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A B S T R A C T   

Wood pellets are one of biomass-based energy carriers considered important as renewable energy source. This 
study considers wood pellets for heat and power generation from fast-growing Leucaena and Acacia trees and 
para-rubber trees in a life cycle perspective. The objectives of this study are to estimate the actual cost (including 
environmental externalities) of heat and electricity production from wood pellets, and comparison with the 
external cost of fossil fuels, as well as forecasting the external cost arising from the increase in wood pellet 
demand. For both heat and electricity production, it was seen that when external costs are included, wood pellets 
are cheaper than lignite and fuel oil although the latter are cheaper when only internal costs are considered. Four 
recommendations for reducing the external costs of wood pellet production are: 1) to support sustainable 
agriculture for para-rubber trees and fast-growing trees, 2) to consider clean transportation in the supply chain, 
3) wood pellet factory zoning, including good logistics, and 4) considering the external cost of wood pellets for 
polluter pays principle. These results and recommendations of the study can provide important information to 
consider towards adjusting the national energy plan and to have strict measures for avoiding problem shifting 
from the use of non-renewable resources (fossil fuels) to issues related to the use of biomass-based fuels (use of 
agro-chemicals, forest encroachment, and so on).   

Introduction 

Increasing of greenhouse gas (GHG) emissions from the use of fossil 
fuels in several activities such as transportation, electricity production, 
and industry is an important concern due to their contribution to global 
warming and climate change. Biomass is one of the renewable energy 
sources that can at least partially replace fossil fuels. Several countries 
have policies to encourage the use of biomass for energy, particularly 
those in the tropical region that have agriculture all year round. Wood, 
one of the biomass feedstocks, can decrease direct emissions from the 
heat and power sector [1]. Wood pellets are one of the biomass-based 
energy carriers popularly used for heat and electricity production. 
They are produced from waste wood (shavings, sawdust, chips, and 
slabs) which is compressed by high pressure. Wood pellets are not only 
produced from biomass waste, but also from round wood [2,3]. Their 
advantages are ease of handling, low moisture, and high energy density 
and durability when compared with the unprocessed forms such as wood 

chips [4]. Moreover, compared to fossil fuels, utilizing wood pellets 
presents many economic, social and environmental benefits such as net 
financial saving, job opportunities creation, and CO2 and NOx emissions 
reduction [5]. 

Global wood pellet demand has had significant growth in the past 
decade, especially in Europe, the United States, Canada, Japan, and 
South Korea [6]. Global wood pellet demand is projected to increase to 
67 million tonnes in 2027, Europe being the largest wood pellet con
sumer in the world [7]. Wood pellet production in Thailand was eval
uated to be about 0.36 million tonnes in 2019 although there was a 
potential to produce about 5.32 million tonnes per year [8]. The wood 
pellet demand of Thailand is anticipated to increase to 0.6 million 
tonnes in 2025 [8]. The increasing of wood pellet demand is the result of 
both domestic use and export. The Thai government launched the 
Alternative Energy Development Plan (AEDP2015) to achieve 5,570 
MW of power from biomass use by 2036. The Thai government has 
encouraged the increased use of wood pellets in industry by supporting 
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funds to modify existing factory boilers to be able to utilize wood pellets 
[9]. The available feedstock supply of wood pellets in Thailand is 8.31 
million tonnes per year (which can produce 5.32 million tonnes of wood 
pellets per year). Evaluating the wood pellet demand following the re
quirements of the main importers (Japan and South Korea) and 
increasing 10% of domestic use as in 2018 showed that the wood pellet 
demand of Thailand in 2025 would surge from the current production of 
150,000–200,000 tonnes to 765,500 tonnes [8]. 

The increasing of wood pellet export follows the demand of Japan 
and South Korea who are the main importers. Energy management in 
Japan focuses on energy mix diversification, renewable energies, energy 
efficiency improvement, and carbon emissions reduction [10]. To this 
end, the Japanese government has a policy to substitute coal with in
dustrial wood pellets which will lead to a surge in demand to 5.8 million 
tonnes in 2030 [11]. The South Korean government announced the 
Renewable Energy 2030 Implementation Plan in 2017 which focuses on 
increasing to 20% of renewable energy by 2030 (and to 30–35% by 
2040), and relevant job creation, deployment of environmentally 
friendly and low-carbon energy cultivating new businesses and markets 
[12]. Although the supply capacity of wood pellets within South Korea is 
not enough, they imported three million tonnes of wood pellets from 
several countries, including Thailand in 2019 [13]. 

Although wood pellets are considered a renewable energy that can 
substitute fossil energy potentially reducing GHG emissions when 
compared with fossil fuels, the life cycle of wood pellet production re
leases pollution from feedstock plantation, wood pellet production and 
transportation, including removal of ash from combustion [14,15]. 
Thailand has been facing the problem of air pollution; particularly from 

particulate matter less than 2.5 µm (PM2.5) especially during November 
to February every year. Dry process of wood pellet production can 
release PM2.5 leading to photochemical smog. Moreover, Thailand still 
has a problem of water pollution and land use. If not managed properly, 
cultivation of plants for wood production can contribute to eutrophi
cation and encroachment on forest land. Hence, the control of air 
pollution from agriculture, transportation, and industry should be seri
ously enforced. 

Meanwhile, evaluation of wood pellet production cost considers only 
internal cost such as materials, energy, labor, plant, equipment, and 
overheads. However, wood pellet transportation uses diesel which 
contributes to air pollution. Moreover, waste wood (an important raw 
material of wood pellet production) is produced from plantations which 
utilize chemical fertilizers and herbicides; all these directly affect 
ecosystem and human health [15,16]. Therefore, environmental exter
nalities of wood pellet life cycle should be evaluated to present the real 
cost. The environmental externalities or also known as external cost is a 
negative environmental impact to a third party from the production or 
consumption of a good; it is paid by medical expenses, accident 
compensation and taxes, including loss of the environmental quality and 
natural capital [17]. 

Studies of the environmental externalities from energy production 
both from fossil as well as renewable resources are important. Evalua
tion of environmental externalities for coal-fired power generation in 
China, indicated that the environmental cost is a significant factor for 
formulation of electric power development policies [18]. Silalertruksa 
et al. (2012) studied the environmental externalities of various palm oil 
biodiesel blends (B5, B10 and B100) and diesel in Thailand and found 

Fig. 1. System boundary for life cycle assessment of wood pellet production from fast-growing trees and para-rubber trees (cradle to grave).  
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that total environmental costs contribute 3–76% of the total costs 
depending on the ratio of palm biodiesel blended with conventional 
diesel. Moreover, the external cost was also used for evaluating 
photovoltaic-oriented silicon production in China by calculating the cost 
of agricultural loss and health damage [19]. 

In the dimension of sustainable production and use of fuels, the 
external cost is a tool to support the reduction of the negative environ
mental impacts. For example, renewable energy can significantly reduce 
the external cost when compared with fossil fuels [20]. Olba-Ziety et al. 
(2020) used the estimation of external cost for sustainable production of 
poplar wood chips; they indicated that field emissions and harvest 
generate most of the external cost (related to particulate matter for
mation and terrestrial acidification). 

The question this study will answer is “How much is the external cost 
of pollution from wood pellet production?”. The objectives of this study 
are to (1) estimate the actual cost (including environmental external
ities) of heat and electricity production from wood pellets (made from 
fast-growing trees (Leucaena and Acacia) and para-rubber trees), 
including comparison with the external cost of fossil fuels (lignite, fuel 
oil, and natural gas), and (2) forecast the external cost from increasing 
trend of wood pellet demand. The wood pellets under study are pro
duced from para waste wood, para wood logs and fast-growing wood 
logs which are grown by farmers in Thailand. Key findings from this 
study provide supporting information for making policies on the control 
of pollution and the sustainability of the wood pellet industry in 
Thailand. Moreover, the findings and insights of this study will supply a 
new reference to future improvement of wood pellet life cycle in regions 
with similar climate, production, and use conditions. 

Methods 

Goal and scope 

The goals of this study are to estimate environmental externalities of 
heat and electricity production from wood pellets (fast-growing trees 
and para-rubber trees). These are then compared to heat and electricity 
production from fossil fuels. The functional units are one GJ for heat 
production and one MWh for electricity production. The system 
boundary of heat and electricity production from wood pellets (fast- 
growing trees) consists of four main parts: plantation, wood pellet pro
duction, and heat or electricity production along with intermediate 
transportation (Fig. 1). The system boundary of para-rubber wood pel
lets has five main parts: plantation, wood processing, wood pellet pro
duction, and heat or electricity production and transportation. 

The plantation process has four steps: sprout preparation, cultiva
tion, fertilizing, and cutting. Leucaena and Acacia were chosen for this 
study because they can grow fast and are common in Thailand. Leucaena 
will be harvested every year and then will be replanted at the age of 10 
years. Meanwhile, Acacia will be cut and replanted at the age of 5 years. 
Para-rubber tree will be cut at the age of 25 to 30 years, when latex 
production decreases. The wood from para-rubber tree is a byproduct; 
latex is main product. The wood (trunk and branches) from fast-growing 
trees will be sent directly to wood pellet factories. However, the para- 
rubber wood will normally be sent to para-rubber wood processing 
factories, only waste wood will be moved to the wood pellet factories. 

The wood pellet production process comprises six processes: pre
treatment, drying, comminution, pelletization, cooling, and storage. 
Firstly, soil, stones and metal are sorted in pretreatment process, 
including downsizing of raw material in case of trunk or branch. Sec
ondly, the raw material is dried by a rotary drum dryer (the moisture 
content from about 30–40% to about 10%). Thirdly, the raw material is 
ground in a hammer mill and wood flour is separated in a cyclone. 
Fourthly, dry raw material is press through a die block in pelletizing 
process. Fifthly, cooling process uses a counter flow cooler to reduce the 
temperature from 70 to 80 ◦C to 30–40 ◦C after which the pellets are 
loaded in big bags. 

The energy used in wood pellets factories is: 1) 0.4 L diesel per tonne 
of wood pellets for vehicles in a factory such as forklift trucks and 
tractors, 2) 0.06 tonnes firewood per tonne of wood pellets used in the 
furnaces for heat production in the drying process, and 3) 90 kWh 
electricity per tonne of wood pellets used in one chopper, one hammer 
mill, one screener, one rotary drum dryer, three pellet mills, one cyclone 
and one cooler.The inventory data can see in study “Life Cycle Assess
ment of Wood Pellet Production in Thailand” [15]. 

The wood of para-rubber tree is commonly used in the para wood 
furniture industry. There are two types of para-rubber wood pellets 
studied; 1) Para-rubber WP: made from fresh sawdust and bark gener
ated in para-rubber wood processing factories, and 2) Para-rubber WP- 
D: made from only the dry sawdust generated in the para wood furniture 
industry. The wood pellets are sent to power plants (10 MW) for elec
tricity production, and to factories for burning in steam boilers (3 tonne/ 
hr). Transportation of wood from fast-growing trees is 100 km by 10- 
wheel truck, with 16 tonnes of wood log (100% loading) 0% loading 
on the return trip. Transportation condition of waste wood is the same 
except that only 80% loading is considered due to low bulk density of the 
waste wood. Transportation of wood pellets is 250 km by 18-wheel 
truck, with 16 tonnes of wood pellets (100% loading) one way and 0% 
loading on the return trip. The capital goods and infrastructure are not 
considered in this study because of their relatively long lifetime (25–30 
years for buildings and 5–10 years for machines). Hence, their contri
bution to produce one tonne of wood pellets is very small. This has often 
been the case in previous studies. For example, in the study by Fantozzi 
and Buratti (2010) on the combustion of Short Rotation Coppice wood 
pellets for domestic heating purposes, the environmental impact of 
machinery and infrastructure contributed only to 2% of the overall 
impacts [21]. Klöpffer and Grahl (2014) showed that in case of cumu
lative energy demand relating to construction of power plants, factories, 
and roads are cut-off because they contribute less than 1% to the total 
energy [22]. 

Data analysis 

External cost calculation 
The external cost occurs from the (negative) impacts of producing or 

consuming a good or service. Hence, calculation of external cost is based 
on the environmental impacts from wood pellet and fossil fuel produc
tion and their monetary value. The environmental impacts of heat and 
electricity production from the wood pellets and the fossil fuels are 
shown in Appendix A and B [23]. For the environmental impacts of 
electricity production, the wood pellets are compared only to lignite and 
natural gas as diesel and fuel oil are not used for power production in 
Thailand. The environmental impacts from the cultivation of fast- 
growing trees and para-rubber trees, and wood pellet production were 
referred from a life cycle assessment study of wood pellet production in 
Thailand (Appendix C) [15]. 

In this study, the researchers, using the ReCiPe Midpoint (H) life 
cycle impact assessment method, selected nine environmental impact 
categories: climate change (kg CO2 eq), particulate matter formation 
(kgPM10eq), terrestrial acidification (kgSO2eq), freshwater eutrophi
cation (kg P eq), terrestrial ecotoxicity (kg 1,4-DCB), freshwater eco
toxicity (kg 1,4-DCB), marine ecotoxicity (kg 1,4-DCB), human toxicity 
(kg 1,4-DCB), and fossil resource scarcity (kg oil eq). They are important 
categories which can reflect impacts from fuels life cycle towards eco
systems, human health, and resource scarcity. The environmental im
pacts of fossil fuel production (lignite, light fuel oil and natural gas) were 
referred from life cycle inventory databases (the European reference Life 
Cycle Database (ELCD) and the U.S. Life Cycle Inventory database 
(USLCI)). The ELCD and USLCI databases were adapted to Thai condi
tions and are presented in Tables A2 and B2 

Monetary valuation is used to change goods which have no market 
and hence no price, such as better social and environmental impacts, 
into monetary units. It is a potential tool for application in the weighting 
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phase of life cycle assessment. Moreover, monetary valuation is a tool 
for including external costs to consider the cost-effectiveness between 
recycling and production from new resources, including the social cost 
of CO2 emission [24,25]. The best methods for monetary valuation in 
LCA are the choice experiment method and the budget constraint 
method [26]. Hence, in this study, evaluating the monetary value of 
impact categories selected the budget constraint method that referred 
from a study on the valuation of environmental impacts in Thailand 
[27]. The human health (a quality-adjusted life year: QALY) and 
ecosystem quality (a biodiversity-adjusted hectare year: BAHY) were 
chosen for the damage categories. The value of a BAHY measuring 
damage to ecosystems is calculated relatively to the value of a QALY. 
The result of a study of budget constraint and the valuation of envi
ronmental impacts in Thailand was conducted for the year 2011. Hence, 
to adjust the value of THB to 2021, the average inflation rate between 
the years 2011 and 2021 is used. The monetary values were updated by 
using this factor: (1 + r)^(t-2011), where r is the average inflation rate 
between years 2011 and t; and t is the year for which we do the calcu
lation (the average inflation rate between years 2011–2021 = 1.26%) 
[28]. 

Internal cost calculation 
Internal cost of wood pellet production is the cost as per the normal 

accounting system including initial investment cost, operation cost, 
maintenance cost, salary and administration, fuel cost, and trans
portation cost which has been referred to Saosee et al. [23.29]. Internal 
cost of light fuel oil and natural gas production has been referred from 
the price structure of petroleum products in Thailand from the Energy 
Policy and Planning Office (EPPO), Ministry of Energy, Thailand [30]. 
Internal cost of lignite has been referred from the Electricity Generating 
Authority of Thailand. The discount rate (the rate used to discount 
future cash flows in discounted cash flow analysis) for internal cost was 
6.6% (following interest on loan) [28]. 

Scenario analysis 

Scenario analysis is evaluation of the impacts for possible future 
events. The expected value of a performance indicator is forecasted for 
different situations. The role of scenario analysis is to estimate the 
behavior of the system in response to an unexpected event and to 
explore the changes in system performance, in optimistic or pessimistic 
case [31]. Scenario analysis can be used for policymakers and decision- 
makers to identify problem issues and policymaking [32]. It is popular 
for design and management about biomass energy production [31]. It is 
important to predict the situation in the future to make a good policy for 
environmentally friendly fuels. 

Hence, in this study, to evaluate the external cost of wood pellet 
production in 2021–2025, scenarios analysis was performed in terms of 
varying demand and supply of wood pellets. At present, wood pellets 
produced in Thailand are divided in two groups based on demand: do
mestic and export. Therefore, this study set scenarios by considering 
different proportions of wood pellet demand. The results of scenario 
analysis are presented based on changing the proportion of wood pellet 
demand, including changing of environmental and socioeconomic im
pacts. Moreover, the wasteland expected to support the cultivation of 
fast- growing trees for energy conversion is evaluated in terms of 
quantity of feedstock and potential of conversion to energy. In this 
study, the researchers applied the trend scenario and 2 × 2 scenarios 
matrix to present each scenario for different wood pellet demands 
related to environmental and socio-economic impacts, affecting the 
sustainability of the wood pellet situation in the future. The scenario 
analysis considers four scenarios related to the probability of wood 
pellet demand from export and domestic use as shown in Fig. 2. How
ever, the results are presented for only 2 cases: high demand (Scenario 1) 
and low demand (Scenario 4) to present the range (maximum to mini
mum) in the future. 

The Scenario 1 is the best case to increase the wood pellet production 
which results in the maximum income and employment increase. The 
wood pellet production of Scenario 3 is more than Scenario 2 because 
the wood pellet demand from export has more potential than that from 
domestic use. Scenario 4 is the worst case which can occur if there is 
disaster or other factors related to the main importers or even in the case 
of low fossil fuel price or strategies of competitors. 

The high demand of wood pellet export is determined as 100% from 
main importers (Japan and South Korea) and low demand of wood pellet 
export is only 20% of wood pellet export. Japan set a plan to expand the 
number of power plants to increase about 2,000 MW of electricity pro
duction in 2065 for which it must import around 4.9 million tonne wood 
pellets [33]. South Korea increases the use rate of renewable energy 
from 2.0% in 2012 to 10% by 2023. For this reason, South Korea will 
import more than three million tonne of wood pellets in future [34]. 
Market share of Thailand for Japan and South Korea are 4.75% and 4% 
of all exporters to both, respectively. Hence, the high demand of wood 
pellet export (100% from two importers) is calculated by the total of 
wood pellet import of Japan (following the energy plan of Japan) 

High demand from domestic use - Increase 30%

Low demand

from export (20%)

High demand

from export (100%)

Scenario 1
-High demand 
from domestic
-High demand 
from export 

Scenario 2 
-High demand 
from domestic
-Low demand 
from export 

Scenario 3
-High demand 

from export 
-Low demand 
from domestic

Scenario 4
-Low demand 
from export 

-Low demand 
from domestic

Low demand from domestic use - Increase 10% 

Fig. 2. A 2 × 2 scenario matrix of wood pellet demand.  

Table 1 
Monetary values of environmental impact categories [27]  

Impact category Unit Monetary value(USD/ kg characterized unit) 

Climate change kg CO2 eq  0.036 
Particulate matter formation kg PM10 eq  0.003 
Terrestrial acidification kgSO2 eq  0.011 
Freshwater eutrophication kg P eq  0.080 
Terrestrial ecotoxicity kg 1,4-DCB  0.272 
Freshwater ecotoxicity kg 1,4-DCB  0.002 
Marine ecotoxicity kg 1,4-DCB  0.003 
Human toxicity kg 1,4-DCB  0.011 
Fossil resource scarcity kg oil eq  0.161 

Note: the average inflation rate = 1.26% (2011–2021) [28] 
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multiplied with market share of Thailand, combined with the same 
calculation results of South Korea. 

The wood pellet demand of domestic use in Thailand is anticipated to 
increase only gradually because of low interest from entrepreneurs 
(participation of the consumers/entrepreneurs in the project to change 
the burner to use the wood pellets is very less). Hence, the low demand 
of wood pellets for domestic use is determined to increase only 10% 
compared to the demand in 2018, whereas the high demand of wood 
pellets from domestic use is set to increase 30% in the event that the 
government actively encourages the use of wood pellets and receives 
cooperation from many entrepreneurs. 

Results and discussion 

Monetary values of environmental impact categories 

The monetary value of the impact categories in this study were 
referred from a study of budget constraint and the valuation of envi
ronmental impacts in Thailand [27]. However, the monetary values in 
2011 were updated to 2021 by considering the average inflation rate 
and summing all the impacts shown in Table 1. The range of monetary 
values of environmental impact categories is 0.003–0.272 USD/char
acterized unit at midpoint. Terrestrial ecotoxicity is maximum at 0.272 
USD/kg 1,4-DCB. 

Comparison of external cost with internal cost for energy production from 
wood pellets and fossil fuels 

Environmental impacts of one GJ of heat production (Appendix A) or 
one MWh of electricity production (Appendix B) (from wood pellets and 
other fuels) were multiplied with the unit monetary values of the 
respective environmental impact categories (Table 1) to obtain the 
external cost of wood pellets and other fuels. Internal cost of fuels came 
from production such as including initial investment cost, operation 
cost, maintenance cost, salary and administration, fuel cost, and trans
portation cost. The external cost of energy production from wood pellets 
reflects the costs the government pays for medical expenses, accident 
compensation and taxes, including loss of the environmental quality and 

natural capital. If the government is aware of these hidden costs that 
come from the environmental impacts, the government can create reg
ulations, collect taxes or use some other instruments to account for the 
hidden costs in the future. 

Heat production 
The external cost of heat production from wood pellets (5–12 USD/ 

GJ) is less than lignite (44 USD/GJ) and residual fuel oil (23 USD/GJ), 
but para-rubber wood pellets (about 12 USD/GJ) is over than external 
cost of natural gas which are about 7 USD/GJ (Fig. 3). The external cost 
of lignite is the highest of all fuels because of the high of environmental 
impacts (climate change, particulate matter formation, terrestrial acid
ification, terrestrial ecotoxicity and human toxicity), especially terres
trial ecotoxicity and human toxicity as shown in Table A2. The 
terrestrial ecotoxicity of lignite (147 kg 1,4-DCB) is higher than all fuels; 
the terrestrial ecotoxicity of wood pellets is only 13–35 kg 1,4-DCB. 
Meanwhile the monetary value of terrestrial ecotoxicity is 0.27 USD 
per kg 1,4-DCB which is the highest value of all the impacts considered 
(c.f. Table 1). 

The external cost of lignite is the highest of all fuels as it is a low 
quality coal with high sulfur content. The greenhouse gas emissions 
from one GJ of heat production by wood pellets combustion are about 
10–19 kg CO2 eq which are less than from lignite combustion (90 kg CO2 
eq). This result corresponds to the study to Wang et al. (2017) which 
showed that greenhouse gas emissions from coal is approximately 94% 
higher than the wood pellets for heat production. 

Although the Electricity Generating Authority of Thailand (EGAT) 
revealed that the biggest of lignite mines at Lampang province will be 
closed in the next 30 years due to insufficient supply of lignite, import of 
subituminous coal from Indonesia will affect the energy security of 
Thailand because of relying on energy sources from outside the country. 
Residual fuel oil is a product from petroleum oil known for its high 
environmental impacts, especially related climate change, ecotoxicity, 
and air pollution. Moreover, it is from a nonrenewable resource that will 
be depleted in the future. The external cost of natural gas production is 
lower than other fuels, but natural gas in Thailand will run out within 
the next 8 years. Hence, the impacts from use and reduced domestic 
reserves should be considered as they will affect the energy security in 

4.57 

4.57 

4.96 

4.96 

0.77 

6.84 

18.29 

12.17 

5.07 

5.26 

11.64 

6.79 

44.07 

6.62 

10.06 

22.48 

 -  10  20  30  40  50

Leucaena WP

Acacia WP

Para-rubber WP-F

Para-rubber WP-D

Lignite

Natural gas

Diesel

Residual fuel oil
USD/GJ

Internal cost External cost

Fig. 3. External and internal costs of heat production from wood pellet and fossil fuels (Para-rubber WP-F: made from fresh para-rubber wood, Para-rubber WP-D: 
made from dry sawdust of para-rubber wood). 
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Thailand. Therefore, these results indicate that if the lignite and residual 
fuel oil are replaced by wood pellets for heat production, the external 
cost of heat production will decrease. Morever, the use of wood pellets 
produced within Thailand will also help to increase the energy security 
in the country as crude oil is mainly imported and the domestic reserves 

of lignite and natural gas are also dwindling. In terms of the total cost 
(internal cost and external cost) of heat production, it can be seen that 
lignite (45 USD per GJ) and residual fuel oil (35 USD per GJ) are much 
higher than wood pellets, but natural gas (14 USD per GJ) is lower than 
para-rubber wood pellet (fresh wood) (17 USD per GJ). This result shows 

15.50 

15.50 

16.79 

16.79 

2.55 

24.64 

25.71 

28.12 

73.05 

22.36 

224.79 

100.52 

 -  50  100  150  200  250

Leucaena WP

Acacia WP

Para-rubber WP-F

Para-rubber WP-D

Lignite

Natural gas
USD/MWh

Internal cost External cost

Fig. 4. External and internal costs of electricity production from wood pellets and fossil fuels (Para-rubber WP-F: made from fresh para-rubber wood, Para-rubber 
WP-D: made from dry sawdust of para-rubber wood). 

Fig. 5. External cost for wood pellets production depending on procedures (Para-rubber WP-F: made from fresh para-rubber wood, Para-rubber WP-D: made from 
dry sawdust of para-rubber wood). 
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that the real cost (including the external cost) of lignite is higher than 
wood pellets, although the internal cost of lignite is much cheaper at 
only 0.8 USD per GJ. 

Although the external cost of wood pellets is lower than lignite and 
residual fuel oil, the external cost of para-rubber wood pellets (contri
bution 58–70% of total cost) is higher than internal cost. The contri
bution of external cost of heat production from fast-growing wood 
pellets from terrestrial ecotoxicity is 3.6 USD per GJ of heat production 
(70% of all external cost) followed by human toxicity at 0.7 USD per GJ 
(14% of all external cost). The contribution of external cost of heat 
production from para-rubber wood pellets using dry sawdust and fresh 
trunk for terrestrial ecotoxicity is 5 and 9 USD per GJ of heat production 
(80% of all external cost), respectively. On the other hand, the human 
toxicity of para-rubber wood pellets using dry sawdust and fresh trunk is 
about 0.2 (3% of all external cost) and 0.7 (13% of all external cost) USD 
per GJ, respectively. This is because the para-rubber wood pellets use 
chemical fertilizers and herbicides in the plantation process, as also 
diesel for transportation. The contribution of external cost of fast- 
growing tree wood pellets is 53% of the total cost. The plantation pro
cess should decrease the use of chemical fertilizers and herbicides, 
including use of fossil fuels from production and transportation which 
can lead to a decrease in the external cost. The Ministry of Agriculture 
and Cooperatives can encourage organic farming without the use of 
synthetic chemical fertilizers, pesticides, herbicides, and antibiotics for 
raw material cultivation. Furthermore research on organic farming, 
should be supported to find suitable organic fertilizers, natural pesti
cides, and herbicides which are safe and environmentally friendly. 
However, as the external cost of para-rubber wood pellets (dry sawdust) 
is less than that of para-rubber wood pellets (fresh trunk), wood pellet 
production made from waste of para-rubber wood should be prioritized. 
The whole trunk of para-rubber wood can be processed into other 
products that give more value added, like furniture. 

Electricity production 
In 2021, the main fuels for the electricity production of Thailand are 

natural gas (60% of total electricity production) and coal (20%) [35]. 
Therefore this study selected to compare the wood pellets with natural 
gas and lignite. The renewable energy for electricity production of 
Thailand is only 17% of total electricity production (75 MW from biogas 
and 75 MW from biomass). Thailand has a lot of biomass power plants 
located in all areas of the country. These power plants use agricultural 
by-products as fuel to generate electricity. Bagasse and rice husk are 
main fuels for biomass power plants at 61 and 12% of total biomass. The 
others biomass (27%) are woodchip and empty fruit bunch.Disadvan
tage of these biomass is fluctuations of agricultural products due to 
season and annual rainfall. Moreover, the rice husk is used for other uses 
as well, such as the use of flooring for livestock and ingredient in soil 
preparation for growing plant, etc. Woodchip has high moisture content 
leading to high cost because of energy use to decrease moisture. 
Therefore wood pellets are biomass which anticipate to solve the 
problem of the shortage of other types of biomass. Hence, to encourage 
electricity production from wood pellets power plants or mixed-fuel 
biomass power plants, the external cost of electricity production from 
wood pellets is as important as the internal cost. 

The results present that the external cost of electricity production 
from wood pellets (23–73 USD/MWh) is less than lignite (225 USD/ 
MWh) and natural gas (100 USD/ MWh), as shown in Fig. 4. In terms of 
the total cost (internal cost and external cost) of electricity production, it 
can be seen that lignite (228 USD per MWh) and natural gas (126 USD 
per MWh) are much higher than wood pellets. As for the case of heat 
production, the external cost of lignite is the highest of all fuels in 
electricity production as well because of the high environmental impacts 
(climate change, particulate matter formation, terrestrial acidification, 
freshwater eutrophication and terrestrial ecotoxicity) as shown in 
Table B2. Again, the terrestrial ecotoxicity of lignite (437 kg 1,4-DCB) is 

Fig. 6. Contribution to the sum of external cost of wood pellets production depending on procedures (Para-rubber WP-F: made from fresh para-rubber wood, Para- 
rubber WP-D: made from dry sawdust of para-rubber wood). 
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higher than all other fuels; the terrestrial ecotoxicity of wood pellets is 
only 68–230 kg 1,4-DCB. Meanwhile the monetary value of terrestrial 
ecotoxicity at 0.27 USD per kg 1,4-DCB is the highest of all impacts (c.f. 
Table 1). Moreover, the climate change impact for lignite is also the 
highest of all fuels at 1,360 kg CO2 eq. These resulted in the very high 
contribution of external cost to the total cost of lignite. 

The total cost of electricity production from para-rubber wood pel
lets (fresh wood) is the highest among all the wood pellet options at 
about 90 USD per MWh due to use of energy for drying to reduce 
moisture content. Hence, in term of total cost which includes the 
external cost, that wood pellets can replace natural gas and lignite. 
However, the government should plan systematically to ensure that 
there is enough raw materials for electricity production throughout the 
year. 

The external cost of electricity production from lignite is the highest, 
contributing for 99% of the total cost. The contribution of internal cost is 
only 1% (2.5 USD per MWh). This result shows that lignite is not suitable 
for fuel of electricity production even though its internal cost is low. The 
contribution of lignite external cost interm midpoint catergories are 
terrestrial ecotoxicity 57% of external cost, climate change 22% of 
external cost and Fossil resource scarcity 21%. The contribution of 
natural gas external cost are fossil resource scarcity 40%, terrestrial 
ecotoxicity 33% of external cost and climate change 25% of external 
cost. 

The contribution of wood pellet external cost is about 60–80% of 
total cost. The contribution of external cost of electricity production 
from wood pellets cause in term of terrestrial ecotoxicity about 20 USD 
per MWh (80% of all external cost) except the external cost of para- 
rubber wood pellets (fresh wood) at 63 USD per MWh (85% of all 
external cost). The external cost of wood pellets in term of human 
toxicity at 0.6 USD per MWh (7% of all external cost). It is found that the 
external cost of wood pellets in term of human toxicity (0.6–0.8 USD per 
MWh) is higher than lignite and natural gas (0.21–0.24 USD per MWh) 
except para-rubber wood pellets (dry sawdust) (0.12 USD per MWh). 

From these results found that substitution of lignite or natural gas for 
electricity production by wood pellets reduce climate change, particu
late matter formation, terrestrial acidification, freshwater eutrophica
tion, terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity 
and fossil resource scarcity, but increase human toxicity. Therefore, use 
of wood pellets for electricity production can decrease the external cost. 
However, producers can reduce the external cost of wood pellets by 
focusing good agricultural practice for raw material plantation. 

Comparison of the external cost of wood pellets by process 

This topic shows the external cost from one tonne wood pellet 

production in order to know that which processes of wood pellet pro
duction should be improved to compete with fossil fuels. Processes of 
wood pellet production have three parts: 1) cultivation and cutting, 2) 
wood pellet production and 3) transportation. In wood pellet pro
ductions (Fig. 5), it is indicated clearly that the external cost from 
transportation of all are higher than other processes. Transportation 
from diesel affects the higher external cost about 77–90% of all pro
cesses (Fig. 6). Hence, logistic planning should be considered, wood 
pellet factories should be set near raw material sources and users. 
Furthermore, they should use more environmentally friendly energy 
sources such as biodiesel. 

Trend of wood pellet production in Thailand 

Although electricity is one of the main energy carriers in world, the 
impact of the Covid-19 crisis on electricity production decreased 
significantly due to implemented lockdown measures in 2020 [36]. This 
shows that disasters can influence the trend of electricity consumption. 
Therefore, forecasting the demand of wood pellets should be studied 
several cases at least; a best case and worst case. 

Meanwhile, Thailand has the Power Development Plan (PDP) 2018 
and AEDP 2015 which aim to use more electricity, especially due to the 
change of diesel engine to electric vehicle. It aims to establish 3,376 
biomass power plants by 2037. Using wood pellets as one of the biomass 
fuels in the electricity generation can support energy security of 
Thailand in the future. Therefore, it is necessary to know the external 
costs of wood pellet production in order to use it as information to 
support the policy. 

The results of scenario analysis present only the best case (scenario 1: 
high demand of wood pellets from export and domestic use) and worst 
case (scenario 4: low demand of wood pellets from export and domestic 
use) as shown in Table 2. The results indicate that Scenario 1 can in
crease the wood pellet production about to 765,500 tonnes in 2025 as 
there is still enough the feedstock. The Scenario 1 can make a profit of 
over 7.5 million USD and increases 1,100 persons-year of employment 
[23]. However, the 765,500 tonnes of wood pellet production in 2025 
add about 75 million USD as the external cost of para-rubber wood 
pellets and about 26 million USD for Acacia/Leucaena wood pellets. 

The wood pellet production of Scenario 4 (+10% of wood pellet for 
domestic use, 20% of wood pellets for export) is only 230,000 tonnes in 
2025 which makes a profit of over 2.2 million USD and increases only 
327 persons-year of employment [23,37]. The external cost of para- 
rubber wood pellets for Scenario 4 is about 22 million USD and about 
7.5 million USD for Acacia/Leucaena wood pellets. The external cost 
from wood pellet production is the hidden costs required by the Thai 
government to manage the overall environmental quality of the country, 

Table 2 
The External cost evaluated from the forecast of wood pellet production in 2020–2025 (Scenario 1- maximum demand and Scenario 4 - minimum demand).   

2020 2021 2022 2023 2024 2025 

Scenario 1       
Demand from main importers (tonne): 100% 2.18E + 05 2.30E + 05 3.87E + 05 4.03E + 05 4.29E + 05 4.41E + 05 
Demand from domestic use (tonne): +30% 8.75E + 04 1.14E + 05 1.48E + 05 1.92E + 05 2.50E + 05 3.25E + 05 
Total (tonne) 3.06E + 05 3.43E + 05 5.35E + 05 5.95E + 05 6.79E + 05 7.65E + 05 
External cost of para-rubber tree wood pellets 1(Million USD) 30 33 52 58 66 75 
External cost of Acacia/Leucaena wood pellets2(Million USD) 10 11 18 20 23 26 
Scenario 4       
Demand from main importers (tonne):20% 4.36E + 04 4.59E + 04 7.75E + 04 8.05E + 04 8.58E + 04 8.81E + 04 
Demand from domestic use (tonne): +10% 8.75E + 04 9.63E + 04 1.06E + 05 1.16E + 05 1.28E + 05 1.41E + 05 
Total (tonne) 1.31E + 05 1.42E + 05 1.83E + 05 1.97E + 05 2.14E + 05 2.29E + 05 
External cost of para-rubber tree wood pellets 1(Million USD) 13 14 18 19 21 22 
External cost of Acacia/Leucaena wood pellets2(Million USD) 4.34 4.79 5.99 6.59 7.19 7.5  

1 External cost of para-rubber tree wood pellets are about 97.36 USD/tonne of wood pellets. 
2 External cost of Acacia/Leucaena wood pellets are about 33.25 USD/tonne of wood pellets. 

P. Saosee et al.                                                                                                                                                                                                                                  



Energy Conversion and Management: X 14 (2022) 100183

9

including better human health. 
In case, use of wood pellets for domestic use (increase + 30%) in 

2025 is 325,000 tonnes which can reduce GHG emissions by 4.08 × 105 

tonnes CO2 eq for heat production (2.5% of GHG mission from energy 
consumption from power generation and industry). The GHG reduction 
of wood pellet domestic use helps the national greenhouse gas reduction 
plan for the year 2021–2030 achieve success (The national greenhouse 
gas reduction plan with the goal of reducing greenhouse gas by 7–20 % 
in the energy and transportation sectors by 2020). 

Policy recommendations 

Recommendations to reduce the external costs for sustainable wood 
pellet production comprise of two issues: 1) campaign to reduce envi
ronmental impact and 2) Polluter Pays Principle: PPP. To reduce envi
ronmental impact from wood pellet production and promote the 
sustainable wood pellet for energy, the results have the following policy 
implications. 

First, to support sustainable agriculture for para-rubber and fast- 
growing trees which are important raw materials in Thailand. 
Although the Thai government (Ministry of Agriculture and Co
operatives) launched a policy “To develop and transfer agricultural 
technology focusing on effective, sustainable and environmental- 
friendly use of agricultural resources”, there are still problems in 
implementing this policy. Farmers are still using pesticides and in
secticides, including chemical fertilizers widely. Para-rubber wood 
pellet importers call for sustainable rubber tree planting certification. 
Although the entrepreneurs have organized groups to certify sustainable 
rubber plantation, but it not very widespread when compared to the area 
of para-rubber plantations in Thailand. This study can provide infor
mation for executing and accelerating the implementation of these 
important policies into real practice. 

Second, clean transportation should be considered in the supply 
chain of wood pellets production and use. The dirty technology and use 
of fossil fuels in the past should be changed to electric vehicles, fuel 
efficiency, cleaner fuel, and new mobility models. However, the Minis
try of Energy has a plan to reduce the proportion of natural gas in 
electricity production from 64% of total fuels for electricity production 
in 2014 to 37% in 2036, including proportion of using renewable energy 
produced in the country (for electricity, heat and biofuels production) at 
26–30% of final power and efficiency energy increased by 5.98 thousand 
tonnes of crude oil equivalent / billion baht. Therefore, to implement 
sustainable energy development planning in Thailand, the results of this 
study can be used as important information to consider adjustment of 
the plan and to have strict measures for ameliorating pollution 
problems. 

Third, to plan and organize to have wood pellet factory zone close to 
the source of raw materials to reduce transportation issues, including 
good logistics for domestic use and export. Moreover, the Thai govern
ment can consider the external cost of wood pellets for polluter pays 
principle by taking into account the hidden costs. Although the 
Enhancement and Conservation of Environmental Quality 1992 of 
Thailand had already considered the polluter pays principle, it never 
actually been applied in practice. 

Conclusions and policy implications 

Although the wood pellets are considered an important product from 
biomass for moving towards sustainable development, external cost of 
heat and electricity production from wood pellets has not been well 
studied and is usually ignored. Hence, this study evaluated the external 

cost of heat and electricity production from wood pellets as an infor
mation for environmental policymakers on the pollution problem of 
wood pellet production and use. 

The external cost of heat and electricity production from wood pel
lets is lesser than the conventional fuels used in Thailand, except for 
para-rubber wood pellets for heat production whose external cost is 
higher than that of natural gas. In terms of the total cost, the results are 
in the same direction as the external cost. These results show that the 
real cost (including external cost) shows quite a different picture as 
compared to the conventionally considered internal cost. These findings 
indicate that in terms of total cost, the lignite, residual fuel oil and 
natural gas can and should be replaced by the wood pellets for both heat 
or electricity production. Morever, as the wood pellets are produced 
within Thailand, this will also help to increase energy security in the 
country. Additionally, the external cost of wood pellet production can be 
further decreased with the judicious use of chemical fertilizer and her
bicide, and decreasing the use of fossil fuels during production and 
transportation. 

From the scenario of wood pellet demand for both domestic use and 
exports in 2025, it is possible to produce 150,000–765,500 tonnes 
(worst case to best case) of wood pellets in 2025 with the external cost of 
approximately 4–75 million USD. Our results are helpful for policy 
makers in guiding to reduce the external costs for sustainable wood 
pellet production, comprising of four issues: 1) to support sustainable 
agriculture for para-rubber and fast-growing trees which are important 
raw materials of Thailand, 2) to consider clean transportation in supply 
chain of wood pellet production and use, 3) to plan and organize to have 
wood pellet factory zone close to the source of raw materials to reduce 
transportation costs, including studies on good logistics for domestic use 
and export, and 4) considering the external cost of wood pellets for 
polluter pays principle. These results and recommendations of the study 
can provide important information to consider for adjusting the plan and 
to have strict measures for avoiding problem shifting. 
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Table A1 
Environmental impacts of production one GJ of heat from wood pellets.  

Impact category Unit Wood pellets 
Leucaena Acacia Para-rubber tree-F Para-rubber tree-D 

Climate change kg CO2 eq 9.97E + 00 1.03E + 01 1.85E + 01 1.31E + 01 
Particulate matter formation kg PM10 eq 6.64E-02 6.71E-02 7.69E-02 1.45E-02 
Terrestrial acidification kgSO2 eq 1.20E-01 1.21E-01 1.55E-01 4.39E-02 
Freshwater eutrophication kg P eq 1.08E-03 1.08E-03 1.04E-03 3.87E-04 
Terrestrial ecotoxicity kg 1,4-DCB 1.33E + 01 1.38E + 01 3.47E + 01 2.01E + 01 
Freshwater ecotoxicity kg 1,4-DCB 1.23E-02 1.27E-02 2.27E-02 1.17E-02 
Marine ecotoxicity kg 1,4-DCB 2.43E-02 2.51E-02 5.39E-02 3.05E-02 
Human toxicity kg 1,4-DCB 6.47E + 01 6.55E + 01 6.47E + 01 2.01E + 01 
Fossil resource scarcity kg oil eq 2.46E + 00 2.62E + 00 5.22E + 00 3.92E + 00 

Note: Para-rubber WP-F: made from fresh para-rubber wood, Para-rubber WP-D: made from dry sawdust of para-rubber wood 

Table A2 
Environmental impacts of producing one GJ of heat from fossil fuels (lignite, light fuel oil and natural gas).  

Impact category Unit Fossil fuels 
Lignite 1 Light fuel oil2 Natural gas3 

Climate change kg CO2 eq 9.04E + 01 9.88E + 01 6.70E + 01 
Particulate matter formation kg PM10 eq 1.68E-01 1.21E-01 1.54E-01 
Terrestrial acidification kgSO2 eq 5.75E-01 4.09E-01 5.32E-01 
Freshwater eutrophication kg P eq 0 0 0 
Terrestrial ecotoxicity kg 1,4-DCB 1.47E + 02 5.26E + 01 5.77E-01 
Freshwater ecotoxicity kg 1,4-DCB 1.28E-02 4.79E-01 1.84E-01 
Marine ecotoxicity kg 1,4-DCB 3.26E-02 6.74E-01 2.31E-01 
Human toxicity kg 1,4-DCB 8.07E + 01 23.90673609 5.57E + 00 
Fossil resource scarcity kg oil eq 5.05E-02 2.88E + 01 2.48E + 01 

Note: 1-2 referred from the European reference Life Cycle Database (ELCD) 
3 referred from the U.S. Life Cycle Inventory database (USLCI) 

Table B1 
Environmental impacts of production one MWh of electricity from wood pellets.  

Impact category Unit Wood pellets 
Leucaena Acacia Para-rubber tree-F Para-rubber tree-D 

Climate change kg CO2 eq 5.71E + 01 6.15E + 01 1.15E + 02 4.44E + 01 
Particulate matter formation kg PM10 eq 1.07E-01 1.16E-01 1.79E-01 4.91E-02 
Terrestrial acidification kgSO2 eq 2.60E-01 2.81E-01 5.04E-01 1.49E-01 
Freshwater eutrophication kg P eq 1.99E-03 2.01E-03 1.52E-03 1.31E-03 
Terrestrial ecotoxicity kg 1,4-DCB 7.43E + 01 8.10E + 01 2.30E + 02 6.81E + 01 
Freshwater ecotoxicity kg 1,4-DCB 5.89E-02 6.29E-02 1.35E-01 3.95E-02 
Marine ecotoxicity kg 1,4-DCB 1.35E-01 1.45E-01 3.49E-01 1.03E-01 
Human toxicity kg 1,4-DCB 5.67E + 01 6.63E + 01 5.22E + 01 9.68E + 00 
Fossil resource scarcity kg oil eq 1.76E + 01 1.97E + 01 3.70E + 01 1.33E + 01 

Note: Para-rubber WP-F: made from fresh para-rubber wood, Para-rubber WP-D: made from dry sawdust of para-rubber wood. 

Table B2 
Environmental impacts of producing one MWh of electricity from fossil fuels (lignite, and natural gas).  

Impact category Unit Fossil fuels 
Lignite1 Natural gas2 

Climate change kg CO2 eq 1.36E + 03 6.94E + 02 
Particulate matter formation kg PM10 eq 2.36E + 00 1.68E-01 
Terrestrial acidification kgSO2 eq 5.67E + 00 4.95E-01 
Freshwater eutrophication kg P eq 3.11E-01 2.26E-03 
Terrestrial ecotoxicity kg 1,4-DCB 4.73E + 02 1.24E + 02 
Freshwater ecotoxicity kg 1,4-DCB 2.58E-01 5.36E-01 
Marine ecotoxicity kg 1,4-DCB 5.65E-01 9.18E-01 
Human toxicity kg 1,4-DCB 2.10E + 01 1.89E + 01 
Fossil resource scarcity kg oil eq 2.91E + 02 2.59E + 02 

Note: 1referred from the European reference Life Cycle Database (ELCD) 
2 referred from the U.S. Life Cycle Inventory database (USLCI) 
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Table C1 
Environmental impacts of production one tonne wood pellets [15]  

Impact category Unit Wood pellets 
Leucaena Acacia Para-rubber tree-F Para-rubber tree-D 

Climate change kg CO2 eq 6.79E + 01 7.34E + 01 1.40E + 02 2.06E + 02 
Particulate matter formation kg PM10 eq 1.25E-01 1.37E-01 2.15E-01 2.28E-01 
Terrestrial acidification kgSO2 eq 3.06E-01 3.32E-01 6.12E-01 6.89E-01 
Freshwater eutrophication kg P eq 2.45E-03 2.48E-03 1.87E-03 6.08E-03 
Terrestrial ecotoxicity kg 1,4-DCB 9.25E + 01 1.01E + 02 2.87E + 02 3.16E + 02 
Freshwater ecotoxicity kg 1,4-DCB 5.74E-02 6.24E-02 1.52E-01 1.83E-01 
Marine ecotoxicity kg 1,4-DCB 1.47E-01 1.60E-01 4.14E-01 4.80E-01 
Human toxicity kg 1,4-DCB 7.00E + 01 8.20E + 01 6.44E + 01 4.49E + 01 
Fossil resource scarcity kg oil eq 2.09E + 01 2.35E + 01 4.51E + 01 6.17E + 01 

Note: Para-rubber WP-F: made from fresh para-rubber wood, Para-rubber WP-D: made from dry sawdust of para-rubber wood. 
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