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 20 

Abstract  21 

The carbon sequestered in harvested wood products (HWP) can contribute to climate change 22 

mitigation. As a fast-growing country with abundant forest resources, Indonesia potentially has 23 

vast HWP carbon stocks that need to be accurately assessed as a first step towards understanding 24 

the extent of their potential contribution in climate change mitigation. In this study, a dynamic 25 

materials stock and flow analysis for carbon in wood-based products in Indonesia was conducted, 26 

covering six end-use sectors. In general, only around 30.3% of the harvested wood (carbon mass) 27 

was converted into end-use materials in 2014, indicating a significantly low harvested wood 28 

conversion rate in Indonesia. There was a significant increase of wood-based products’ carbon 29 

stocks in Indonesia from 1961 to 2016. There were 72 (-17/+15) Mt-C of wood stocks in 30 

Indonesian society in 2016, or equivalent to 0.28 t-C/capita. Buildings (42%) and infrastructure 31 

(31%) were the largest contributors to in-use carbon stocks. The product lifetime uncertainty had 32 

a significant influence on the estimate of total society’s wood-based carbon stock. Indonesia’s in-33 

use stock of wood-based products in 2008 was below its stock level of steel (1.2 times smaller) 34 

and cement (5.3 times smaller). Both wood-steel and wood-cement stock ratios showed declining 35 

trends, indicating a shifting trend to non-renewable materials use over the past decades. This is 36 

the first study that accounts for the in-use wood-based carbon stocks in a developing country. Its 37 

results can facilitate further quantitative environmental assessments of non-renewable materials 38 

substitution and could help framing materials use policies for climate change mitigation. 39 

 40 

Keywords: wood-based materials; in-use carbon stocks; carbon sequestration; material flow 41 

analysis; dynamic stock modeling; climate change mitigation 42 
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 43 

1. Introduction  44 

The modern human lifestyle of high consumption and possession of material-based items, 45 

including houses and daily consumer goods, results in a number of ecological problems such as 46 

climate change (Howard, 2000). Fast-growing countries show a rapid increase in non-renewable 47 

materials consumption and in-use stocks, such as steel and cement, as described in previous 48 

studies about China (Cao et al., 2017b; Pauliuk et al., 2012). Given the urgency of reducing 49 

greenhouse gases (GHG) emissions globally, the decarbonization of non-renewable material-50 

intensive society (Müller et al., 2013) is unquestionably an important strategy to address climate 51 

change.   52 

The fast-developing economies in Asia are projected to become major drivers towards 53 

overshooting the global resource use limits (Schandl and West, 2010). To reduce unsustainable 54 

resource consumption, shifting the use of non-renewable to biomass-based materials is an option 55 

apart from decarbonization of energy and electricity mixes, improvement of energy and material 56 

efficiency, and demand-side behavioral changes (IPCC, 2014a). Sustainable uses of bio-based 57 

materials are also crucial to accomplish Sustainable Development Goals (SDG) of Responsible 58 

Consumption and Production, Climate Action and Life on Land (United Nations, 2015). In 59 

particular, the harvested wood products (HWP) have numerous roles, including carbon 60 

sequestration and non-renewable materials displacement potentials (Gustavsson and Sathre, 61 

2011; Sathre and Gustavsson, 2006).   62 

In fact, during the 17
th

 Conference of Parties (COP) in Durban in 2011, HWP were 63 

acknowledged as carbon pools and need to be accounted and reported by all countries in Annex I, 64 

and voluntarily by Annex II parties. Despite the Durban outcome represented a notable step 65 
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forward in addressing the climate warming, the choice for carbon accounting approaches, e.g. 66 

whether only domestic harvests should be included in the accounting (Yang and Zhang, 2016), 67 

has been widely debated in the post-Durban era. Nevertheless, the inclusion of HWP as 68 

socioeconomic carbon pools leads to further queries concerning their interactions with the global 69 

carbon cycle and the extent of their contribution to the climate change mitigation through carbon 70 

sequestration in long-lived products (Lauk et al., 2012).   71 

Understanding the development of in-use wood-based carbon stocks in the biospheric carbon 72 

cycle over time, and their potential contribution to climate change mitigation, first requires 73 

dynamic stocks estimation and then scenario analysis within the studied system boundary. The 74 

majority of previous studies on dynamic in-use material stocks assessment, however, focus on 75 

non-renewable materials, such as steel (Hu et al., 2010; Pauliuk et al., 2012), cement (Cao et al., 76 

2017a), and aluminum (Müller et al., 2013). The studies about wood-based products and their in-77 

use carbon stock are either conducted on a global scale with a lack of details about end-uses and 78 

time perspective, or instead focused on several types of wood products. For instance, Ramage et 79 

al. (2017) map and quantify the global wood flows from the forestry harvesting to the end-uses. 80 

Their timeframe is limited to one year (2010) and the end-uses are aggregated into only three 81 

sectors: energy, paper, and buildings. Lauk et al. (2012), on the other hand, study the dynamic 82 

socio-economic carbon stock in global scale from 1900 to 2008. However, their in-use stocks in 83 

wood products were not broken down into different usage category (e.g. in buildings, 84 

infrastructures). 85 

In country-scale studies, Cote et al. (2015) study the dynamic anthropogenic carbon stocks of 86 

paper products in Germany, while Ohno et al. (2018) assess the one-year flow of petroleum- and 87 

woody-based carbon in the Japanese economy, including the amount of carbon in the final 88 
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demand in 2011. So far, the only study that dynamically assesses the wood flow and stocks 89 

across different end-use sectors in a country-scale (Japan) with a long temporal coverage is by 90 

Kayo et al. (2018). In a recent study, Iordan et al. (2018) estimates the instantaneous oxidation 91 

emission from different HWP in Norway, Sweden and Finland based on the specific half-lives of 92 

each HWP category. However, no trade flows are considered and the allocation of intermediary 93 

wood products to the end-uses is generally assumed. Another work by Brunet-Navarro et al. 94 

(2018) explores different allocation assumption schemes from intermediary wood processing to 95 

end uses to quantify wood products carbon stocks in Germany and other EU countries. However, 96 

apart from excluding trade flows, the allocation schemes are considerably simplified and may not 97 

be applicable to countries outside the EU. Virtually all country-scale publications about in-use 98 

wood-based materials carbon stocks focus on the developed economies, leaving the case for most 99 

developing and fast-growing countries to remain unscrutinized, with the exception of China (Ji et 100 

al., 2016; Zhang et al., 2018).  101 

Since fast-growing countries, especially those in Asia-Pacific Region, have become the largest 102 

consumers of materials (Martinico-Perez et al., 2018; Schandl et al., 2018), primarily non-103 

renewables, it is necessary to properly quantify the woody-based carbon stocks before proceeding 104 

further steps in the framing of climate mitigation strategies related to materials uses. As a 105 

relatively fast-growing economy in the South East Asia, Indonesia has been experiencing rapid 106 

economic and urbanization growth (Zhu and Simarmata, 2015), which arguably has a strong 107 

correlation with the increase of materials consumption and carbon emissions in the country. To 108 

tackle these issues, the Indonesian government has committed to unconditionally reduce the GHG 109 

emissions by 29% lower than what business-as-usual (BAU) would emit in 2030 (Wijaya et al., 110 

2017).  111 
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The deployed Indonesian climate mitigation policies to achieve that emission reduction target are 112 

generally related to forest moratorium, peatland, land, and forest restoration. Likewise, the role of 113 

carbon stocks in national climate mitigation strategies is mainly limited within the forestry 114 

conservation and reduction of land use, land use change and forestry (LULUCF) aspects. The 115 

vast majority of previous studies about carbon stocks in Indonesia also primarily focus on the 116 

biospheric perspective, such as the mapping and quantification of forest, peatland and mangrove 117 

carbon stocks (Alongi et al., 2016; Asmara et al., 2016; Warren et al., 2017), changes of forest 118 

carbon stocks caused by different forest management strategies (Almulqu and Boonyanuphap, 119 

2017; Graham et al., 2017), and carbon gains and losses due to conversion to agriculture or 120 

plantations (Guillaume et al., 2018; Hamilton and Friess, 2018; Koh and Ghazoul, 2010; Lasco, 121 

2001; Rozak et al., 2018; Warren et al., 2017; Wijedasa et al., 2018). Furthermore, the 122 

international initiatives including Reducing Emissions from Deforestation and Forest 123 

Degradation (REDD+), primarily only concern themselves with the enhancement of forest carbon 124 

stocks, without looking beyond the forest border to include the opportunity to sequester carbon in 125 

HWP (Butarbutar et al., 2016). There is yet to be any specific appraisal concerning the role of 126 

carbon stock in wood-based products in Indonesian society for climate mitigation. To be able to 127 

properly address the pertinence and potential contribution of carbon stocks in wood-based 128 

products in Indonesian society for climate change mitigation, as well as to derive and assess 129 

feasible decarbonization strategies (Wiedenhofer et al., 2019), a knowledge gap regarding the 130 

current level of in-use carbon stocks in wood-based materials in the country should firstly be 131 

filled.   132 

In this study, we aim to answer the following questions: how large are the wood-based carbon 133 

flows between different wood processing and end-use sectors in Indonesia, and what are the 134 

critical parameters that influence the distribution of wood-based materials across sectors? How 135 
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much wood-based carbon is currently present in the Indonesian anthroposphere, and how does its 136 

historical development trend differ compared to non-renewable materials such as steel and 137 

cement? To address these research questions, we quantified the carbon flows and their in-use 138 

stocks in wood-based products in Indonesia from 1961 to 2016 and compared them with those of 139 

steel and cement. The dynamic material flow analysis (MFA) (Liu and Müller, 2013; Müller et 140 

al., 2011) was chosen as a method to quantify the woody carbon flows connected to the forestry 141 

harvesting, processing of intermediary products and end-use sectors. This work also includes 142 

wood processing byproducts and waste carbon flows to provide a mass-balanced picture of the 143 

entire wood-based products’ carbon cycle. To the best of authors’ knowledge, this is the first 144 

study that accounts carbon flows and stocks embedded in in-use wood-based materials across 145 

different sectors for a developing country. The results are valuable as a first step towards properly 146 

understanding the dynamics of in-use wood-based materials carbon stock in Indonesia for the 147 

establishment of the meaningful and realistic pathway of wood use towards decarbonization.  148 

 149 

 150 

2. Materials and Methods  151 

System definition. The system definition of wood-based materials’ supply in Indonesia (Figure 152 

1) covers the major production processes, including the roundwood extraction and intermediary 153 

processing from 1961 to 2016. We split the woody carbon flows from the intermediary 154 

processing into six different end-use sectors: ‘Paper and Packaging’, ‘Furniture and 155 

Woodpacking’, ‘Buildings’, ‘Infrastructure’, ‘Agriculture’ and ‘Others’. Each end-use sector has 156 

a specific lifetime. The different flow colors in Figure 1 represent different flow quantification 157 

methods, indicating various data sources, including top-down and bottom-up data adopted in this 158 
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study. The end-use sectors classification was based on relevant sectors listed in the 2010 159 

Indonesian Input-Output (I-O) Table (Badan Pusat Statistik, 2015). The intent of using I-O 160 

information was to identify major wood use sectors according to their magnitudes of monetary 161 

transactions, which further led to six wood end-user categories. The use of economic I-O data to 162 

derive physical information of products including flows, allocation of flows to sectors, and 163 

material content is applied and described in the literature (Cao et al., 2017a; Chen and Graedel, 164 

2015; Nakamura et al., 2007). Further details regarding processes, flow quantification methods, 165 

and end-use sectors aggregation can be found in Appendix 1 (A1).     166 

 167 

Figure 1. The system definition of wood-based materials’ supply in Indonesia (1961-2016). 168 

 169 
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Data collection and parameters. We obtained the Indonesian wood production and trade data 170 

from the Food and Agricultural (FAO) Statistics (FAOSTAT) Forestry database (FAOSTAT, 171 

2018). The FAOSTAT data cover the wood extraction amounts for both wood fuel and industrial 172 

roundwood (IRW), trade flows of intermediary wood products, pulp and paper production, and to 173 

a certain extent the amount of intermediary wood production (e.g. sawnwood and wood-based 174 

panel (WBP)). The wood flows were converted into the carbon (C) mass unit using equivalency 175 

factors obtained from IPCC (2014, 2006). The FAOSTAT database covers the wood flows in 176 

Indonesia from 1961 to 2016 with varying data qualities among these years. The data coverage 177 

from 1961 to 1990 is significantly worse than those of the last three decades, signified by more 178 

missing data found in the production, export and import flows of intermediary wood products. 179 

Due to this data gap problem, we only took the FAOSTAT data for every 5-year time step for 180 

those data from 1961 to 1991, and later linearly interpolated the yearly end-uses carbon flows 181 

results. We also obtained the 2001 end-uses carbon flow results based on a linear interpolation of 182 

the end-uses carbon flows of years 2000 and 2002 due to the sawnwood flows data in that 183 

particular year highly deviated compared to other years.     184 

Furthermore, the allocation information of wood flows from the IRW (process #3 in Figure 1) to 185 

intermediary wood processing (process #4 - #6) is not available. Thanks to the intermediary wood 186 

processing output data from FAOSTAT and wood processing efficiency parameters from 187 

previously published research (Setyawati, 2003; Simangunsong et al., 2017; Sylviani and 188 

Suryandari, 2013), we were able to obtain the total wood inputs for intermediary processes by 189 

performing mass balances. For instance, to determine the amount of WBP input, we used the 190 

following equation: 191 

 192 
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                                                                     (1) 193 

 194 

where F3-6(t) was the WBP input (process #3 to #6), FWBPO(t) was the total output of WBP 195 

processing, effWBP was the WBP processing efficiency, and F5-6(t) and F6-6(t) were the WBP 196 

input from sawnwood and recycled WBP, respectively. Note that the import flow of WBP (F20-197 

6(t)) was not included in the equation since we assumed it is as a finished wood product and did 198 

not undergo any form of further conversion through the wood processing system in Indonesia. 199 

The same assumption was also applied for imported sawnwood, and paper and packaging. From 200 

the mass balance calculation, we assumed the remainder of wood flows from the IRW production 201 

were directly used for end-use sectors. This assumption was in line with the previous timber use 202 

study by Ramage et al. (2017). In addition, the data from the 2010 Indonesian I-O Table also 203 

indicated that there are certain portions of roundwood transformed directly to the sectors included 204 

in our wood end-use sector categories. Next, we collected data related to pulp, paper, and 205 

paperboard supplies from FAOSTAT, with the exception of pulp and paper waste and recovered 206 

materials data, which were obtained from Van Ewijk et al. (2017) More details about collected 207 

data, parameters, assumptions, and calculations are documented in the Supplementary File A1. 208 

Very limited data are available for the wood flows allocation from the intermediary wood 209 

processing industry into end-use sectors. Except for the paper sector, FAOSTAT does not contain 210 

any data that could link and allocate flows from the intermediary processing to the other five 211 

sectors. Brunet-Navarro et al. (2018) use three different schemes to allocate the wood flows from 212 

the intermediary processing to the end-use sectors. They utilize a ‘simplified allocation scheme’, 213 

‘FAOSTAT allocation scheme’ where the sawnwood and WBP are simply allocated to 214 

construction and furniture sectors, respectively, and ‘Bösch allocation scheme’. The ‘FAOSTAT’ 215 
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allocation scheme’ is rather simple as it applies universal allocation factors, e.g. allocating all 216 

sawnwood and WBP outflows to construction and furniture sectors, respectively. Meanwhile, the 217 

‘Bösch allocation scheme’ (Bösch et al., 2015) is based on physical wood flow data from a case 218 

study of Germany, which implies it may not be applicable to Indonesia. In this study, we used 219 

economic data to allocate the flows from intermediary processing to end-use sectors, other than 220 

‘Paper and Packaging,’ by utilizing a detailed inter-industry transaction matrix from the 2010 221 

Indonesian I-O Table to obtain the sector split coefficient values. Due to the unavailability of data 222 

to estimate the sector split on a yearly basis, the split ratios were assumed to be constant 223 

throughout the historical time series. A further explanation about the method to obtain sector split 224 

ratios can be found in A1 section A2.3. Meanwhile, the recycled wood flow data from the end-225 

uses such as the retired wood-based products were unavailable and therefore were not included in 226 

our study.  227 

Regarding the trade flows of end-use products, the ‘Paper and Packaging’ is the only sector 228 

where a sound amount of data is available on FAOSTAT. According to the ratio of trade (import 229 

and export) over the inter-industry transaction values on Indonesian I-O Table (Table A1.10 in 230 

A1), we observed that all other sectors showed significantly small ratio values, except for the 231 

export of furniture. Therefore, in addition to the paper and packaging trade, we only took the 232 

furniture export activity into accounts. The available furniture export data, as physical values, 233 

from the year 1999-2016 were used (Indonesia, 2018, 2012, 2006) (Table A1.13 in A1 and Table 234 

A2.3 in Appendix 2 (A2)). To overcome the missing data issue, the exported furniture amounts 235 

pre-1999 were linearly interpolated to reach zero value in the year 1961.        236 

 237 

Table 1. Lifetime scenarios and data used in this study 238 
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End uses 
Lifetime (years) 

Short (minLT) Baseline Long (maxLT) 

Paper and packaging 2 4 6 

Furniture and woodpacking 10 20 30 

Building 20 35 50 

Infrastructures 25 32 40 

Agricultures 7 10 13 

Others 7 10 13 

 239 

   240 

Inflow-driven dynamic stock modeling. We utilized the inflow-driven dynamic stock model 241 

(Müller et al., 2011) to estimate the in-use wood-based materials carbon stock in Indonesia. This 242 

method has also been used for estimating other materials (e.g. steel, cement) stock in a country 243 

and at a global level (Cao et al., 2017a, 2017b). The model estimated the probability that a 244 

product leaves the in-use stock for every age-cohort, which subsequently formed materials in use 245 

stocks due to the accumulation of products in different age-cohorts.  246 

The product lifetimes in end-use sectors are listed in Table 1. In general, the lifetime values in the 247 

baseline case were obtained from expert estimates from the literature (Bahtiar et al., 2016, 2012; 248 

Frick, 2007; Guest et al., 2013; Hatayama et al., 2010; Sianipar, 2015; Surahman et al., 2017), 249 

mostly based on the Indonesian circumstances. When the Indonesian data were not available, we 250 

used other data sources that were closely related or could represent the Indonesian condition 251 

(Hatayama et al., 2010). The subsection A2.5 in A1 gives more detailed explanation regarding 252 

the lifetime data collection. In the baseline case, we applied the log-normal lifetime distribution 253 

for all end-use sectors, and standard deviation was set to 30% of the mean. This type of lifetime 254 
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distribution has been used in previous dynamic stock modeling studies (Pauliuk et al., 2012), and 255 

might better represent the inertness of certain stocks (e.g. buildings) in the society.  256 

We estimated the wood-based carbon stocks pre-1961 by extrapolating the wood consumption 257 

data back to the year 1850, assuming a constant wood-based products consumption per capita for 258 

all sectors before 1961. The Indonesian population data before 1961 were taken from Maddison 259 

(2010). We omitted the wood-based carbon stocks in 1850 as we assumed the stocks on that year 260 

were insignificant to those after 1960. Finally, we also compared the obtained in-use wood stock 261 

results (in dry matter mass) with those of non-renewable materials (cement and steel) (Müller et 262 

al., 2013).  263 

 264 

Data uncertainty and sensitivity analysis. We addressed the results uncertainty by varying 265 

certain variables in the system and model. One of the most influential and uncertain parameters in 266 

dynamic stock modeling is the product lifetime (Hu et al., 2010). Here, we conducted the 267 

uncertainty analysis by varying product lifetimes to their minimum and maximum values, (see 268 

Table 1) which are either based on expert estimates from the literature (Surahman et al., 2017) or 269 

own assumptions. Furthermore, the shape of the lifetime distribution might be another possible 270 

source of uncertainty. As an additional scenario case, we also compare the default log-normal 271 

baseline result to that with normally distributed lifetime, with standard deviation was also set to 272 

30% of the mean.       273 

 274 

 275 

 276 
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 280 

 281 

 282 

 283 

3. Results and Discussion  284 

 285 
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Figure 2. A Sankey diagram of wood-based materials carbon flows in the Indonesian economy in 286 

2014, flows in Mt/year of carbon. 287 

 288 

Wood-based carbon flow in the Indonesian economy 289 

We first analyzed the one-year wood-based carbon flows in the Indonesian economy to grasp a 290 

general overview of the wood supply chain, including the distribution of wood-based materials to 291 

end-use sectors within the country. We found that the intermediary woody carbon is diversely 292 

spread out across six different end-use sectors, as presented in Figure 2. In total, there were 6.9 293 

million metric tons (Mt) of wood-based carbon fed into the Indonesian economy in 2014, 294 

represented by all blue lines entering the end-use nodes in Figure 2 (the data for the flow 295 

diagrams for the other years are available in Appendix 3). After subtracting the recovered paper 296 

collection flow (1.5 Mt-C), the total net addition of wood-based carbon in the Indonesian society 297 

in 2014 was 5.4 Mt-C, predominantly stocked in ‘Building’ and ‘Infrastructure’. The exported 298 

intermediary wood products accounted for 4.1 Mt-C, or 37.2% of the total produced wood-based 299 

carbon, which demonstrated that Indonesia still has an apparent orientation towards being a semi-300 

finished goods exporter of forest products. Overall, only around 30.3% of wood-based carbon 301 

inputs were converted into end-use products, indicating a significantly low conversion rate to 302 

wood-based products in Indonesia (see A1 section A1.5 for further details on the conversion rate 303 

calculation). As a comparison, 59.3% and 67.5% of wood inputs were converted into in-use 304 

products in Canada and China, respectively (numbers derived from Figures 2 in both Chen et al. 305 

(2008) and Zhang et al. (2018)).  306 

The most notable sign of low conversion rate to materials was indicated by a significant amount 307 

of harvested roundwood converted into wood fuel (13.1 Mt-C). Typically, the wood fuel is 308 
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directly used as an energy source by low-income households, e.g. as firewood for cooking and 309 

charcoal (FAO, 2015; Furukawa et al., 2015), and by rural small-scale industries such as bricks, 310 

tiles and ceramics making (FAO-RWEDP, 1999). Despite a nation-wide electrification rate of 311 

95%, around 40% of energy source for cooking in Indonesia still originated from the traditional 312 

firewood in 2011 (Bedi et al., 2017), which partially explains the excessive amount of extracted 313 

wood fuel. The significant number of wood fuel users is also driven by the easy accessibility of 314 

wood fuel, especially by those who live nearby forests, and the price of alternative fuels that 315 

remain financially inaccessible by many low-income households (Roubík et al., 2018).   316 

Moreover, a significant amount of by-products are also released by wood pulp, sawnwood and 317 

WBP production processes. The efficiency factors of both sawmill and WBP processing in this 318 

study were 50% (Simangunsong et al., 2017), which was lower than sawmilling efficiencies in 319 

developed countries such as France (62%), Spain (59%) and Germany (60%) (UNECE, 2010). 320 

The inefficiency of sawmill or WBP processing industries could be caused by a number of 321 

factors, including wood properties, workers’ skills, outdated machinery, and operation processes 322 

that still involve manual procedures.     323 

Secondary resources make an important contribution to paper and packaging production where 324 

2.4 Mt-C of their raw materials were supplied by recovered paper (1.5 Mt-C came from domestic 325 

sources) in 2014. Contrarily, the contributions of secondary resources of wood, e.g. waste or 326 

recycled wood for sawnwood and WBP processing were less than 3% and almost negligible, 327 

respectively, compared to the total inputs in both processes. The small amount of recycled wood 328 

may be caused by the lack of incentive to establish the infrastructure for wood waste or wood by-329 

products recycling and reprocessing. 330 



17 

 

The wood import flows to the intermediary sectors were significantly lower than those extracted 331 

from domestic forest resources, indicating most wood usage in Indonesia was locally sourced. 332 

Recovered paper and pulp contributed to the largest share of the total imported wood flows. 333 

Furthermore, the two end-use sectors’ trade flows from ‘Paper and Packaging’ and ‘Furniture and 334 

Woodpacking’ included in this study only shared 37.9% and 4.9% of the contributions to the total 335 

export flows, respectively, which again signified a substantial amount of export from 336 

intermediary wood processing.       337 

Approximately 1.5 Mt-C in wood products were directly utilized by the end-use sectors, mostly 338 

going into ‘Infrastructure’ and ‘Building’ (shown as ‘IRW Direct Use’ in Figure 2). While it was 339 

not possible to determine the geographical consumption distribution of this wood product type in 340 

Indonesia, it was likely that the ‘IRW Direct Use’ was predominantly consumed in rural areas or 341 

villages, e.g. to build wooden bridges or houses. This suggestion is corroborated by the 342 

publication by the Indonesian Ministry of Public Works and Housing (KemenPUPR) about the 343 

guide of building simple wooden bridges to support infrastructure development in rural areas 344 

(Indonesia, 2017), where it lists the wooden log as one of the main structural components. Based 345 

on a case study of China, Zhang et al. (2018) also confirm that direct uses of raw wood 346 

essentially take place in rural areas, e.g. to build fences and wooden houses.   347 

A significant amount of wood was transformed into waste and recoverable materials, both for 348 

energy and non-energy uses. About 8.1 and 2.9 Mt-C of wood-based carbon were converted into 349 

energy and waste, respectively, and these flows mainly came from the intermediary wood 350 

processing (sawmill and WBP production) as well as the pulping and paper industry. The share of 351 

energy users of intermediary wood processing byproducts was not known precisely due to the 352 

lack of data. From previous reports, the energy recovered from pulping waste is typically used 353 
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on-site (Van Ewijk et al., 2017), while the wastes from sawmill or panel processing are mainly 354 

burned as firewood (Dwiprabowo, 2010; Roliadi and Pasaribu, 2005). To a certain extent, the 355 

sawmill and panel processing wastes are also used on-site or in other small- and medium-scale 356 

industry (Sylviani et al., 2013; Sylviani and Suryandari, 2013).  357 

Regarding wasted wood byproducts (2.9 Mt-C), albeit with the lack of information, we suspected 358 

most of them most likely ended up in landfills. This presumption was supported by two local case 359 

studies in Surabaya (Addinsyah and Herumurti, 2017) and Riau Province (Dalilla et al., 2017) 360 

which report that wood is a prevalent waste component in landfills. However, a certain portion of 361 

wasted wood byproducts do not even enter the landfills; they are abandoned and piled up before 362 

openly burned (Erawati and Afifah, 2018; Koleangan and Wuntu, 2008). Meanwhile, around 0.8 363 

Mt-C were transformed into non-energy recovery use, such as composting of sludge (Van Ewijk 364 

et al., 2017).    365 

In general, the carbon sequestration enhancement in wood-based products in Indonesia would 366 

require multiple improvements, as well as the formulation and implementation of policy-related 367 

mandates. First, wood fuel use for energy should be significantly reduced and substituted with 368 

another clean and affordable fuel, especially for low-income households, to enable the primary 369 

wood resource to be used for either forest preservation or materials. Second, intermediary wood 370 

processing efficiency should be improved to enable more wood entering the in-use stocks, which 371 

would also make less wood waste being produced and avoid immediate CO2 release from the 372 

direct burning. Third, a recycling enhancement is also crucial; not only will it allow the 373 

intermediary processing to be able to reduce the wood being wasted or burned for energy, but it 374 

may also reduce the forest resource use intensity. Regulation must also be strengthened to ban 375 

any wood waste being openly burned.  376 
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 378 

 379 

  380 
(a) (b)  381 

 382 

  383 
  (c)                                                                         (d) 384 
 385 

Figure 3. The in-use wood-based materials carbon stocks in six different sectors (paper and 386 

packaging, furniture and woodpacking, building, infrastructure, agriculture and others) in 387 

Indonesia over the period of 1961-2016 for the baseline lifetime (a), minimum lifetime (minLT) 388 

(b), maximum lifetime (maxLT) (c), and baseline normal lifetime distribution scenarios (d). 389 

 390 

Indonesian wood-based materials carbon stocks  391 
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Figures 3(a) – 3(d) describe the carbon stocks of in-use wood-based materials in Indonesia under 392 

different product lifetime assumptions. In general, the initial stocks of wood-based carbon in the 393 

year 1961 are between 11.5 to 21.7 Mt-C and showed a relatively stagnant development trend 394 

until the end of 1970s before escalating rapidly towards the 21
st
 century. The total in-use stocks 395 

of wood-based carbon in the Indonesian society in 2016 were estimated around 72 million tons 396 

(Mt-C) for the baseline case (Figure 3a), where the carbon in ‘Building’, ‘Infrastructure’ and 397 

‘Furniture and Woodpacking’ contributed to approximately 85% of the total stock, and amounted 398 

to 30.6, 22.6 and 7.9 Mt-C, respectively. The other three sectors (‘Paper and Packaging,’ 399 

‘Agriculture’ and ‘Others’) had minor contributions to the total in-use carbon stocks in 2016, on 400 

which their precise amounts lied between 2.9 to 4.5 Mt-C.      401 

The ‘Buildings’ and ‘Infrastructure’ sectors showed significant growth of wood-based carbon 402 

stocks between the end of 1970s and the end of the 20
th

 century. However, the stocks’ growth in 403 

both sectors slowed down during the end of 1990’s until around 2010, most likely due to the 404 

Asian financial crisis in 1997 – 1998 and the great recession in 2008, indicated by a reduction of 405 

wood consumption in the country. After 2010, the carbon stocks’ growth in both sectors 406 

recovered, showing a positive correlation with the improved economic condition post-2008 407 

recession.  408 

The ‘Furniture and Woodpacking’ sector carbon stock also increased steadily since around 1980 409 

until around 1999 before experiencing a slightly negative growth until 2010. The stock in this 410 

sector dropped from 7.0 Mt-C in 1999 to 5.2 Mt-C in 2010. It can be explained by the fact that 411 

after the 1997-1998 crisis, the furniture industry in Indonesia never recovered, even until the 412 

great financial recession in 2008, indicated by the decline in furniture industries’ output during 413 

that period (World Bank, 2012). From 2011 to the present, the woody carbon stock in furniture 414 
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has regained its growth, even though the growth rate is still lower than those of ‘Buildings’ and 415 

‘Infrastructure.’ Similarly, the ‘Paper and Packaging’ in-use carbon stock also showed a slightly 416 

declining trend in the early years of the 21
st
 century, where it fell from 4.7 Mt-C in 2004 to 4.0 417 

Mt-C in 2010. The stock then rose again slightly, but the stock in 2016 (4.5 Mt-C) was still below 418 

the 2004 level. Despite the era of digital technology, the global paper demand continues 419 

increasing by 4.1% and 0.5% per year for developing and developed countries, respectively 420 

(Pablo, 2018). To keep up with domestic and export demands, the Indonesian Ministry of 421 

Industry has set a target up to increase the pulp and paper industry production growth by 2.1% in 422 

2019 (Pablo, 2018). This signals that the paper-based carbon in-use stock in Indonesia may 423 

remain moderately increasing in the coming years. Meanwhile, the ‘Agriculture’ and ‘Others’ 424 

sectors only had minor contributions to the total wood-based carbon stocks during the whole 425 

1961-2016 period.  426 

The lifetime variables in all end-use sectors were changed to short (minLT) and long (maxLT) 427 

values (Table 1), which are illustrated in Figures 3b and 3c. The total wood-based materials 428 

carbon stocks in 2016 were 55 and 87 Mt-C, respectively, which clearly showed that the 429 

uncertainty of products’ lifetime had a significant influence on the total society’s wood-based 430 

carbon stocks.  431 

The most notable difference among the baseline scenario results and those of minLT and maxLT 432 

is the in-use stock development between the two recession periods (from 1999 to 2009). The 433 

minLT result showed that the furniture has a steeper decline of in-use woody carbon stock in this 434 

period (48%) compared to the baseline case (25%), while the building in-use stock showed a 435 

more stagnant development in the minLT case. This indicates that the stock was sensitive to the 436 

change of assigned lifetime values, especially for those relatively short-lived products such as 437 
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furniture. On the other hand, the furniture in-use stock did not show an obvious declining trend in 438 

the maxLT case. Overall, the stock was only slightly declining by 7.3% between 1999 and 2009, 439 

implying the longer assigned lifetime has a significant effect on the carbon stock retention.  440 

In the normal baseline case, the total wood-based carbon stocks in 2016 were 72 Mt-C, which is 441 

almost identical to that of log-normal case (Figure 3(d)). We found that changing the shape of 442 

lifetime distribution has a little effect to the results compared to changing the average lifetime. 443 

Since both log-normal and normal lifetime distribution have the same standard deviation (30% of 444 

the mean), the shape of log-normal lifetime distribution curve only slightly skewed and not 445 

significantly different than that of normal lifetime distribution. The insignificant result 446 

differences on changing the lifetime distribution, especially compared to the effect of changes in 447 

average lifetimes, is in line with the previous study about the copper cycle by Glöser et al. 448 

(2013).  449 

 450 

Figure 4. The total in-use stock of wood-based materials (in Mt-dry matter (DM)) compared to 451 

the in-use stocks of cement and steel in Indonesia during 1961-2008. minLT and maxLT refer to 452 

the minimum and maximum lifetime scenarios, respectively. The shaded light green area 453 
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represents the range of wood in-use stocks amount between minLT and maxLT scenarios. The 454 

stock level data for cement and steel were obtained from Müller et al. (2013). 455 

 456 

Wood and non-renewable materials: stocks and development trends 457 

Figure 4 displays the historical comparison of in-use stock development between wood-based 458 

products and non-renewable materials (steel and cement). The in-use stocks of wood-based 459 

materials (in dry matter (DM) mass unit) showed a steady increase since the late 1970s until the 460 

end of the 20
th

 century, but the growth slightly declined in the first decade of the 21
st
 century. 461 

During the first years of the 21
st
 century, the steel stocks growth was higher than that of wood-462 

based materials. It also appears that the in-use stocks of steel have overtaken the stocks of wood-463 

based materials since 2005 (baseline case). On the other hand, the cement in-use stocks showed 464 

an exponential growth and has already caught up with wood materials stocks since around 1980. 465 

The rapid increase of population and urbanization rate in Indonesia, the increase of per capita 466 

floor area (Badan Pusat Statistik, 2016, 2010), and the size expansion of cities (Firman, 2009), 467 

are most likely the primary reasons for the substantial concrete demand increase for residential 468 

and non-residential buildings, as well as infrastructures. The often superior strength of concrete 469 

and steel compared to wood-based construction materials is also the prime reason behind the 470 

rapid escalation of their stocks over the past few decades. This is especially true for large-scale 471 

construction such as high-rise buildings, large bridges and flyovers where wood is not a viable 472 

material alternative. A similar phenomenon is observed in China when it comes to the rapid 473 

growth of in-use cement stocks (Cao et al., 2017a).  474 

Due to the unavailability of the in-use stocks data of steel and cement post-2008, the further stock 475 

development afterwards and comparisons with wood materials remain unknown. However, it is 476 
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likely that presently the steel in-use stocks have already widened the gap above the wood in-use 477 

stocks. Overall, the result presented in Figure 4 would be helpful in the framing of policies and 478 

scenarios related to future material uses. In addition, provided the substitution factors are known, 479 

it would be potentially useful to derive the emission saving potentials of steel or cement 480 

replacement with wood. 481 

Figure 5(a) presents the per capita Indonesian in-use wood-based carbon stock in comparison 482 

with other selected countries and regions. The in-use C stock in wood-based products in 483 

Indonesia was up to around 0.28 t-C/capita in 2016 (baseline case) and were in the range of 0.21 484 

to 0.33 t-C/capita for minLT and maxLT cases. In general, given the abundant forest resources, 485 

the wood-based C stock per capita in Indonesia is surprisingly low. The historical per capita C 486 

stock development of Indonesia was fairly similar to that of China until 2005, the year before 487 

China’s C stock escalated rapidly as a result of the striking increase of domestic wood fiber 488 

consumption (Zhang et al., 2018). Meanwhile, the Japanese in-use wood stock in 2016 was much 489 

higher compared to Indonesia, around 2.52 t-C/capita, though the in-use stock has been saturating 490 

since the start of the 21
st
 century. In another study by Lauk et al. (2012), the global-scale carbon 491 

stocks in wood products exhibit a continuous slight declining trend over the past several decades, 492 

approximately around 1.0 t-C/capita in 2008. There were not many studies exploring time-series 493 

of wood-based carbon stocks in a country level, with one of the exceptions is the EU countries 494 

study by Brunet-Navarro et al. (2017). The EU wood-based carbon stock was 2.07 t-C/capita in 495 

2016 (Brunet-Navarro et al., 2017), though there are significant per capita stock disparities 496 

between countries.  497 
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   (a)                                                                           (b) 499 

Figure 5. (a) Per capita in-use carbon stocks in wood-based materials in Indonesia, Japan, EU28, 500 

and global. The Japanese, global, EU28, and Chinese data were obtained from Kayo et al. (2018), 501 

Lauk et al. (2012), Brunet-Navarro et al., (2017), and Zhang et al. (2018), respectively, and (b) 502 

the ratio of in-use wood-based materials (DM mass unit) stock over non-renewable materials 503 

(cement and steel) in Indonesia (ID) and Japan (JP) during the period 1975-2008. The Japanese 504 

stock level data in that period were taken from Kayo et al. (2018). 505 

 506 

According to Figure 5(b), the wood-based in-use stocks (in DM mass unit) ratio over non-507 

renewable materials (cement and steel) in Indonesia has been declining continuously during the 508 

period 1975-2008. The wood/steel ratio has been falling to the point where the steel stocks 509 

overtook the wood stocks in 2005. The wood/cement ratio displayed an even more continuous 510 

decline from 1.84 in 1975 to only around 0.19 in 2008. For comparison purposes, the wood and 511 

non-renewable materials in-use stocks ratio of Japan are also presented in Figure 5(b). It is 512 

interesting to note that the declining wood/cement stock ratio in Indonesia has already reached 513 

approximately the same level as Japan, while the gap between wood/steel stock ratios of Japan 514 

and Indonesia is getting closer. The steep decline was arguably caused by the people’s preference 515 

for more durable materials (e.g. steel, concrete or bricks) over wood materials, especially in 516 
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building constructions and infrastructure development during the rapid urbanization period in 517 

Indonesia. The same trend was also reported in Malaysia, where the wood materials use in 518 

buildings have dropped sharply from 60% to almost 5% in the last 40 years (Bin Marsono and 519 

Balasbaneh, 2015). The hot and humid tropical climate make wood materials encounter defects 520 

and deterioration, which could induce reluctance in using wood, especially in buildings and 521 

infrastructures.    522 

To regain the share of wood over non-renewable materials, especially in building and 523 

infrastructure sectors, consumer-related factors such as material prices and personal preferences 524 

are important to consider. However, in tropical circumstances, it is fair to say that first the 525 

technical performance of wood materials should be significantly improved to make them able to 526 

cope with the high humidity (Balasbaneh and Bin Marsono, 2017). The improved technical 527 

performance (e.g. lifetime and structural stability) should be promoted further to make wood 528 

become an attractive alternative material for building and constructions. Another suggestion for 529 

handling the tropical conditions from the same Malaysian study is to introduce emerging wood 530 

composites, such as Glued Laminated Timber (GLT) and Laminated Veneer Lumber (LVL) with 531 

steel stud for building construction materials (Balasbaneh and Bin Marsono, 2017). If necessary, 532 

policy instruments such as incentives should also play their parts in promoting more use of wood 533 

and wood composite materials in long-lived products.        534 

 535 

Implications, research limitations, and recommendations  536 

This research quantified wood-based carbon flows and stocks in Indonesia from 1961-2016 and 537 

has manifold implications, especially to wood-based industry, national development policy and 538 

climate mitigation. Our study is also the first that accounts the in-use wood-based carbon stocks 539 
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for a developing country. Its results could facilitate further steps towards properly understanding 540 

the pertinence and potential contribution of carbon stocks in wood-based products for reducing 541 

GHG emissions in Indonesia.  542 

Concerning implications for both wood-based industry and national development policy, the 543 

results from the 2014 wood-based carbon flow strongly implied drastic improvements of wood 544 

conversion rate (currently 30.3%) to materials use is required to allow more wood-based carbon 545 

being sequestered as in-use products. To do so, a significant reduction of wood fuel use is 546 

necessary, for example by providing a financially accessible and alternative renewable fuel 547 

especially for rural low-income households like biogas. The government has actually launched 548 

the Indonesia Domestic Biogas Programme (BIRU) in 2009 and 23,612 digesters have been 549 

installed in ten Indonesian provinces by 2017 (BIRU, 2018). Even though household energy-550 

related expenditures and firewood uses have been sharply reduced thanks to this programme 551 

(Bedi et al., 2017), the level of subsidy and the geographical distribution of digesters are not 552 

enough to achieve a substantial wood fuel reduction at the national level. To achieve a significant 553 

reduction of wood fuel use and to make biogas goes beyond a niche household energy source, 554 

strengthening the regulation on limiting the wood fuel foraging and providing more financial 555 

incentives for domestic biogas digester investments are required.     556 

Next, the current 50% of intermediary wood processing efficiency should also be improved to 557 

escalate the net addition of carbon to in-use stocks. To do so, the Indonesian government has 558 

already set a business permit ordinance for the wood processing industry through the Kemenhut 559 

P.55/Menhut-II/2014 regulation (MoF, 2014), which also concerns the recommendation to 560 

rejuvenate inefficient industrial machinery. However, to our knowledge, there is no specific 561 

statement in the ordinance and concession forms regarding the required technical specification 562 
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including efficiencies for the wood processing machinery. We think it will be an important step 563 

to strengthen the wood processing concession by including a more specific technical requirement 564 

of machinery and companies’ target on wood processing efficiency as part of business permit 565 

requirements, which should go beyond 50%. In the future, regulations should also aim to enhance 566 

the current rate of recycling and of wood processing byproducts.  567 

Moreover, worker skills’ advancement is also crucial in achieving a higher wood processing 568 

efficiency target, and therefore proper training by employers is necessary. However, certain 569 

numbers of wood processing workers are self-employed, typically those who offer woodworking 570 

services using a portable machine (Widi, 2015). In this case, more involvement from the 571 

government is needed to facilitate the required skills, wood processing efficiency target 572 

achievement, and proper waste management.  573 

Additionally, wood in long-lived products should be perceived as long-term reservoirs of carbon 574 

(Larson et al., 2012) as they delay carbon release to the atmosphere. Concurrently, wood-based 575 

products could also potentially displace their non-renewable materials counterparts, such as steel 576 

and cement in buildings. From the national perspective of unleashing manifold potentials of 577 

wood products in both carbon release postponement as well as carbon emissions avoidance from 578 

substituting carbon-intensive materials, another way to enhance net addition to in-use stocks is to 579 

reduce exports of intermediary wood products and increase the domestic use instead. The recent 580 

government legislation, KLHK UU No. 3/2014 (MoE, 2014), concerning the ban on raw 581 

materials export and the production enforcement of value-added products, to a certain extent 582 

aligned with it. With further refined policies, such as setting more limitations on intermediary 583 

wood products exports, currently stands around 37% of the total wood products output, a more 584 

notable enhancement of in-use carbon stock addition would be attained.        585 
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Regarding the implication to climate change mitigation, even though this study did not directly 586 

evaluate the amount of CO2 emission from the wood supply chain, the carbon stock results could 587 

be used to derive the equivalent amount of delayed CO2 release to the atmosphere. Furthermore, 588 

this study provided information regarding the distribution of wood flows across six end-use 589 

sectors, trend and development of wood-based carbon stocks, and the sectors where the wood-590 

based carbon stocks are predominantly accumulated (‘Building’ and ‘Infrastructure’). This 591 

information, along with the in-use stocks comparison with steel and cement and their substitution 592 

factors, would be useful for the relevant stakeholders to derive the emission saving potentials 593 

from the non-renewable materials displacement with wood. Knowing this information would also 594 

help framing future policies of material uses, which could facilitate a further quantitative 595 

assessment and policy development for climate change mitigation.  596 

This study, however, limits its scope by not including the end-of-life of wood-based carbon and 597 

the carbon stock in the landfills. They are beyond our scope because very limited information is 598 

available concerning the post-consumer wood waste treatment and the amount of post-consumer 599 

wood waste that enter the landfills. Indeed, data constraints are still the main challenge in 600 

performing material flow analysis for developing countries. Just like the study by Nguyen et al. 601 

(2018) about material flow and stock accounting of Vietnamese roads, the combination of various 602 

factors such as low data availability and unknown level of uncertainty, e.g. wood processing 603 

efficiencies, inherent uncertainties in I-O table data including products and materials prices (Chen 604 

and Graedel, 2015), etc., made the comprehensive uncertainty assessment not feasible to be 605 

carried out in this study. Recognizing these limitations should also act as a call towards more 606 

serious effort for wood and wood waste flows data collection, organization, and quality 607 

assurance.   608 
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As a final note, assessing the climate change mitigation potential of carbon sequestration in 609 

wood-based products should also include the carbon dynamics of harvested forests, which should 610 

be the direction of future studies. While in general, the tropical forest is a major terrestrial carbon 611 

sink (Mitchard, 2018), we have been witnessing the severe occurrence of LULUCF in Indonesia 612 

for the past several decades (Gatto et al., 2015; Partohardjono et al., 2005), contributed nearly 613 

half of the total 1.45 Mt-CO2-eq of Indonesian GHG emissions in 2012 (Wijaya et al., 2017). The 614 

notion of enhancing in-use wood-based carbon stocks and simultaneously substituting non-615 

renewable materials for the sake of climate mitigation should be counter-checked with a proper 616 

dynamic assessment that accounts harvested forests’ carbon dynamics, biospheric carbon gain 617 

and losses, as well as carbon emissions from all auxiliary technical processes. Finally, assessing 618 

climate mitigation potential of wood-based carbon stocks enhancement and materials substitution 619 

should also take into account the available wood and land resources (Harahap et al., 2017), 620 

including their potential synergies and conflicts with existing national development plans, such as 621 

forest moratorium (Murdiyarso et al., 2011), food supply security, and oil palm expansion (Koh 622 

et al., 2011; Koh and Ghazoul, 2010). 623 
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