are rep
resented by dots to increase visibility, the dots do not represent the actual size of the degraded land
areas. In this scenario, no degraded land areas on Java or Papua remain. The amount of degraded
land areas on Kalimantan and Sulawesi decreases significantly, and with a higher ratio than on Sumatra
compared to scenario HWSD_2. The highest density of degraded land areas can be found on Sumatra
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according to scenario HWSD_3.
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(a) Locations which score at least one level 3 or level 4 (Scenario HWSD_1)

(b) Locations which score at least one level 4 (Scenario HWSD_2)

(c) Locations which score level 2 on average (Scenario HWSD_3) (to increase visibility points are
shown on the map, these points do not represent the size of the areas)

Figure 5.1: Degraded land locations scenario HWSD_1, HWSD_2, HWSD_3
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Figure 5.2 shows the results of scenario CS_4. Using the carbon stock as a threshold for the
degraded land gives a total area that is close to the area found in scenario HWSD_2. However, as
can be seen in Figures 5.1b and 5.2, the locations of the degraded land differ from each other. In
Figure 5.1b, the locations area more evenly spread over the entire islands, especially on Sumatra and
Kalimantan. Also, only a few degraded land locations are found on the island Java. This is opposite
to the locations found in Figure 5.2, here many degraded land locations are found on Java. And in
general, the locations are more concentrated in the coastal areas of the islands Sumatra and Kalimantan.
Furthermore, there is a degraded land area in the south of Papua, which is not present in Figure 5.1b.

Figure 5.2: Degraded land locations scenario CS_4

As mentioned before, the degraded land areas found for the different scenarios are shown in Table
5.1. In Chapter 2 is was mentioned that the degraded land area in Indonesia ranges between 12 and
74 million ha (120,000 and 740,000 km2) according to IRENA, and is equal to 24.5 million ha (245,000
km2) according to the UNCCD (IRENA, 2017c; UNCCD, 2015). Comparing these values with the results
from Table 5.1, only scenario HWSD_2 and CS_4 fall within the range from IRENA. Scenario HWSD_1
falls outside of the range, which means that not enough degraded land constraints are applied to this
scenario. While on the other hand, the selection criteria for scenario HWSD_3 are too strict, since this
scenario also falls outside of the range proposed by IRENA.

Table 5.1: Degraded land area per scenario

Scenario Area [km2] Percentage of Indonesia’s
total land area [%]

HWSD_1 910,604 49.9
HWSD_2 138,484 7.6
HWSD_3 3,804 0.21
CS_4 143,724 7.9

To see what would happen to the degraded land area of scenario CS_4 if the carbon threshold of
35 t C/ha would change, three different carbon stock limits were applied to the dataset. These limits
are a carbon stock lower than 25 t C/ha, 15 t C/ha, and 5 t C/ha. The results of this analysis are shown
in Figure 5.3. The areas that remain after changing the carbon stock limit are 104,241 km2 (5.7% of
the total land area), 52,207 km2 (2.8% of the total land area), and 14,079 km2 (0.77% of the total
land area), when going from 25 t C/ha, to 15 t C/ha, to 5 t C/ha, respectively.
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(a) Locations with a carbon stock lower than 25 t C/ha

(b) Locations with a carbon stock lower than 15 t C/ha

(c) Locations with a carbon stock lower than 5 t C/ha

Figure 5.3: Extra carbon stock thresholds (5, 15, 25 t C/ha)



38 5. Results QGIS analysis

Figure 5.3 shows the locations which have a carbon stock lower than 25, 15, 5 t C/ha. When looking
at how the location of the areas changes when reducing the carbon stock threshold, it becomes clear
that the lower the threshold the more the locations are concentrated in the coastal areas. Locations
more inland of the islands disappear. This might be because of the different land covers that can be
found near the coasts of the islands. For example, settlement areas, which contain lower carbon stocks,
are usually located near the coast because of the better accessibility (Saito and Prasetyo, 1999). In
general, cultivated areas contain lower carbon stocks than uncultivated land areas (Saito and Prasetyo,
1999), this would mean that when following the definition that land is degraded when it contains a
carbon stock lower than 35 t C/ha, the main cause of land degradation would be a human cause. This
would also explain why significantly more degraded land locations remain on Java, compared with the
other islands. However, also the locations in the south of Papua remain, while in Figure 5.1, these
were not considered degraded. This contradicts the human cause of land degradation, since Papua
has a low population density. The locations remaining in Papua can be explained by land covers that
naturally contain low carbon stocks, like bush and shrub (Vinanthi and Sulistioadi, 2021).

Table 5.2: Overlapping percentage between HWSD_1, HWSD_2, HWSD_3 and carbon stock (cs) lower than 35, 25, 15, 5 t C/ha

Scenarios CS <35 t C/ha (CS_4) CS <25 t C/ha CS <15 t C/ha CS <5 t C/ha
HWSD_1 7.5% 5.5% 2.7% 0.70%
HWSD_2 7.6% 5.5% 2.8% 0.75%
HWSD_3 7.3% 4.8% 2.4% 0.91%

Table 5.2 shows the percentage in which the degraded land areas from the HWSD dataset (HWSD_1,
HWSD_2, HWSD_3) overlap with the degraded land area resulting from the AGB dataset (CS_4 and
CS < 25, 15, 5 t C/ha). First, when looking at the overlap between CS_4 and HWSD_1, HWSD_2, and
HWSD_3, it shows that the total overlapping area is decreasing (from 68,450 km2 to 278 km2), due
to the fact that the degraded land area decreases going from scenario HWSD_1 to scenario HWSD_3
(as shown in Table 5.1). What is remarkable is that the overlapping percentage of the areas from the
first three scenarios with scenario CS_4 remains almost equal. For scenario HWSD_1, HWSD_2, and
HWSD_3, around 7.5% of the degraded land area contains less than 35 tonnes of C/ha.

However, since it was found that 7.9% of the total land area contains less than 35 t C/ha, it could be
a coincidence that this value is almost equal to the overlapping percentages with the HWSD scenarios.
It is possible that from any observed area around 7% would contain less than 35 t C/ha. The same
goes for the overlap of the HWSD scenarios with the lower carbon stock thresholds. The percentage
of overlapping area is similar to the percentage of Indonesia’s total land area that contains a carbon
stock lower than 25, 15, and 5 t C/ha. So, again it is possible that from any observed area around 5%,
3%, and 0.7% contains a carbon stock lower than 25, 15, and 5 t C/ha, respectively. This means that
there might not be any correlation between the carbon stock dataset and the HWSD dataset.

5.2. Current land cover of the degraded land areas
Now that the locations of the degraded land found through the different scenarios is known, the cur
rent land covers of these areas can be evaluated. Figure 5.4 shows the percentages of each land
cover, from the dataset mentioned in Section 4.1.2, for the four scenarios. For each scenario the
land covers are displayed in a piechart. To improve the visibility, the 22 land covers coming from the
dataset have been grouped together. First, all primary and secondary dryland forest, swamp forest,
and mangrove forest areas are combined in the natural forest land cover class, as was also done in
Section 4.1.3. Then all agricultural land covers: dry agricultural, shrub mixed dry agricultural, rice field,
estate crop plantation, and fish pond are grouped together under agriculture. Next, settlement area
includes the land covers transmigration area, airport/harbour, and settlement area. Finally, swamp
and swamp/shrub land covers are grouped together under the wetlands land cover in the figures.
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(a) Land covers HWSD_1 (b) Land covers HWSD_2

(c) Land covers HWSD_3 (d) Land covers CS_4

Figure 5.4: Distribution of land cover types per scenario

When comparing Figures 5.4a, 5.4b, 5.4c, and 5.4d some similarities and some differences can be
found. In most cases the most common degraded land land covers are natural forest and agriculture.
This might be due to two possible reasons, the first being that these land covers occupy the largest
area of Indonesia. Natural forest covers 42% of Indonesia, and agriculture covers 28.4% according
to Table 4.7. The second possible reason is that these land covers have a higher change of becoming
degraded. When looking at the definitions of degraded land, loss of biodiversity and loss of productivity
are often included. So, land covers with high biodiversity and productivity levels have a higher change
of losing biodiversity and productivity than land covers that do not contain high levels to begin with.

Differences are mainly found between the first three figures resulting from the HWSD scenarios
(Figures 5.4a, 5.4b, 5.4c) and Figure 5.4d resulting from the CS scenario. In Figure 5.4d, natural for
est covers less degraded land area, and more is covered by wetland, settlement area, savannah, and
bush/shrub land covers compared to Figures 5.4a, 5.4b, 5.4c . This is due to the reason that this figure
is based on the carbon stock dataset, and thus requires the degraded land areas to have a carbons
stock lower than 35 t C/ha.
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Similar to the large percentages of natural forest and agriculture, the small percentages of mining
area and in most cases, savannah, can be explained by the percentage these areas cover of Indonesia’s
total land area. Mining area only covers 0.3%, and savannah covers 1 % of Indonesia’s total land cover
according to Table 4.7. Thus the change of the degraded land matching with these areas is smaller
than for areas that cover a bigger percentages of Indonesia’s total land cover. That 5% of scenario
CS_4 consists of savannah according to Figure 5.4d, is because of the low carbon stock (around 11 t
C/ha) (Awé et al., 2021). This is below 35 t C/ha, so savannah is considered to be degraded according
to scenario CS_4.

Next to evaluating the current land cover of the degraded land areas, also the percentage per land
cover of degraded land area compared to the total land area can be evaluated. This evaluation is done
per scenario, and the outcomes are shown in Figure 5.5. So this figure shows what percentage of each
land cover is considered to be degraded according to the four different scenarios.
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Figure 5.5: Percentage of degraded land per land cover and scenario

Again, scenario CS_4 shows some remarkable results. It would be expected that in this scenario,
land covers containing less than 35 t C/ha, will be considered degraded for 100% of the land cover
its total area. However, this is not the case. For example, shrub usually contains around 10 t C/ha
and bare land contains around 4 t C/ha, while according to scenario 4 only 2.99% and 8.34% of the
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land covers are considered to contain less than 35 t C/ha, respectively (Vinanthi and Sulistioadi, 2021).
And even though the degraded savannah percentages is significantly higher than the percentages for
shrub and bare land, the same applies to this land cover. Savannah has a carbon stock of around 11
t C/ha, but still only 28% of this land cover is considered degraded where it would be expected that
100% of the land cover would be degraded. A possible explanation for the this might be the different
years in which the datasets were constructed. Some land cover changes might have occurred between
2016 and 2017, the years in which the AGB dataset and the land cover dataset were constructed,
respectively (Avitabile et al., 2016; MoEF, 2017).

5.3. Degraded land suitable for bamboo plantations
After completing all the steps described in Sections 4.1.2, 4.1.3, and 4.1.4, the suitable locations for
bamboo plantations on degraded land are found. In this section the locations for each scenario are
displayed in Figures 5.6, 5.7, 5.8, and 5.9. Table 5.3 gives an overview of the total plantation area for
each scenario.

Table 5.3: Degraded land area suitable for plantations per scenario (scenarios A on unused land, scenarios B on used land)

Scenario Area [km2] Percentage of Indonesia’s
total land cover [%]

HWSD_1A 49,999 3
HWSD_2A 10,004 1
HWSD_3A 128 0.01
CS_4A 8,314 0.4

HWSD_1B 245,729 13
HWSD_2B 38,973 2
HWSD_3B 1,471 0.08
CS_4B 79,771 4

From the figures as well as the table showing the areas of the scenarios, it becomes clear that sce
nario HWSD_1B, HWSD_2B, HWSD_3B, and CS_4B provide a bigger opportunity for plantations than
the other four scenarios. This is because these scenarios represent the used land cover, which has an
area of almost three times the size of the unused land cover as can be seen in Table 4.7. However,
when opting for these scenarios there will be competition with other land uses, like agriculture. This
means that the actual potential resulting from these scenarios might be lower in reality. Also, changing
this land to bamboo production might result in unwanted land use change elsewhere.

What clearly shows in all Figures 5.6 until 5.9 , on the next pages, is that going from the B scenarios
to the A scenarios all locations on the island of Java disappear. This can be explained by looking at the
land use on this island. Around 57% of Indonesia’s total population lives on Java, so the island is very
densely populated (World Population Review, 2012). There is no unused land, which might be suitable
for a bamboo plantation, remaining on the island.

The main difference between Figures 5.6, 5.7, 5.8 and Figure 5.9 is the suitable locations on the
most eastern island of Indonesia, Papua. This island is mostly covered by natural forest, and thus
considered not suitable for bamboo plantations. However, in the south of the island there are some
locations with the bush/shrub land cover, that are considered to be degraded according to scenario
CS_4. According to the other scenarios these locations are not degraded.

Looking at the distribution of the suitable degraded land areas over all Indonesia’s islands, the
figures show that the locations are quite evenly spread. However there seem to be more suitable
locations in the west of Indonesia than in the east. What is remarkable, is that when looking at Figure
5.8, more locations lay on Sumatra then on Kalimantan, while in the other figures this is not the case.
This implies that the degraded land on Sumatra matches with the more strict requirements of scenario
HWSD_3.
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The majority of the suitable degraded land locations can be found on Sumatra and Kalimantan.
However, because of the high population density on Java mentioned before, the highest electricity
demand comes from the JavaBali system (Faizal et al., 2015). An option would be to transport the
raw biomass from Sumatra to Java/Bali by boat, and then convert it into electricity there. However,
this would increase the transportation costs and thus might not be beneficial. Another option would
be to transfer the electricity through a high voltage direct current (HVDC) system connecting the two
islands (Faizal et al., 2015). However, this will result in transmission losses as well as extra costs. Due
to these complications, other renewable energy sources, like rooftop solar PV, or geothermal might be
more applicable for renewable energy generation on Java and Bali.

The most suitable application for electricity generation using bamboo plantations on degraded land
might be offgrid systems in remote areas. This would increase the electrification ratio in Indonesia
since these remote areas currently are not connected to the grid. Also, the locals could work on the
plantations, and in the power plant which would create jobs.
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(a) Scenario HWSD_1A

(b) Scenario HWSD_1B

Figure 5.6: Locations suitable for bamboo plantations according to scenario HWSD_1
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(a) Scenario HWSD_2A

(b) Scenario HWSD_2B

Figure 5.7: Locations suitable for bamboo plantations according to scenario HWSD_2
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(a) Scenario HWSD_3A

(b) Scenario HWSD_3B

Figure 5.8: Locations suitable for bamboo plantations according to scenario HWSD_3
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(a) Scenario CS_4A

(b) Scenario CS_4B

Figure 5.9: Locations suitable for bamboo plantations according to scenario CS_4

To find out what would happen if the degraded land requirement would not be applied anymore,
also the suitable locations when only focusing on unused land are mapped. The result of this is shown
in Figure 5.10. The land covers used are savannah, bare land, or bush/shrub locations to which Steps
3 and 4, described in Subsections 4.1.3 and 4.1.4, have been applied. The suitable area for bamboo
plantations found is 13,245 km2 which is equal to 0.73 % of Indonesia’s total area. This is close to
the result found for scenario HWSD_2A, however comparing Figures 5.7a and 5.10 some differences
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in location are found. In scenario HWSD_2A, fewer suitable locations are found on Papua, and the
suitable locations are mostly concentrated on Sumatra, Kalimantan and Sulawesi. While the unused
land figure shows a more even distribution of the suitable locations. The possible electricity that can be
converted by using only unused land locations will be approximately equal to the electricity generated
when following scenario HWSD_2A.

Figure 5.10: Unused land areas suitable for bamboo plantations
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In this chapter the potential of bamboo as a biomass feedstock is evaluated. First, in Section 6.1,
the technical potential of bamboo conversion is calculated for different conversion technologies. After
this the area needed to cover a certain percentage of this electricity demand is evaluated in Section
6.2. The economic potential is calculated in Section 6.3 by calculating the levelized cost of electricity.
Finally, a comparison between the required degraded land area and available technical potential is done
is Section 6.4.

6.1. Technical potential
The results from the calculation described in Section 4.2.1, are shown below in Table 6.1.

Table 6.1: Technical potential per conversion technology and scenario

Scenario Potential per conversion technology [TWh]
Combustion Gasification Pyrolysis Anaerobic digestion

HWSD_1A 108 149 54 103
HWSD_1B 533 732 266 506
HWSD_2A 22 30 11 21
HWSD_2B 84 116 42 80
HWSD_3A 0.3 0.4 0.1 0.3
HWSD_3B 3 4 2 3
CS_4A 18 25 9 17
CS_4B 173 238 86 164

From these results, it becomes clear that the potential strongly depends on howmuch land degraded
land is available for bamboo plantations. The range of potentials varies by a factor of a 1000. This
means that it is important that there is a clear definition about what degraded land is. These results
will be further evaluated and compared to the electricity demand in Section 6.4.

6.2. Plantation area required to meet Indonesia’s electricity de
mand by 2030

To assess the plantation area that is needed to meet a certain percentage of Indonesia’s electricity
demand, first the electricity demand needs to be determined. As mentioned in Subsection 4.2.1, the
different percentages of the electricity demand cover evaluated are 25%, 50%, 75%, and 100%, this
equals to 111.3 TWh, 222.6 TWh, 333.8 TWh, and 445.1 TWh, respectively. The results show different
land areas needed to cover the electricity demand, for each conversion technology. The areas with
their matching percentages of Indonesia’s total land cover are shown in Table 6.2. These results will
be further discussed in Section 6.4.
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Table 6.2: Areas required for 50%, 75%, and 100% electricity demand coverage

Percentage of electricity Conversion technology Unit
demand covered

Combustion Gasification Pyrolysis Anaerobic digestion

25% 51,071 37,142 102,142 53,759 km2

2.8 2.0 5.6 2.9 % of total land

50% 102,141 74,285 204,284 107,518 km2

5.6 4.1 11.2 5.9 % of total land

75% 153,213 111,427 306,425 161,277 km2

8.4 6.1 16.8 8.8 % of total land

100% 204,284 148,570 408,567 215,035 km2

11.2 8.1 22.4 11.8 % of total land

6.3. Economic potential
In this section, first the levelized cost of electricity is calculated in Subsection 6.3.1, after this a sensitivity
analysis is done on the input parameters in Subsection 6.3.2.

6.3.1. LCOE
For each technology a power plant similar to an already existing bamboo power plant in Indonesia
is used. The same plant capacity, of 700 kW, is used for the LCOE calculations (Yoesgiantoro et al.,
2019). The results of the LCOE calculation for each conversion technology are shown in Table 6.3.
These results show that gasification has the lowest LCOE, and pyrolysis gives the highest LCOE. This
is due to the high investment costs of the pyrolysis power plant.

Table 6.3: LCOE per conversion technology

Conversion technology LCOE [US$ct./kWh]
Gasification 13
Pyrolysis 45
Direct combustion 16
Anaerobic digestion 22

When comparing the LCOE values with LCOE values from literature it becomes clear that using
bamboo as an energy crop on degraded land is not competitive with other biomass projects. The LCOE
range for biomass in Indonesia lays between the 4.68 and 11.4 US$ct./kWh (IESR, 2019). This is
slightly lower than the gasification LCOE calculated in this research. This might be due to the use of
degraded land, this results in a (50%) lower bamboo yield than what can be obtained by growing the
bamboo on healthy soils. Also, a comparison with other renewable energy technologies can be made.
The LCOE’s of onshore wind, utility scale solar, and geothermal energy in Indonesia lay between the
7.3916.1 US$ct./kWh, 5.8410.28 US$ct./kWh, and 4.568.7 US$ct./kWh, respectively (IESR, 2019).
This shows that gasification of bamboo on degraded land can be competitive with onshore wind energy,
but not yet with other renewable energy technologies. However, because of the degraded land used,
land costs are not taken into account. In case used land will be used for the plantations, an extra costs
of 13,315,000 Rp/m2 (906 US$/m2) should be added to the LCOE as this is the cost of commercial land
in Indonesia (Gnagey and Tans, 2018).

Then looking at nonrenewable energy technologies LCOE’s ranging between 9.212.94 US$ct./kWh,
6.698.93 US$ct./kWh, and 5.018.41 US$ct./kWh can be found in Indonesia for OCGT plants, CCGT
plants, and a range of coal power plants (IESR, 2019). The lowest value, being the upper limit of
the OCGT plant, is 12.94 US$ct./kWh, this is close to the 13 US$ct./kWh, found for bamboo gasifica
tion. However, the other nonrenewable technologies are all much cheaper compared to the bamboo
conversion technologies.
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6.3.2. Sensitivity analysis
The sensitivity of the input parameters is checked by doing a sensitivity analysis. Each parameter is
decreased and increased by 20% while keeping all other parameters constant (Langer et al., 2021; You
et al., 2017). The results of the sensitivity analysis of the gasification technology are shown in Figure
6.1. In this figure the percentage of change compared to the initial LCOE found in Table 6.3 is shown.
The sensitivity analysis of the combustion and anaerobic digestion LCOE’s are found to be similar to
the sensitivity of the gasification LCOE, thus the figures resulting form the other analysis can be found
in Appendix A, and are not discussed separately. The sensitivity of pyrolysis was very different from
the other technologies, and is shown in Figure 6.2.

Figure 6.1: Sensitivity analysis of the gasification LCOE per input parameter

The three most sensitive parameters are the capacity factor, the fuel costs, and the discount rate.
The capacity factor indicates the amount of time the plant is running, so it influences the electricity
output of the power plant. When the capacity factor is increased by 20%, it increases to 1,08, which
would indicate that the plant is operating for more than it actually can. The upper limit of the capacity
factor is 100%, which would indicate a nonstop running power plant without any downtime during
the entire year. Since the LCOE is very sensitive to the capacity factor it is important that power plant
runs with the minimal required downtime.

The second most sensitive LCOE parameter is the fuel costs. The biggest part of the fuel cost exist
of the cultivation cost of the feedstock. In case the yield would increase, these costs will be reduced.
What is also included in these costs is the transport distance to the power plant. Reducing this distance
will also reduce the fuel costs. The high sensitivity indicates that it is important that the yield is maxi
mized and the transport distance is minimized. Thus, it is important that the (yield) data that is being
used for the analysis is accurate and preferably tested in practise. The same goes for the harvesting,
cultivation, and transport costs, these costs should be validated by comparing them to the actual costs
experienced by bamboo plantations in Indonesia.

The discount rate is the third most sensitive parameter, however the LCOE is significantly less sen
sitive to this parameter than to the capacity factor and the fuel costs. The discount rate used is from
a government perspective. Adding 20% to the discount rate, would increase it to 12%, which is equal
to the discount rate from a business perspective in Indonesia (IRENA, 2017c). This business discount
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rate considers national prices in which energy taxes and subsidies are included (IRENA, 2017c). This
increase in discount rate only changes the LCOE from 12.7 US$ct./kWh to 13.3 US$ct./kWh.

As mentioned in Section 4.2.2, the gasification capital costs used in this research are based on a
rough estimate of multiple sources. Because of the insecurity of these costs an extra sensitivity analysis
was done for the capital costs. When changing the value from 1500 US$/kW to 600 US$/kW, which is
the lowest value found for a gasification project in Indonesia, the LCOE decreases to 0.12 US$/kWh.
This is equal to a sensitivity of 9.8%. As already shown in Figure 6.1, the LCOE is not sensitive to the
capital costs, compared to the other input parameters. So a significant change in capital costs will not
result in a significant change in LCOE.

Figure 6.2: Sensitivity analysis of the pyrolysis LCOE per input parameter

Since the sensitivity of the LCOE calculated for pyrolysis differences significantly from the sensitivi
ties of the other technologies, the pyrolysis LCOE sensitivity is discussed here. Figure 6.2, shows the
results of the sensitivity analysis of the LCOE calculated for pyrolysis. Comparing the three most sensi
tive parameters from Figures 6.1 and 6.2 it first of all becomes clear that the percentages of the former
lay further apart. The first three parameters of the pyrolysis sensitivity analysis are almost equally
sensitive, while for gasification the sensitivity of each parameter decreases significantly. Furthermore,
for pyrolysis the capacity factor does not rank in the top three most sensitive parameters, but instead
the capital costs do.

The pyrolysis capital costs are approximately 10 times higher than the capital costs of the three
other conversion technologies. This means that the capital cost have a bigger influence on the LCOE,
and therefore also the sensitivity to the capital costs is higher. Reducing the capital costs for pyrolysis
by 20% would reduce the LCOE from 45.4 US$ct./kWh to 41.6 US$ct./kWh. Because of this high
sensitivity it is important to use uptodate cost data and compare the costs to other projects in which
pyrolysis conversion is used to be able to validate the results.
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6.4. Comparison of the required and available degraded land for
bamboo plantations

Now the degraded land areas that are available for bamboo plantations according to the eight different
scenarios can be compared to the required bamboo plantation area per conversion technology and
demand cover percentage. All the areas are combined in one figure, also the unused land area suitable
for bamboo plantations is added in this figure for comparison. Figure 6.3 contains the areas needed to
cover a certain demand percentages in the vertical bars, and the areas that were found to be available
according to the different scenarios in the background in the horizontal bars. In this figure the left hand
vertical axis shows the area in km2, and the right hand vertical axis shows the matching percentage
of the total land area of Indonesia. On the horizontal axis the different demand cover percentages are
displayed.

Figure 6.3: Available and required degraded land areas

From this figure it becomes clear that covering 75% or 100% of Indonesia’s electricity demand by
2030 is unlikely. Even with the technologies which still fall within the green area, the demand can
only be reached by one of the scenarios. This is scenario HWSD_1B, which is the least strict scenario.
Then looking at 50% electricity demand coverage, this demand can be met by the combination of us
ing gasification (78,336 km2 required) and applying scenario CS_4B (79,771 km2 available). The other
technologies will only be possible when scenario HWSD_1B is applied, similarly to the situation for 75%
and 100% electricity demand coverage. For the 25% demand coverage option more possibilities exist.
Gasification becomes possible when applying scenario HWSD_1A, and both combustion and anaerobic
digestion become possible when applying scenario CS_4B.

The electricity that can be generated when applying the other scenarios (HWSD_2B, HWSD_2A,
HWSD_3B, HWSD_3A, CS_4A) does not come close to the 25% electricity demand of 111 TWh in
2030. The areas that are available according to these scenarios range from 128 km2 to 38,973 km2,
while the area needed to cover 25% of the electricity demand using gasification is 39,168 km2. When
not looking at degraded land, but only looking at land use, and taking into account areas suitable for
plantations on usused land the area indicated by the red line in the figure becomes available (13,245
km2). Also, this area does not come close to the areas required to cover 25% of the electricity demand
by 2030.
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For Indonesia’s energy transition, cultivating bamboo on degraded land would be applicable for local
electricity generation, which will cover a significantly smaller percentage of the total electricity demand.
Also, it is a good option for land restoration. Cultivating bamboo on degraded land areas would not
be the best option when large electricity demand percentages need to be covered. This is due to the
many ecological and technoeconomic constraints and the efficiencies of the conversion technologies.
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Discussion

In this discussion first, in Section 7.1, the limitations of the method used for this research are explained.
After this, the implications of these limitations are discussed in Section 7.2.

7.1. Limitations
To be able to calculate the technical and economic potential of the bamboo plantations some assump
tions were made. The limitations following from the assumptions are discussed below.

Pyrolysis and anearobic digestion are evaluated in the same way as gasification and direct combustion.
The end products of pyrolysis are biooil, biochar, and syngas. In this research only the syngas is

used to produce electricity, however, the main product of pyrolysis is biooil and not syngas (Jahirul
et al., 2012). Thus, using pyrolysis might not be the best option when electricity is the desired end
use, it might be more applicable to produce biofuel. Similarly, for anaerobic digestion of lignocellulosic
biomass pretreatment is necessary. Steam explosion (or other pretreatments) should be done to
enhance the methane production of the raw bamboo (Chin et al., 2017). Like other pretreatment
technologies, this is not taken into account in this research, while it is an important first step in the
anaerobic digestion technology. Without doing this methane can not be produced. The efficiency of
the anearobic digestion including the pretreatment will be lower than the value used in this report,
depending on the pretreatment technology used. This will influence the plantation area needed for
the biomass conversion to electricity, as well as the LCOE of this conversion technology.

Bamboo yield is assumed to be 26.5 t/ha.
The bamboo yield is based on two bamboo plantations where bamboo is grown on degraded land

which increases the reliability of the assumption. However, the yield of the bamboo plantation strongly
depends on multiple factors like the precipitation, climate, and altitude, but also on the species of bam
boo grown, the amount of nutrients in the soil, and the maintenance of the plantation. This means that
the actual yield of a bamboo plantation on one of the found degraded land locations in Indonesia might
differ from this value. This directly influences the amount of land needed to cover a certain percentage
of the electricity demand as well as the LCOE. The sensitivity of the yield on the LCOE can be assessed
by increasing and decreasing the yield by 20%. Doing this shows a sensitivity of 8.5%, 6.9%, 9.7%
and 7.7% for gasification, pyrolysis, combustion, and anaerobic digestion, respectively. Compared to
the sensitivity of the LCOE to other parameters, as shown in Subsection 6.3.2, the bamboo yield would
rank as the third or fourth most sensitive parameter (depending on the conversion technology).

The fuel properties of the different bamboo species do not differ much from each other.
In Section 3.2, the fuel properties of some of the bamboo species native are evaluated to find the

most suitable species for biomass conversion. However, all the LHVs and fuel properties lay very close
to each other. Since also the yield is an important parameter for a biomass feedstock, it might be more
beneficial to take this parameter into consideration when choosing the species instead of looking at
the fuel properties.

Multiple cost assumptions for the LCOE calculation were done.
For the LCOE calculation, all parameters are based on calculations in other studies. The exact costs

of developing the power plants in Indonesia should be further studied. What also plays a role in the
results of the LCOE calculations is the maturity of the conversion technologies. Some technologies,
like pyrolyis, are not in a far developed and commercial stage, which makes them more expensive
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(Shahbaz et al., 2021). However, this might change over the coming years because of further research
developments. Thus, there is a possibility that when one of the technologies matures, the costs will
become lower and the efficiency of the technology will become higher which will make a technology
more suitable for the conversion of bamboo into electricity.

The LCOE does not take (nonmonetary) benefits into account.
As explained in Section 3.4, it is possible to grow other crops on the bamboo plantations during the

first three years, when the bamboo is not ready for harvesting yet. Doing so can result in a revenue
during three years, which can account for (part of) the costs of the bamboo plantations. Also, other
(nonmonetary) benefits like land restoration and job creation are not taken into account.

Next, to find the degraded land area and locations, also assumptions and simplifications were made
for the QGIS analysis and the used datasets. The limitations of these assumptions are discussed below.

Limitations of the HWSD dataset.
Multiple discussion points are found when looking critically at the use of the HWSD dataset. The

first is that this dataset is qualitative and it is not completely clear how this dataset is constructed.
As mentioned in Subsection 4.1.1 multiple soil characteristics are combined in seven soil qualities. It
is mentioned that in most cases the most limiting characteristic is combined with the average of the
remaining characteristics and then a growth potential limitation is given to each soil quality and loca
tion. However, there is no quantitative substantiation of this method.

Furthermore, the dataset is based on maize since this species grows on many continents. However,
bamboo does not grow in the same way as maize, for example the roots of bamboo grow between 23
feet in the soil where maize roots can grow to 5 feet deep (Feldman, 1994; Bamboo Garden, 2022).
In general, it does not mean that if there is a limiting growth potential for maize in a certain locations,
the soil quality is limiting for all species. So when saying that degraded land is assessed by a ’loss of
value’, it might be the case that this is only true for a certain species. The land still might be valuable
to grow species that can better withstand limiting soil qualities.

Another question that can be raised concerning the HWSD dataset is how the scenarios were con
structed. Two of the scenarios follow the ’one out all out’ principle. If one number three or one number
four is assigned to one of the seven soil qualities, the location is considered to be degraded according
to the constructed scenarios. However, maybe this is too strict, and a crop is still able to grow without
limitations if only one of the seven soil qualities is unfavourable. Or what also might be possible is
that how limited the growth potential is depends on which soil quality has the most limited charac
teristics. The qualities might not weigh the same in assessing the growth potential of a biomass species.

Limitations of the AGB dataset.
Similarly to the limitations of the HWSD dataset, also the AGB dataset used to evaluate degraded

land according to a carbon stock limit of 35 t C/ha has some limitations. As was already quickly dis
cussed in Section 5.2, the land cover dataset does not match perfectly with the carbon stock data.
It would be expected that land covers which have a carbon stock lower than the threshold, according
to definition, would be considered to be degraded for 100% of the land cover its area. It would be
expected that the area for each land cover is either 0% or 100% degraded. However, this is not the
case. This might be due to a mismatch in data because of the different years in which the datasets
were constructed (AGB2016, HWSD2017), or due to a different resolution of the datasets. The land
cover dataset is a polygon dataset, whereas the AGB dataset is a raster dataset with a resolution
of 1 km. The possibility exists that multiple land covers can be found within the 1 km resolution of
the AGB dataset. However, it is up for debate how strong these land cover changes can be within 1 km.

Another discussion point concerning this dataset is the threshold of 35 t C/ha, which comes from
a degraded land definition according to the Reduced Emissions from Deforestation and forest Degra
dation (REDD) policy (Gingold et al., 2012). As mentioned in Section 4.1.1, sometimes also a value
of 40 t C/ha is used, since this indicates a lower carbon stock than a palm oil plantation (Ruysschaert
et al., 2011). Using these values only indicates the above ground carbon stock, and thus selects areas
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which usually do not contain high levels of vegetation or peat. However, it would be wrong to directly
assume that these areas are degraded [J. Gebert, personal communication, March 10, 2022]. Also,
when following other definitions with other degraded land parameters a carbon stock threshold is not
mentioned. Land which contains low carbon stock can still be productive, have ecological integrity,
have human value, and have stable and healthy soil characteristics. In case these parameters will be
considered, the land will not be degraded according to the definitions evaluated in Table 2.1. This
means that the carbon stock threshold can be used to find areas which most likely do not contain or
sequester large amounts of carbon, but this does not necessarily mean that these areas are degraded
as well.

Combinations of scenarios are not taken into account.
When adding a size constraint in step 4 of the method to find degraded land areas, all areas smaller

than one hectare are removed from the possible locations. However, when combining scenarios it
might be possible that less of these small areas exist. Degraded land areas from different scenarios
might be connected to each other and form a suitable location with an area bigger than one hectare
(with multiple levels of degradation).

To prevent land use change, used land should be considered not suitable.
Currently, scenarios with used land are considered possible when evaluating degraded land areas

that can be used for bamboo plantations. This includes areas which serve agricultural purposes like
rice fields, dry agriculture, and crop plantations. However, as was mentioned in Chapter 1, one of
the current problems with biomass is that it takes up land that would otherwise be used for food pro
duction. This is undesired, and using degraded land for energy crop plantations would avoid having
this problem. But when the degraded land is currently used for agriculture, there would again be
competition with food production when transforming this land into a bamboo plantation. This would
mean that agricultural land should not be used for energy crops, even if it is considered to be degraded.

Size constraint of minimal 1 ha plantation area.
In Step 4 of the methodology for the QGIS analysis, described in Section 4.1.4, a size constraint of

minimally 1 ha was added, thus all available areas smaller than 1 ha were discarded. However, when
opting for the application of electricity generation in decentralised systems, smallscale plantations
would be feasible. As mentioned before villagers have expertise in growing bamboo and have a higher
acceptance to biomass species that they are familiar with. Thus this size constraint might not be
necessary.

7.2. Implications of the limitations
As mentioned before, IRENA estimates the degraded land area in Indonesia to lay between 12 and
74 million ha (IRENA, 2017c). In this research, a degraded land area between 91 and 0.38 million ha
was found. This indicates that some scenarios used in this research might be constructed using too
limiting restrictions for degraded land, and other scenarios might not be limiting enough. Two of the
four scenarios (HWSD_2 and CS_4) do fall within the proposed range by IRENA, with degraded land
areas of 13 and 14 million ha.

Because of the limitations of the datasets used in this research, as well as the land use categories
considered to be suitable and not suitable, the degraded land that can be used for plantations might
differ from the results. For example, if combinations of scenarios will be taken into account and the
size constraint will be smaller, possibly more land can be used for bamboo plantations, and thus more
electricity can be generated. On the other hand, when agricultural land uses are considered not suit
able, the possible plantation area will decrease. This might shift the position of the found areas in the
range of degraded land estimated by IRENA.

Furthermore, the LCOE found in this research ranges from 13 to 45 US$ct./kWh, which as men
tioned before is slightly higher than the LCOE range of biomass in Indonesia (411 US$ct./kWh) (IESR,
2019). Gasification and combustion of bamboo result in the lowest LCOE’s, of 13 and 16 US$ct./kWh,
and since these technologies are the most promising, these values are the most important. These also
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are the values closest to the range found in literature.

Because of the limitations of the economic analysis the actual LCOE values might differ from the
values found in this research. Due to the pretreatment which is always necessary for anaerobic
digestion, the LCOE for this technology will most likely increase. Pretreatment of the bamboo for
other conversion technologies might result in a higher LCOE, since the costs will increase. However,
the pretreatment will also increase the efficiency, so more electricity can be obtained from the bamboo
which will reduce the LCOE. The bamboo yield limitation can influence the LCOE since the plantation
area needed can change when the yield is different. This influences the cultivation costs of the LCOE,
which is part of the fuel costs. Since the fuel cost of most conversion technologies is the second most
sensitive parameter of the LCOE, this might have a relative big influence, and bamboo conversion to
electricity might become more competitive compared to other biomass feedstocks (in terms of LCOE).
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Conclusion

In this study the technical and economic potential of bamboo cultivation on degraded land for electricity
generation in Indonesia was assessed. Using this is a step in the right direction of Indonesia’s energy
transition. Especially, since the degraded lands are restored when bamboo is grown on them, and at
the same time they help to generate electricity. This study shows that still, clarity on the degraded
land definition is needed to assess the exact potential of biomass cultivation of these lands. It would
be possible to apply the method, when validated, to other countries which suffer from a significant
amount of degraded land like Indonesia. This will support the energy transition in other parts of the
world. In this final chapter the research questions proposed in Chapter 1 are answered. First, the main
research question is answered in Section 8.1. After this the subquestions are answered in Section 8.2.

8.1. Answer to the main research question
How much degraded land would be needed to cover Indonesia’s electricity

demand by 2030, when using bamboo as a biomass feedstock, and how likely is
this land available?

The first part of this main research question can be answered by using information obtained to an
swer subquestion 1 and 2. By combining the results found for these two questions the amount of
land needed to cover the electricity demand was calculated. The amount of land needed to cover
Indonesia’s electricity demand varies for each conversion technology used to convert the bamboo into
electricity. Also, different amounts of electricity demand coverage are considered, namely 25%, 50%,
75%, and 100%. The needed area ranges between 2.3% and 6.4% of Indonesia’s total land cover for
25% electricity demand coverage, 4.7% and 12.8% for 50% electricity demand coverage, 7.0% and
19.3% for 75% electricity demand coverage, and finally 9.3% and 25.7% of Indonesia’s total land cover
for 100% electricity demand coverage. The lowest percentages needed are found for gasification of
bamboo, and the highest percentages are found for pyrolysis of bamboo. This means that gasification
currently is the most suitable technology for bamboo conversion into electricity since it requires the
least amount of plantation area.

The second part of the main research question is answered by combining findings from sub
questions 3 and 4. The QGIS analysis made it possible to find the extent and location of degraded land
areas in Indonesia, according to different scenarios. How likely these areas are available for bamboo
plantations strongly depends on the way degraded land is assessed. The most limiting scenario pro
vides the possibility to convert an area in the range of 128  1,471 km2 (between 0.01% and 0.08% of
Indonesia’s total land cover) into bamboo plantations. However, this scenario might be too strict. The
least limiting degraded land scenario gives an area in the range of 49,999  245,729 km2 (between 3%
and 12% of Indonesia’s total land cover). This scenario on the other hand might not be strict enough.
This means that most likely it would be possible to cover 25% of Indonesia’s electricity demand when
using gasification to convert bamboo into electricity. When less strict degraded land scenarios are
used it would be possible to cover 100% of the electricity demand when using multiple conversion
technologies, however this is not likely to happen due to the high percentages of Indonesia’s total land
area needed.

8.2. Answers to the subquestions
1. What bamboo species native to Indonesia, is suitable to use as a feedstock for land restoration

and electricity generation on degraded land?
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There are 56 bamboo species that are native to Indonesia, and even more species currently
grow in Indonesia (between the 120161). In general it is mentioned that bamboo can grow on
degraded land, no differentiation between the species is made in these statements. From the
species growing in Indonesia, the five most common ones have been evaluated to be used as
a biomass feedstock. By looking at the fuel properties, it became clear that B Vulgaris matches
best with the selection criteria for pyrolysis, and G Apus matches the criteria of gasification and
combustion best. Since the species G Apus also has the highest LHV, in combination with a
low moisture content, this species was chosen to be used for further calculations. However, the
differences in fuel properties between the species was small, so probably multiple species will be
suitable for land restoration and electricity generation on degraded land.

2. What is degraded land and which factors should be taken into account when evaluating degraded
land using GIS?
Degraded land has many different definitions, and it became clear that there is no consensus
about what degraded land is and how it should be evaluated. Some definitions focus on the
end condition of the land, while other focus on the process of land degradation or the risk of
land becoming degraded. Furthermore, the focus of the definitions differences from each other,
some focus on soil degradation, while others focus on vegetation or a combination of the two.
Most definitions indicate that the cause of degraded land is due to both human and natural
activities/processes, and characteristics include loss of productivity and loss of ecological integrity.
Quantification has been done by looking at the carbon stock of the above ground biomass which
is grown on a piece of land. Only two of the 13 definitions evaluated contain a quantification.
Because of these differences in definitions, and the lack of a quantification in many definitions a
wide range of degraded land is estimated in Indonesia. It is estimated by IRENA that between 12
and 74 million ha of land is degraded in Indonesia. In this research, two different methods were
implemented in QGIS to find degraded land were implemented, one focusing on the soil quality
and the other one on the carbon stock of the above ground biomass to include characteristics of
multiple definitions.

3. What is the extent and location of degraded land in Indonesia and which degraded land areas in
Indonesia are suitable for bamboo plantations?
According to the HWSD scenarios most degraded land areas can be found on Sumatra and Kali
mantan. Locations found for the first three scenarios are evenly distributed over the islands.
Going from scenario HWSD_1 to HWSD_3, locations remain on Sumatra and Kalimantan, and
disappear from the other islands. This might be due to the land use, and population density on
the islands. According to the carbon stock scenario most degraded land locations can be found
on Java and Sumatra. In this scenario more degraded land is located in the coastal areas of
the islands compared to the first three scenarios. The areas of the degraded land locations are
between 3,804 and 910,604 km2, with a median of 141,104 km2 of the four scenarios. Then
looking at the areas that are suitable for bamboo plantations, it becomes clear that the areas
are significantly reduced due to the elimination of protected areas, not suitable land covers, and
economic constraints. The total potential area for the used land scenarios ranges from 1,471
and 245,729 km2, with a median of 59,372 km2 of the four scenarios. The total potential area
for the unused land scenarios ranges from 128 to 49,999 km2, with a median of 9,159 km2 of
the four scenarios. Due to this wide range of areas, there remains uncertainty about the actual
extent of degraded land in Indonesia. An extra evaluation is made by discarding the degraded
land requirement but only looking at unused land which would be suitable for plantations, this
results in a suitable area of 13,244 km2.

4. Which conversion technologies are available to convert bamboo to electricity and what is their
technical and economic potential?
To turn biomass into electricity both thermochemical as biochemical processes can be used. Pos
sibilities include direct combustion, gasification, pyrolysis, and anaerobic digestion all in addition
with boilers, steam engines, and gas engines or turbines. One of the factors influencing the tech
nical and economic potential is the efficiency of the conversion technologies. By looking at the
overall efficiencies of all these processes it was found that gasification has the highest efficiency,
gasification also has the highest technical potential. Other parameters influencing the technical
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potential are the plantation area, bamboo yield, lower heating value, and moisture content of
the bamboo. The economic potential was assessed by calculating the LCOE of each technology.
Again the results showed that gasification had the lowest LCOE, of 13 US$ct/kWh, and thus has
the highest economic potential. The LCOE turned out to be most sensitive to the capacity factor
and the fuel costs, these parameters showed a sensitivity of 24% and 13% for gasification when
varying the input by 20%, respectively.





9
Recommendations

First, some recommendations follow from the discussion points described above. These recommenda
tions mainly concern doing field research on degraded land and the used datasets.

• Test the used bamboo yield value against the actual yield of a possible bamboo plantation on the
degraded land areas found in Indonesia to update the calculations.
The bamboo yield used in this report results from an average of two bamboo yields found on
plantations on degraded land in India. However, dus to the many factors influencing the yield of a
plantation (like climate, altitude, soil type, bamboo species etc.) the bamboo yield of a plantation
on degraded land in Indonesia can be different from this value. To make the calculations more
accurate and reliable, the bamboo yield of a degraded land plantation in Indonesia should be
tested.

• Validate carbon stock dataset.
Field research can be done to assess the accuracy of the carbon stock data. The dataset gives
a value for the above ground carbon stock in tonnes of carbon per hectare. This value can be
checked by taking samples of different vegetation types, and then the vegetation per hectare
can be assessed using satellite images and checking these results with field research in different
locations. Especially locations where the data from the land cover dataset does not match
with the carbon stock dataset should be checked through field research. When this dataset is
validated, it can be used with more certainty to evaluate the carbon stock of Indonesia, and using
satellite images it can be expanded to other countries as well. What remains a challenge is the
change in vegetation through the years, as well as through the different seasons. The dataset
will need to be updated frequently to stay accurate.

• Improve the research into degraded land.
Firstly, the assumptions made for the HWSD dataset can be tested through field research. Field
research can be done to assess the accuracy of the soil quality data. Each location has a growth
potential number matched to it, the actual growth potential of the locations can be tested by
planting maize (the dataset’s reference crop) on each location. Then also different combina
tions of growth potentials for different soil quality parameters can be tested by planting maize
on the locations. Preferably each combination of growth potential and soil quality should be vali
dated to get the best overview, and to see how critical each soil quality is for the growth potential.

If the validation tests are conducted on locations found for the three scenarios, it can be de
termined if these locations can be classified as degraded. Furthermore, after maize has been
tested, it would be possible to also test bamboo (and maybe other biomass feedstocks). This can
be done to assess how the soil quality limitations influence the growth of other feedstocks and
thus assess how land degradation might play a role in the growth potential of different biomass
feedstocks.

Furthermore, the degraded land definitions can critically be evaluated to see if degraded land
really is found using them. When this is done, a clear and concise definition that can be uni
formly used to find degraded land locations can be determined. This definition should include
a statement about the water and carbon cycles in this definition, as well as information about
the level of biodiversity and the vegetation. Also, to be able to find degraded land in different
locations, a quantification of degraded land can be added to the definition.
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Next, also some general recommendations for further research can be made. These are given and
explained below.

• Critically evaluate the socioeconomic and environmental effects of a possible bamboo planta
tion.
For locals living around the degraded land areas, the consequences of transforming land to a
plantation can be significant since they still might be using the land for cattle or other purposes.
The same goes for the biodiversity, this might change when changing the land use. The conse
quences of this land use change can be further researched. Additionally, who owns the degraded
land and how transforming the land to a plantation influences the land owners can be further
researched as well.

• Further research the possibilities intercropping.
As mentioned before, bamboo can be intercropped with other plants during the first three years
of the plantation. To find out which plants would be most beneficial to plant between the rows
of bamboo, field research can be done. Furthermore, the possibility of using land that is restored
by the bamboo litter for other purposes like food production can be further researched, as well
as the possibility to continue switching between bamboo and agricultural purposes like in the
talunkabun system, as described in Section 3.4.

• Other conversion possibilities (like cofiring and CHP plants) and pretreatment technologies (like
torrefaction) can be evaluated.
In this study only gasification, pyrolysis, direct combustion, and anaerobic digestion without
any pretreatment steps are taken into account. Cofiring is quickly addressed in Section 3.5.1,
however no further calculations are done for this technology. Cofiring the biomass with coal, or
using the biomass in a CHP plant might result in a higher efficiency than the efficiency that can be
reached with the evaluated technologies. Also, pretreatment technologies might have the ability
to improve the fuel characteristic of the bamboo, which also will result in higher efficiencies and
thus lower areas of needed land to cover the same amount of the electricity demand. Therefore,
these technologies can be further explored in future research.

• The end product is decided to be electricity, while also biofuel for the transport sector might be
a suitable end use of the bamboo.
The focus of this study lays on the power sector, however there are also possibilities for biomass
in the industry sector where biofuels can be used. IRENA estimates that the biofuel consumption
in Indonesia will increase to 25 billion litres per year by 2030, due to mandated biodiesel and
ethanol blending starting in 2025 (IRENA, 2017c). This gives an opportunity for bamboo conver
sion to biofuel instead of electricity. Looking into these possibilities can be done in future research.
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A
LCOE assumptions and sensitivity

analysis for pyrolysis, direct
combustion, and anaerobic digestion

Figures A.1 and A.2 show the sensitivity analysis of the combustion and the anaerobic digestion LCOE,
respectively.
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A. LCOE assumptions and sensitivity analysis for pyrolysis, direct combustion, and

anaerobic digestion

Figure A.1: Sensitivity analysis of the combustion LCOE per input parameter

Figure A.2: Sensitivity analysis of the anaerobic digestion LCOE per input parameter



B
Locations included in protected

areas dataset

According to Global Forest Watch (2019) locations that are included in the protected areas dataset
area:

• Convertible production forest

• Game reserves

• Limited production forest

• Marine national park

• Marine nature recreations park

• National park

• National protected area

• Nature recreation park

• Nature reserves

• Non forestland

• Production forest

• Protected (from patch)

• Protection forest

• Wildlife reserves

According to UNEPWCMC and IUCN (2020) the following areas are included in the protected areas
dataset:

• Strict nature reserves

• Wilderness areas

• National parks

• National monuments or features

• Habitat and species management areas

• Protected landscapes and seascapes

• Protected areas with sustainable use of natural resources

• UNESCOMAP Biosphere reserves

• World heritage sites

• Ramsar sites  wetlands of international importance
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