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Abstract: This study spatially estimates degraded lands in Indonesia that have limited functions for 23 
food production, carbon storage, and conservation of biodiversity and native vegetation, and 24 
examines their suitability to grow biodiesel species (Calophyllum inophyllum, Pongamia pinnata and 25 
Reutealis trisperma) and biomass species (Calliandra calothyrsus and Gliricidia sepium). Results showed 26 
that Indonesia has ∼3.5 million ha of degraded lands potentially suitable for these species. With the 27 
all-five-species scenario, these lands had the potential to produce 1,105 PJ yr−1 of biomass and 3 PJ 28 
yr−1 of biodiesel. With the biodiesel-only-species scenario, these lands showed the potential to 29 
produce 10 PJ yr−1 of biodiesel. Despite this energy potential, however, the land sizes were too small 30 
to support economies of scale for biofuel production. The study findings contribute to identifying 31 
lands with limited functions, modeling biofuel-species growth on regional lands and estimating 32 
carbon stocks of restored degraded lands in Indonesia. 33 

Keywords: degraded land; biodiesel; biomass; energy; Indonesia 34 
 35 

1. Introduction 36 

 Bioenergy production from degraded lands might help society meet increasing energy 37 
demands and secure a new source of renewable energy for its sustainability. These potential 38 
benefits have attracted global attention to the feasibility of using degraded lands to produce 39 
bioenergy [1]. In Indonesia, for example, energy demand is growing rapidly due to its urbanization, 40 
economic growth and population increase [2]. For these reasons, the government of Indonesia set 41 
ambitious targets in 2015 to increase its biodiesel and bioethanol consumption to 30% and 20%, 42 
respectively, of total energy consumption by 2025 (Presidential Regulation No. 12/2015) [3]. Current 43 
biofuel production in Indonesia, however, is far from meeting these targets. In 2016, biofuel 44 
production was only 0.05% (or 3.66 billion liters) of the total fuel consumption for the year (or 70 45 
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billion liters) [3]. According to the Indonesian National Energy Council [4], moreover, its average 46 
energy demand would increase by around 4.9% per year from 2015 to 2025. This surge in expected 47 
demand has increased interest in the feasibility of using degraded lands to provide a new source of 48 
renewable energy in Indonesia [5-8]. 49 

 In order to realize these potential benefits, however, bioenergy production must be sustainable 50 
in various ways. The expansion of biofuel production can result in reduced food production, which 51 
is particularly the case for palm oil. Indonesia is the largest palm oil producer and exporter in the 52 
world, and palm oil is a major feedstock for the production of liquid biofuels in the country [9]. In 53 
addition, the expansion of biofuel production through conversion of rainforests and peatlands 54 
would release large amounts of carbon from both aboveground and belowground reservoirs and 55 
create a biofuel carbon debt [10-11]. Such expansion could also threaten—or destroy—rich 56 
biodiversity and native ecosystems in these lands [12]. Thus, for renewable energy to be 57 
sustainable, biofuel production from degraded lands should avoid compromising food production, 58 
carbon stocks, biodiversity and native vegetation. In many studies on degraded lands, however, 59 
data on the availability of such lands and their feasibility to deliver sustainable biofuel cannot be 60 
compared directly due to the diverging definitions of degraded lands used [1] and because of the 61 
many potential biofuel species available in Indonesia [5-8]. 62 

 To reduce this knowledge gap, this study: (1) assesses degraded lands that have limited 63 
functions to produce food, to sequestrate carbon stocks on land, and to maintain vegetation and 64 
biodiversity, by adopting the definition of degraded lands from the Indonesia Climate Change 65 
Center (ICCC)[5]; and (2) examines the suitability of the degraded lands to grow key species for 66 
biodiesel production (Calophyllum inophyllum, Pongamia pinnata and Reutealis trisperma) and biomass 67 
production (Calliandra calothyrsus and Gliricidia sepium). Indeed, biofuel production from degraded 68 
lands needs to overcome various obstacles as well, including improving the capacity of refineries, 69 
building business models for landowners and refineries, securing the property rights of the land, 70 
resolving potential conflicts among stakeholders, encouraging smallholder participation, competing 71 
with low-price fuels, and mitigating potential invasion by biofuel species [5,7,8,13-15]. However, 72 
investigation of these challenges first requires an understanding of the degraded lands available for 73 
biofuel production and potential biofuel species. Thus, this study analyzes these lands and species 74 
and estimates their potential energy production. 75 

2. Species and land for biofuel production in Indonesia 76 

2.1. Potential biofuel species in Indonesia 77 
While many energy crops exist in Indonesia, here we assessed five tree species with the potential 78 

for biodiesel production (i.e. C. inophyllum, P. pinnata and R. trisperma) or biomass production (i.e. C. 79 
calothyrsus and G. sepium) on degraded lands [8, 17-21]. These species are native to Indonesia and 80 
tolerant to lands with harsh conditions that are normally unsuitable for agriculture; thus, these 81 
species have the capacity to not compete with food production (Table 1). The study intentionally 82 
excluded bamboo and other non-woody species as it mainly focuses on tree species for bioenergy 83 
production. Oil palm was excluded due to its large potential to compromise food production. 84 

 85 
 86 
 87 
 88 
 89 
 90 
 91 
 92 
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Table 1. Potential biofuel species in Indonesia. 94 

Species 
Indonesian 
name 

Tolerable 
condition Local use 

Biomass 
type 

Food  
consumption 

C. calothyrsus 1 
 

Kaliandra Drought 
Acidic soil 
Sandy soil 

 

Firewood and 
animal feedstock 

Wood No 

C. inophyllum 2 
 

Nyamplung 
 

Salinity  
Sandy soil 

 

Wood, medicine, 
and cosmetics 

Seed oil No 

G. sepium 3 Gamal 
 

Acidic soil Firewood, animal 
feedstock, 
medicine 

 

Wood or  
seed oil 

No 

P. pinnata 4 
 

Malapari 
 

Salinity  
Water logging 

Drought 
 

Wood, firewood  
and medicine 

Seed oil No 

R. trisperma 5 Kemiri sunan Sloping land Pesticide and 
fertilizer 

Seed oil No 

1 [19, 22-25]. 95 

2 [11, 20, 26-28]. 96 

3 [23, 29-32]. 97 

4 [16, 33-37]. 98 

5 [24, 38-40]. 99 

C. calothyrsus is a fast-growing shrub of 5–6 m height [24]. In Indonesia, it is called “kaliandra” 100 
and is used for firewood and land restoration due to its fast growth and good adaptability to a wide 101 
range of habitats [18, 23]. The shrub is also used for animal feed [25, 41]. It grows in various soil types, 102 
including sandy clays and acid soil [22, 42]. There is emerging interest in biofuel production from C. 103 
calothyrsus since it is highly cellulosic (46–48%), fast-growing, suitable for a short rotation and 104 
adaptable to diverse habitats [18, 22-23, 43-44]. 105 

C. inophyllum is a medium-to-large tree of 8–20 m height [17]. Called “nyamplung” in Indonesia, 106 
the tree is used for its wood (e.g. building canoes) and seed oil (medicines and cosmetics) [17, 26]. 107 
The oil is slightly toxic for human consumption [17]. As it tolerates windy and sandy conditions, its 108 
major habitats include coastal areas, but it also grows inland at high elevations [11, 26]. Several 109 
studies have analyzed biofuel production from C. inophyllum oil because this species can yield up 110 
to 20 tons of inedible oil per hectare [17, 19-20, 26-28]. 111 

G. sepium is a medium-sized species of 2–15 m height [24]. In Indonesia, it is called “gamal” and 112 
is used for firewood, cattle feedstock and medicine [23, 31-32]. Its leaves, fruits, seeds, roots and bark 113 
can be toxic for human consumption [32, 45]. It tolerates various soil types, including slightly saline 114 
and clay soils [32]. There is interest in biofuel production from G. sepium as it not only grows fast and 115 
tolerates harsh soil conditions, but also has low moisture content, high energy potency, and high 116 
carbon and volatile content [23, 32].  117 

P. pinnata is a fast-growing leguminous tree of 12–15 m height [46]. In Indonesia, it is called 118 
“malapari” and is used for wood, firewood and medicine [33-34, 37]. However, all parts of the plant 119 
are toxic for human consumption [47]. It tolerates salinity and drought and grows in a wide range of 120 
habitats from humid tropical and subtropical regions to cooler and semiarid zones [48]. Many studies 121 
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have analyzed biofuel production from P. pinnata as it is nitrogen-fixing, tolerates various habitats 122 
and has a high oil yield [16, 37, 48-49]. 123 

R. trisperma is a tree of 10–15 m height [50]. In Indonesia, it is called “kemiri sunan” and is used 124 
as a natural pesticide and fertilizer [40]. It is also used for land rehabilitation owing to its capacity to 125 
mitigate land erosion. Although one tree can yield about 25–30 kg of seeds per year, they are toxic 126 
and inedible [50-51]. There is interest in biofuel production from R. trisperma oil because of its high 127 
oil yield [40, 52-53]. 128 

 129 

2.2. Lands available for producing biomass in Indonesia 130 
Several studies analyze available lands for biofuel production in Indonesia (Table 2). The studies 131 

employ different definitions of lands (e.g. degraded or suitable lands) and various methodologies 132 
(e.g. spatial or policy analysis), resulting in different land estimates. Several studies investigate 133 
degraded land for palm oil plantations. Colchester et al. (2006) indicate there are about 27 million 134 
hectares (Mha) of unproductive degraded forestlands in Indonesia [54]. Gingold et al. (2012) show 135 
about 7 Mha of degraded lands in the provinces of West and Central Kalimantan [55]. Harahap et al. 136 
(2017) demonstrate about 20.9 Mha of degraded land in Indonesia [9]. Other studies investigate non-137 
palm-oil species for potential biofuel production in Indonesia. ICCC (2014) identifies about 23.78 Mha 138 
of degraded lands suitable for bioethanol species, such as sugarcane, cassava, sweet sorghum, corn 139 
and sago [5]. Milbrandt and Overend (2009) identify about 3.7 Mha of marginal lands for biomass 140 
production [56]. Nijsen et al. (2012) suggest approximately 30 Mha of lands with degraded soils for 141 
production of grasses and woody crops [57]. Wulandari et al. (2014) show about 0.9 Mha of 142 
potentially suitable lands on which to grow R. trisperma in the province of West Java [6]. None of 143 
these studies, however, examine the availability of lands that are degraded but potentially suitable 144 
for growing C. calothyrsus, C. inophyllum, G. sepium, P. pinnata or R. trisperma in Indonesia. Although 145 
Wulandari et al. (2014) analyze R. trisperma, the study only focuses on the province of West Java, and 146 
its objective is to estimate all suitable lands, including nondegraded lands [6]. Thus, our study 147 
contributes to analyzing the potential growth of multiple biofuel species on degraded lands at a 148 
national level in Indonesia. 149 

 150 
 151 
 152 
 153 
 154 
 155 
 156 
 157 
 158 
 159 
 160 
 161 
 162 
 163 
 164 
 165 
 166 
 167 
 168 
 169 
 170 
 171 
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Table 2. Studies on potential lands for biofuel production in Indonesia. 172 

Study 
Land  

condition 
Land  

location 
Area  

(Mha) 
Biofuel  
species 

Potential energy  
production Method 

[54] 
 
 

Unproductive 
forestlands degraded 

by logging, 
cultivation and other 

activities 
 

Indonesia 27 Palm oil NA Information 
from Dept. of 
Agriculture 

[55] Degraded lands that 
support sustainable 
palm oil production 

environmentally, 
economically, legally 

and socially 
 

West and 
Central 

Kalimantan 

7 Palm oil NA Spatial  
analysis and 
field survey 

[9] Administratively 
available lands; 

coherence to biofuel, 
agriculture, climate 
and forestry policies 

 

Indonesia 21 Palm oil NA Policy 
analysis 

[56] 
 
 

Degraded lands that 
have poor climate, 

poor physical 
characteristics or 

difficult cultivation 

Indonesia as 
a part of 
APEC 

countries 

3.7 Biomass  
production  

potential 

15 million tons 
of biomass per 
year/ 6 cubic 

hectometers of 
ethanol 

Spatial  
analysis 

[57] 
 

Lands that have 
degraded soils 

Indonesia as 
part of a 

global study 
 

30 Grasses and 
woody crops 

About 7,000 PJ 
yr–1 from 

grasses/ about 
5,000 PJ yr–1 
from woody 

crops 
 

Spatial  
analysis 

[6] Lands with suitable 
climates and 

ecological conditions 
 

West Java 0.9 R. trisperma NA Spatial 
analysis 

[5] 
 
 

Degraded lands that 
exclude high-carbon 

lands, lands with 
concessions and new 

permits, and lands 
with high slope and 

altitude 

Indonesia 24 Bioethanol 
crops 

NA Spatial  
analysis 

APEC: Asia-Pacific Economic Cooperation; Mha: million hectares; NA: not applicable. 173 

 174 
 175 
 176 
 177 
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3. Materials and Methods  178 
The study methods consisted of two steps. The first step identified degraded lands in Indonesia. 179 

The second step analyzed the suitability of growing five biofuel species on the degraded lands and 180 
estimated their potential energy production (Figure 1). 181 

 182 

 183 
Figure 1. Research methods used to estimate degraded lands in Indonesia and their suitability to grow biofuel 184 

species. 185 

3.1. Identification of degraded lands in Indonesia 186 
The first step of the study identified degraded lands in Indonesia. The analysis employed four 187 

types of geographic information system (GIS) data to identify potentially degraded land in Indonesia 188 
using an overlaying analysis. These data included severely degraded land data, conservation area 189 
data, land cover data and land system data (Figure 1). Degraded lands were identified by overlaying 190 
these spatial data based on inclusion and exclusion criteria as described below. 191 

First, severely degraded land data [58] were used to define the initial scope of degraded lands 192 
in Indonesia. The data were developed by the Directorate General of Watershed Management and 193 
Social Forestry, under the Ministry of Environment and Forestry of Indonesia, based on technical 194 
guidelines for the development of spatial data on severely degraded land (Petunjuk Teknis 195 
Penyusunan Data Spasial Lahan Kritis) set out in Regulation No. P.4/V-SET/2013. These severely 196 
degraded lands indicate the degree of land degradation in Indonesia in terms of land cover, slope, 197 
potential erosion, land productivity and land management. The regulation categorizes land 198 
degradation as follows: (1) not severe, (2) potentially severe, (3) slightly severe, (4) severe and (5) very 199 
severe. Of these categories, this study selected the categories of “severe” and “very severe” to identify 200 
the initial scope of degraded lands. 201 

Second, conservation area data [59] were used to exclude protected and conserved forests that 202 
prohibit production activities on degraded lands. The data were used to identify protected forest 203 
(Hutan Lindung) and conservation forest (Hutan Konservasi) defined by the Basic Forestry Law, UU 204 
No. 41, 1999. The law defines protected forest as an area that protects life-support systems by 205 
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regulating water cycles, maintaining soil fertility, and preventing floods, erosion and salt water 206 
intrusion. Conservation forest is defined as an area that protects life-support systems by preserving 207 
biodiversity and utilizing bio-natural resources and ecosystems sustainably. 208 

Third, land cover data [60] were utilized to exclude lands that are used for other purposes and 209 
not feasible for biomass production, such as crop estates, forests, swamps, paddy fields, mining areas, 210 
fish ponds, water bodies and built-up areas. The data were collected from the Indonesian Ministry of 211 
Environment and Forestry. Land cover is classified into 23 classes based on the physiognomy or 212 
appearance of biophysical cover, which is visually distinguished using the available cloud-free 213 
Landsat imagery. Visual classification is carried out by a digitizing on-screen technique using the key 214 
elements of image interpretation [61].  215 

Fourth, land system data [62] were used to obtain information on slope, pH, rainfall, soil depth, 216 
temperature and altitude of the degraded lands. The data were built by the Regional Physical 217 
Planning Programme for Transmigration (RePPProT). Land systems are natural ecosystems in which 218 
rocks, climate, hydrology, topography, soils and organisms are correlated in a specific way [62]. In 219 
addition, missing data of the systems at a regional level were collected from the Land Resources 220 
Department (1989). 221 

 222 

3.2. Suitability of degraded lands to grow biofuel species 223 
The second step of the study analyzed the suitability of the degraded lands to grow potential 224 

biofuel species and estimated their energy production. Five biofuel species were analyzed: C. 225 
calothyrsus, C. inophyllum, G. sepium, P. pinnata and R. trisperma (Table 3). The study categorized 226 
suitable lands as highly and moderately suitable lands by modelling: 227 

Hscore = HSaltitude + HSrainfall + HStempt + HSsoil slope + HSsoil pH + HSsoil depth 228 

Mscore = MSaltitude + MSrainfall + MStempt + MSsoil slope + MSsoil pH + MSsoil depth                  (1) 229 

Hscore and Mscore were total scores of criteria for highly and moderately suitable lands, respectively. 230 
HSs were dummy variables of highly suitable (HS) land criteria for altitude, annual rainfall, 231 
temperature, slope, soil pH and soil depth of the biofuel species, whose values were 1 for a land 232 
meeting the species criteria and 0 for a land not meeting the criteria. Similarly, MSs were dummy 233 
variables of moderately suitable (MS) land criteria for altitude, annual rainfall, temperature, slope, 234 
soil pH and soil depth of the biofuel species. Highly and moderately suitable lands were determined 235 
only when Hscore and Mscore were 6, which indicates that a land meets all six criteria for the growth of 236 
biofuel species. Values of all dummy variables (HCs and MCs) were estimated by applying Monte 237 
Carlo analysis (e.g. [13]) to the spatial analysis results (Step 1 results in Figure 1) based on Gaussian 238 
distribution. The averages of 1,000 simulation results were used to estimate probabilities of each land 239 
to meet the growth criteria for all five biofuel species. The total areas of these suitable lands for these 240 
species were calculated by multiplying these probabilities and sizes of the lands. 241 

 242 
 243 
 244 
 245 
 246 
 247 
 248 
 249 
 250 
 251 
 252 
 253 
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Table 3. Criteria for highly and moderately suitable lands. 254  
C. calothyrsus C. inophyllum P. pinnata 

Attributes 1 Highly 
suitable 

Moderately 
suitable 

Highly 
suitable 

Moderately 
suitable 

Highly 
suitable 

Moderately 
suitable 

Annual 
rainfall  
(mm) 
 

2,000–4,000 750–2,000 
4,000–5,000 

2,000–4,000 750–2,000  
4,000–5,000 

500–2,000 400–500 
2,000–2,500 

Temperature 
(°C) 
 

22–30 18–22 
30–34 

28–35 10–28  
35–42 

16–40 10–16 
40–50 

Altitude 
(m) 
 

0–1800 0–1800 0–200 0–200 0–1,200 0–1,200 

Soil pH 
 
 

5.0–6.0 4.5–5.0 
6.0–7.5 

5.5–7.0 5.0–5.5 
7.0–8.0 

6.5–8.5 6.0–6.5 
8.5–9.0 

Soil depth  
(cm) 
 

50–150 20–50 20–50 20–50 >150 50–150 

Soil slope 
(%) 

<80 2 <80  <30 3 <30 <20 4 <20 

       

 G. sepium R. trisperma   
Attributes Highly 

suitable 
Moderately 
suitable 

Highly 
suitable 

Moderately 
suitable 

  

Annual 
rainfall  
(mm) 
 

1,200–2,300 600–1,200 
2,300–3,500 

1,500–2,500 7 700–2,500   

Temperature 
(°C) 
 

15–30 12–15 
30–44 

24–30 18–30 7   

Altitude 
(m) 
 

0–1,600 0–1,600 0–700 0–700   

Soil pH 
 

5.5–6.2 4.5–5.5 
6.2–8.0 
 

5.4–7.1 >7.1   

Soil depth  
(cm) 
 

>150 50–150 >100 50–100   

Soil slope <40 5 <40 <8 6 8–25   
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(%) 
1 [23, 41, 63]. 255 

2 [64]. 256 
3 Personal communication with Budi Leksono. 257 

4 [65]. 258 
5 [66] Stewart (1996). 259 

6 [6]. 260 
7 [67]. 261 

 262 
To analyze land sizes and parcel numbers, the degraded lands were categorized into small, 263 

medium and large sizes. Size categories were developed based on the literature on palm oil 264 
production [55, 68]. In palm oil production, smallholder lands are up to 50 ha [68]; this criterion was 265 
used to categorize small-sized lands for biofuel species production. For industrial palm oil 266 
production, 5,000 ha is considered to be the minimum land size [55]; this criterion was used to define 267 
large-sized lands for biofuel species production. In this study, therefore, “small-sized lands” were 268 
lands smaller than 50 ha; “medium-sized lands” were lands bigger than 50 ha but smaller than 5,000 269 
ha; and “large-sized lands” were lands bigger than 5,000 ha. After categorizing the lands with their 270 
sizes, the numbers of land parcels were estimated for each land size. 271 

To analyze energy productivity from degraded lands suitable for the selected biofuel species, 272 
we developed and investigated two scenarios: (1) the all-five-species scenario, and (2) the biodiesel-273 
only-species scenario. The all-five-species scenario analyzed all five of the biofuel species, including 274 
those for biodiesel production (C. inophyllum, P. pinnata and R. trisperma) and those for biomass 275 
production (C. calothyrsus and G. sepium). The scenario estimated potential energy productivity from 276 
each species assuming that their biomass or seed yields would be lower on moderately suitable land 277 
compared with highly suitable land (Table 4). Later, we chose only one species with the highest 278 
energy productivity when multiple species were suitable on the same degraded lands so that energy 279 
productivity could be maximized from these lands. The biodiesel-only-species scenario was treated 280 
using identical analytical procedures, but it only examined those species intended for biodiesel 281 
production. 282 

 283 
 284 
 285 
 286 
 287 
 288 
 289 
 290 
 291 
 292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
 302 
 303 
 304 
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Table 4. Energy productivity of five potential biofuel species in Indonesia. 305 
  C. inophyllum R. trisperma P. pinnata 

Attributes 
Highly 
suitable 

Moderately 
suitable 

Highly 
suitable 

Moderately 
suitable 

Highly 
suitable 

Moderately 
suitable 

Biofuel type  Biodiesel Biodiesel Biodiesel Biodiesel Biodiesel Biodiesel 
Energy 
productivity 
(TJ/ha/yr)  

0.417 0.111 0.040 0.010 0.064 0.006 

Caloric value 
(MJ/kg)  

40.10 1 40.10 35.50 3 35.50 35.56 5 35.56 

Biodiesel 
yield 
(kg/ha/yr) 

10,400 2 2,773 8,000 4 6,000 1,800 6 180 

              
  C. calothyrsus G. sepium     

Attributes 
Highly 
suitable 

Moderately 
suitable 

Highly 
suitable 

Highly 
suitable 

    

Biofuel type 
 

Biomass Biomass Biomass Biomass   

Energy 
productivity 
(TJ/ha/yr) 

0.704 0.264 0.089 0.034     

Caloric value 
(MJ/kg)  

17.60 7 17.60 16.85 g 16.85     

Biomass yield 
(kg/ha/yr) 

40,000 8 15,000 5,300 9 2,000     

1 [68]. 306 
2 It was assumed that seed yield per tree would be 150 kg on highly suitable land and 40 kg on moderately 307 

suitable land, and 133 trees could be planted per hectare (e.g. maximum 20 tons of seed yield per ha = about 308 
133 trees × 150 kg of seeds) following [28]. It was also assumed that 65% of seed is oil, and 80% of the oil could 309 

be converted to biodiesel [69]. 310 
3 [50]. 311 
4 [53]. 312 
5 [46]. 313 

6 It was assumed that oil yield per hectare would be 2,250 kg for highly suitable land and 225 kg for 314 
moderately suitable land [70, 71], and that 80% of oil could be converted to biodiesel [69]. 315 

7 Based on 4,205 kcal/kg for C. calothyrsus and 4,027 kcal/kg for G. sepium [23]. 316 
8 [24, 44] 317 

9 Stewart et al. (1996). 318 

3. Results 319 

3.1. Degraded lands in Indonesia 320 
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The study results showed that Indonesia has about 5.8 Mha of degraded lands that have limited 321 
ability to produce food, to sequestrate carbon on land, and to maintain vegetation and biodiversity 322 
(Figures 2 and 3). Of them, 72% were categorized as severely degraded lands and 28% as very 323 
severely degraded lands. The largest area of degraded lands was located in Sumatra, totaling about 324 
1.8 Mha. The second largest area of lands was in Kalimantan, totaling about 1.5 Mha. The smallest 325 
areas of land were in the Java and Bali regions, totaling about 0.1 Mha of degraded lands.   326 

 327 
Figure. 2. Spatial distribution of degraded lands in Indonesia that have limited functions for food production, 328 

carbon storage, and conservation of biodiversity and native vegetation. 329 

 330 
Figure 3. Distribution of degraded lands and lands suitable for growing biofuel species. 331 

(* Nusa Tenggara) 332 
Note: (a) degraded lands in Indonesia identified as having limited functions for food production, carbon 333 

storage, and conservation of biodiversity and native vegetation; and (b) degraded lands identified as suitable 334 
for cultivating at least one of the following: C. calothyrsus, G. sepium, C. inophyllum, P. pinnata and R. trisperma. 335 

 336 

3.2. Suitability of degraded lands to grow biofuel species 337 
Of the degraded lands identified, about 3.5 Mha (or 57%) had the potential to grow at least one 338 

of the five biofuel species (Figure 3). The distribution of suitable lands was slightly different from the 339 
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distribution of degraded lands in general. For instance, Maluku and Nusa Tenggara had a larger 340 
suitable land area than Kalimantan. Of these degraded lands, 2.85 Mha were suitable for C. 341 
calothyrsus, 1.64 Mha for G. sepium, 0.21 Mha for R. trisperma, 0.14 Mha for P. pinnata and 0.05 Mha for 342 
C. inophyllum (Figures 4 and 5). For many of these species, the area of highly suitable lands was 343 
significantly smaller than that of moderately suitable lands. Moreover, the lands suitable for biomass 344 
species (C. calothyrsus and G. sepium) were approximately 11 times larger (or 4.49 Mha) than the lands 345 
suitable for biodiesel species (C. inophyllum, P. pinnata and R. trisperma) (or 0.4 Mha). 346 

 347 

 348 
Figure 4. Total area of degraded lands in Indonesia identified as suitable for growing individual biofuel 349 

species. 350 
 351 
 352 

 353 
 354 
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Figure. 5. Comparison of degraded lands in Indonesia that are moderately suitable for cultivating C. 355 
calothyrsus, G. sepium, R. trisperma., P. pinnata and C. inophyllum, 356 

 357 
The degraded lands were analyzed in terms of their sizes and numbers of parcels (Figure 6). 358 

Small-sized lands (less than 50 ha) consisted of 81% of the total number of land parcels, but their areas 359 
were only 8% of the lands. Medium-sized lands (between 50 and 5,000 ha) represented 19% of the 360 
total number of parcels, but their total area comprised 70% of the lands. Large-sized lands (larger 361 
than 5,000 ha) consisted of only 0.1% of the total number of land parcels, but their total area 362 
represented 22% of the degraded lands. 363 

 364 

 365 
Figure 6. Total areas and number of land parcels for small, medium and large-sized degraded lands in 366 

Indonesia suitable for at least one of the biofuel or biomass species (C. calothyrsus, G. sepium, C. inophyllum, P. 367 
pinnata and R. trisperma). 368 

 369 

3.3. Hypothetical maximum energy productivity 370 
The all-five-species scenario, assessing all the biofuel species, resulted in the identification of 371 

suitable lands for C. calothyrsus, P. pinnata, R. trisperma, G. sepium and C. inophyllum (Figure 7). Of the 372 
species assessed, C. calothyrsus was the one that could grow well on the largest area of suitable lands 373 
(2.8 Mha) because it not only was the most suitable to the degraded lands (Figure 4), but also had the 374 
highest potential energy productivity compared with the other species (Table 4). Suitable lands for 375 
this species were largely located in Sumatra (0.93 Mha), and the smallest areas were identified in Java 376 
and Bali (0.07 Mha). Suitable lands identified for the other species in this scenario were smaller in 377 
area: G. sepium had 430,002 ha; P. pinnata had 30,559 ha; R. trisperma had 21,013 ha; and C. inophyllum 378 
only had 132 ha. This scenario resulted in about 1.105 EJ yr−1 of hypothetical maximum energy 379 
productivity (Table 5). The energy productivity from biomass was about 1.102 EJ yr−1 (99%), while 380 
that from biodiesel was only about 0.003 EJ yr−1. 381 

 382 
 383 

 384 
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 385 
Fig. 7. Total area of degraded lands in Indonesia identified as suitable for the all-five-species and biodiesel-386 

only-species scenarios. 387 
(* Nusa Tenggara) 388 

 389 
 390 
 391 
 392 
 393 
 394 
 395 
 396 
 397 
 398 
 399 
 400 
 401 
 402 
 403 
 404 
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Table 5. Potential energy production (TJ yr−1) of selected biofuel species from degraded lands in Indonesia. 405 

Species Type 

Highly 
suitable 

lands 

Moderately 
suitable 

lands Total 
All-five-species 

scenario 
   1,104,598 

a) Biomass total  568,867 532,921 1,101,787 
C. calothyrsus Biomass 568,494 518,443 1,086,937 

G. sepium Biomass 373 14,478 14,851 
     

b) Biodiesel total  2,796 15 2,811 
R. trisperma Biodiesel 1,956 0 1,956 
P. pinnata Biodiesel 841 0 841 

C. inophyllum Biodiesel 0 15 15 
Biodiesel-only-species scenario   9,661 
a) Biodiesel total  3,852 5,809 9,661 

C. inophyllum Biodiesel 229 4,448 4,678 
R. trisperma Biodiesel 1,655 1,361 3,016 
P. pinnata Biodiesel 1,967 0 1,967 

 406 

The biodiesel-only-species scenario, assessing biodiesel species only, resulted in the 407 
identification of suitable lands for R. trisperma, C. inophyllum and P. pinnata (Figure 7). Of them, R. 408 
trisperma was the species with the biggest potential, having about 0.18 Mha of suitable lands. These 409 
lands were distributed across several regions in Indonesia, but no suitable land was found in 410 
Kalimantan. In this scenario, C. inophyllum and P. pinnata had only 40,625 ha and 30,739 ha of suitable 411 
lands, respectively. The scenario resulted in about 0.01 EJ yr−1 of hypothetical maximum energy 412 
productivity (Table 5). 413 

 414 

4. Discussion 415 
The study results showed that degraded lands in Indonesia might support bioenergy production 416 

by growing biodiesel species (by growing C. inophyllum, P. pinnata and R. trisperma) and biomass 417 
species (by growing C. calothyrsus and G. sepium). Indonesia potentially had about 3.5 Mha of severely 418 
degraded lands that not only have limited functions for food production, carbon storage, and 419 
conservation of biodiversity and native vegetation, but also might support the growth of these biofuel 420 
species. These degraded lands were smaller in area than other types of degraded lands identified in 421 
Indonesia, such as lands with degraded soils (about 30 Mha) [57], unproductive degraded forest lands 422 
(about 27 Mha) [54], degraded lands including forest covers with low carbon stocks (about 24 Mha) 423 
[5], degraded lands administratively available for biofuel production (about 21 Mha) [9], degraded 424 
lands for palm oil production in West and Central Kalimantan (about 7 Mha) [55] and degraded lands 425 
that have poor climate, poor physical characteristics or degraded lands on which cultivation is 426 
difficult (about 3.7 Mha) [56]. Moreover, the estimated biomass energy productivity from C. 427 
calothyrsus and G. sepium (about 1.1 EJ yr−1) in our study was smaller than the expected biomass 428 
energy from woody crops (about 5 EJ yr−1) and grasses (about 7 EJ yr−1) from degraded soil lands in 429 
Indonesia [57]. These differences stem from different definitions, different methods, different spatial 430 
data, and different species analyses among the studies. 431 
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Although the two scenarios analyses showed their potential support for increasing the supply 432 
of biodiesel in Indonesia, however, there are still challenges to apply these scenarios to achieving the 433 
biodiesel consumption target of 30% of total energy consumption by 2025 (Presidential Regulation 434 
No. 12/2015) in Indonesia. First, these lands might be limited in their ability to support economies of 435 
scale for biofuel production and only reflect a hypothetical maximum land area. The sizes of many 436 
degraded lands were smaller than 5,000 ha, which is considered the minimum land size on which 437 
economies of scale from palm oil production can be achieved [55]. Although palm oil is not solely 438 
used for biofuel production, lessons from palm oil production would support growth of other biofuel 439 
species since palm oil has been used as a dominant biofuel species in Indonesia [9]. Thus, the sizes of 440 
these degraded lands must be considered in analyzing their potential business models for bioenergy 441 
production in Indonesia.  442 

In addition, the study results indicate the maximum energy productivity, as the study assumed 443 
that all degraded lands would be utilized for biofuel production by growing the five biofuel species. 444 
In reality, however, this bioenergy production would be discounted by many socioeconomic factors, 445 
such as the cost–benefit of the production to farmers and refineries [5, 13, 15], higher opportunity 446 
costs for bioenergy production compared with palm oil production [55], competition with low-price 447 
energy such as gasoline [4] and conflicted stakeholder interests [54]. Further this energy would be 448 
reduced further when it is converted into other types of energy, such as electricity, for final 449 
consumption. These factors are likely to reduce the biofuel production estimates from the study so 450 
that these factors must be analyzed further to understand how many of these degraded lands might 451 
in reality support bioenergy production in Indonesia. 452 

Despite these challenges, the study findings might still contribute to analysis of potential biofuel 453 
species in Indonesia and the investigation of carbon sequestration from bioenergy production from 454 
degraded lands. First, the study results support identifying and comparing potential species for 455 
biodiesel production (e.g. C. inophyllum, P. pinnata and R. trisperma) and biomass production (e.g. C. 456 
calothyrsus and G. sepium). For instance, C. calothyrsus was more suitable on degraded lands 457 
compared with the other biofuel species in this study. Among the biodiesel species, R. trisperma had 458 
better suitability than P. pinnata and C. inophyllum. The identified lands suitable for these species 459 
would serve as input data for analyzing their potential growth on degraded lands by applying more 460 
sophisticated plant growth modeling (e.g. Bryan et al., 2010). Moreover, suitable lands for these five 461 
species can be reference data for studies on other biofuel species in Indonesia, such as sugarcane, 462 
cassava, sweet sorghum, corn and sago [5].  463 

Second, the study findings might support investigating potential carbon sequestration from 464 
bioenergy production from degraded lands. The locations and sizes of the suitable lands support the 465 
modeling of carbon sequestration by the five species from above and below ground on degraded 466 
lands. Such carbon modeling would support analyzing net-positive carbon sequestration of the 467 
bioenergy production from degraded lands. Other required studies that the study findings might 468 
support are analyses of: conventionally consumed biomass species in Indonesia that might be 469 
replaced with biomass production from C. calothyrsus and G. sepium; increased carbon stocks by 470 
avoiding the harvests of replaced biomass species; impacts of climate changes on the growth of the 471 
five biofuel species on degraded lands and their capacities to store carbon stocks; saved carbon stocks 472 
from other uses of biomass from degraded lands; carbon emissions from diesel blended with 473 
biodiesel from C. inophyllum, P. pinnata and R. trisperma; and impacts of forest restoration of degraded 474 
lands on national carbon emissions in Indonesia as well as a scheme of reducing emissions from 475 
deforestation and forest degradation (REDD+) in Indonesia (e.g. [5]). 476 

 477 
 478 
 479 
 480 
 481 
 482 
 483 
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5. Conclusions 484 
The study identified 3.5 Mha of degraded lands in Indonesia that not only might avoid 485 

compromising food production, carbon storage, biodiversity and native vegetation, but also might 486 
support bioenergy production by growing biodiesel species (C. inophyllum, P. pinnata and R. 487 
trisperma) and biomass species (C. calothyrsus and G. sepium). The study results revealed both 488 
opportunities and challenges for bioenergy production from these degraded lands in Indonesia. The 489 
two-scenario analysis showed that maximum biomass energy production from C. calothyrsus and G. 490 
sepium might support increasing the biofuel supply in Indonesia. However, the sizes of degraded 491 
lands were rather too small to support economies of scale for biofuel production, and the study 492 
results would be discounted by many socioeconomic factors in reality. The study findings support 493 
future studies on modeling the growth of biofuel species on degraded lands, comparing diverse 494 
potential biofuel species and modeling carbon sequestration from restoration of degraded lands. 495 

 496 
 497 
 498 
 499 
 500 
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