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a  b  s  t  r  a  c  t

This paper  presents  results  from  a  gate-to-gate  analysis  of  the  energy  balance,  greenhouse  gas  (GHG)
emissions  and  economic  efficiency  of  biochar  production  from  palm  oil  empty  fruit  bunches  (EFB).  The
analysis  is  based  on  data  obtained  from  EFB  combustion  in  a slow  pyrolysis  plant  in  Selangor,  Malaysia.  The
outputs  of  the  slow  pyrolysis  plant  are  biochar,  syngas,  bio-oil  and  water  vapor.  The  net  energy  yield  of  the
biochar  produced  in  the  Selangor  plant  is 11.47  MJ kg−1 EFB. The  energy  content  of  the  biochar  produced  is
higher  than  the  energy  required  for  producing  the biochar,  i.e. the  energy  balance  of  biochar  production  is
positive. The  combustion  of EFB  using  diesel  fuel  has  the largest  energy  demand  of 2.31  MJ  kg−1 EFB  in  the
pyrolysis  process.  Comparatively  smaller  amounts  of  energy  are  required  as electricity  (0.39  MJ kg−1 EFB)

−1

reenhouse gas emissions
nergy balances
conomic assessment

and  for  transportation  of biochar  to the  warehouse  and  the  field  (0.13  MJ kg EFB).  The  net  greenhouse
gas  emissions  of  the  studied  biochar  production  account  for  0.046  kg CO2-equiv.  kg−1 EFB  yr−1 without
considering  fertilizer  substitution  effects  and  carbon  accumulation  from  biochar  in  the  soil.  The  studied
biochar  production  is profitable  where  biochar  can  be  sold  for at  least  533  US-$ t−1. Potential  measures
for  improvement  are  discussed,  including  higher  productivity  of  biochar  production,  reduced  energy
consumption  and  efficient  use  of  the  byproducts  from  the slow  pyrolysis.
. Introduction

.1. Background

Global warming has received much attention in recent years.

he rising concentration of carbon dioxide (CO2) in the atmosphere
rom 370 to 392 ppm from 2000 to 2011 is seen as one of the

ajor drivers for global warming (NOAA/ESRL, Mauna Loa Record,

Abbreviations: BEP, break-even-point; BET, surface area according to Brunauer,
mmet and Teller (BET); C, carbon; CEC, cation exchange capacity; CPO, crude palm
il; EFB, empty fruit bunches; FFB, fresh fruit bunches; GHG, greenhouse gases;
WP, global warming potential; h, hour; ha, hectare; IRR, internal rate of return;
m, kilometer; L, liter; MPOB, Malaysia Palm Oil Board; NPV, net present value;
2O, nitrous oxide; ppm, parts per million; RoI, return on investment; t, ton; UNEJ,
niversity of Jember – Indonesia; UPM, Universiti Putra Malaysia.
∗ Corresponding author at: Department of Technology, Assessment and Substance
ycles, Leibniz-Institute for Agricultural Engineering Bornim (ATB), 14469 Potsdam,
ermany. Tel.: +49 3315699919; fax: +49 3315699849.

E-mail addresses: s harsono@yahoo.com, sonisisbudiharsono@yahoo.com
S.S. Harsono).

1 Permanent address: Department of Agricultural Engineering, Faculty of Agricul-
ural Technology, University of Jember (UNEJ), East Java, Indonesia.

921-3449/$ – see front matter ©  2013 Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.resconrec.2013.04.005
© 2013 Published by Elsevier B.V.

2012). Measures for sequestrating CO2 from the atmosphere are
being discussed to prevent the continuation of global warming in
coming years (Read, 2009). Increasing soil organic carbon through
carbon application of biochar to soils has been proposed as one
measure among others for sequestrating CO2 from the atmosphere
(Lehmann et al., 2006; Pratt and Moran, 2010). Biochar is a carbon-
rich substance obtained when biomass, such as wood, manure or
leaves, is heated in a closed container without any oxygen (Gaunt
and Lehmann, 2008). Currently, there are various processes to pro-
duce biochar, including, among others, slow pyrolysis, fast pyrolysis
and hydrothermal conversion (Sevilla and Fuertes, 2009).

In recent years, researchers such as Marris (2006), Lehmann
(2007) and Woolf et al. (2010) investigated the impact of biochar
application on agricultural land as a measure for improving soil
fertility, reducing GHG emissions and fixing carbon in the soil. Gen-
erally, when the CO2 is taken by the plants from the atmosphere
as they develop, then, automatically, the CO2 is emitted through
the decomposition process after the plant died. This natural cycle

is considered as carbon neutral (Brownsort, 2009). Considering that
CO2 is captured from the atmosphere to produce the biochar, the
net process might be carbon negative (Pratt and Moran, 2010).
Biochar has a high content of stable carbon, typically between 50%

dx.doi.org/10.1016/j.resconrec.2013.04.005
http://www.sciencedirect.com/science/journal/09213449
http://www.elsevier.com/locate/resconrec
mailto:s_harsono@yahoo.com
mailto:sonisisbudiharsono@yahoo.com
dx.doi.org/10.1016/j.resconrec.2013.04.005


rvation and Recycling 77 (2013) 108– 115 109

a
i
t
p

C
s
f
e
a
d
s
g
b
p
e

1

o
v
2
f

f
d
2
f
A
f
i
p

r
p
s
p
t
i

i
t
S
o
e
T
a
t
(
t
(
t
h
p

1

w
s
d
A
c

e

Table 1
Characteristics of the biochar production facility in Selangor, Malaysia.

Parameter Description

Palm oil EFB transportation Truck size: 7 t
Distance from palm oil mill to biochar plant <1 km
Distance from biochar plant to plantation 19 km
Distance from palm oil mill to plantation 17 km
Project lifetime 20 years
Working hours per day 22 h
Electricity consumption 1.08 kWh  d−1

Operating days per year 240 days
Quantity of feedstock processed per day 20 t EFB
Quantity of feedstock processed per year 4800 t EFB
Quantity of biochar produced per year. 960 t biochar
Type of kiln Box oven-hot gas recirculation
Temperature 350–450 ◦C
S.S. Harsono et al. / Resources, Conse

nd 85% (Downie et al., 2009), which resists decay and remains
n soils for long periods of time, compared to the mean residence
imes of decades to centuries for most other soil organic matter
ools (Blackwell et al., 2010).

Besides these climate-change related aspects, Yanai et al. (2007),
owie (2008) and Rondon et al. (2009) found increasing evidence
uggesting that the application of charcoal to soils with very low
ertility could increase yields of agricultural crops and improve sev-
ral soil quality indicators by improving the nutrient availability
nd soil water-holding capacity, avoiding and reversing the soil
egradation associated with long term cultivation, improving the
oil biological health through proliferation of beneficial microor-
anisms (Lehmann, 2007; Laird, 2008). Biochar production has also
een promoted as an environmentally friendly technology to dis-
ose some organic wastes and produce feedstock for renewable
nergy (Chan et al., 2007).

.2. Pyrolysis for biochar production

Pyrolysis is a thermo-chemical decomposition process in which
rganic material is converted into a carbon-rich solid as well as
olatile matter by heating in the absence of oxygen (Demirbas,
001). The two main types of biomass pyrolysis processes are the
ast pyrolysis and the slow pyrolysis.

The fast pyrolysis was widespread used to produce liquid fuel
rom wood during the oil crisis in the last century. The process is
esigned to give a high yield of bio-oil (Bridgwater and Peacocke,
000; Bridgwater et al., 2002). Demirbas (2001) distinguishes the
ast pyrolysis by the heating value and short vapor residence times.

 specific requirement of the fast pyrolysis is the small size of the
eedstock particles and the type of feedstock, which allows remov-
ng the vapor as quick as possible from the hot solid. This type of
yrolysis takes place at a temperature of around 500 ◦C.

The slow pyrolysis is characterized by a lower heating value,
elatively long solid and vapor residence times and a process tem-
erature of around 400 ◦C (Bridgwater, 2007). The main goal of the
low pyrolysis is to produce char. Technologies applied for slow
yrolysis are generally based on a horizontal tubular kiln where
he biomass is moved at a controlled rate through the kiln; these
nclude agitated drum kilns, rotary kilns and screw pyrolyzers.

A comprehensive review of modern slow pyrolysis techniques
s still missing. However, Brown (2009) summarizes them briefly
ogether with other potential techniques for biochar production.
everal researchers have examined the pyrolysis process in terms
f its economic (Bridgwater et al., 2002; Wright et al., 2010) and
nvironmental performances (Laird, 2008; Roberts et al., 2010).
heir studies have shown that there is a wide range of biomass
pplications including heat and power generation, fuel produc-
ion, soil amendment and carbon mitigation strategies. Ringer et al.
2006) stated that the non-condensable gases and biochar are used
o provide heat and energy. This is supported by Mullaney et al.
2002) who found that the pyrolysis products could create energy
o heat the pyrolysis and other applications. Several process designs
ave considered the heat and power generation from the pyrolysis
roducts, as developed by Bridgwater et al. (2002).

.3. Biochar feedstock

Empty fruit bunches (EFB) of palm oil are one of the major solid
astes from the palm oil production industry besides fibers and

hells. The EFB of palm oil are highly abundant in palm oil pro-
ucing countries, such as Indonesia and Malaysia (Yee et al., 2009;

bubakar et al., 2010), yielding nearly 1.5 million t yr−1 for both
ountries.

EFB is a source of biomass that can be readily converted into
nergy.
Residence time 4 h
Thermal energy requirement Recycle gas
Size of facility 1000 m2

The incineration of EFB at the mills has contributed to air pollu-
tion (Abubakar et al., 2010). Therefore, the Malaysian government
has introduced regulations, which prompt mills to look for alterna-
tive management methods for the disposal of the EFB.

Alternatively, the EFB are used as mulch (Abubakar et al., 2010).
In addition to reducing air pollution, the application of EFB to
the field helps to control weeds, prevent erosion and maintain
soil moisture in the surrounding palm oil trees (Lim and Zaharah,
2000). However, due to high GHG emissions from mulch of EFB,
rising costs of labor, transportation and dispersion needed to apply
EFB, less costly ways for valorizing the EFB are being explored.
Abubakar et al. (2010) emphasize that the transport of the EFB
from the mills to the fields is a major cost factor for plantation
companies. One option to save expenditures would be to have a
biochar production site near the mill. This would reduce trans-
portation costs for EFB by truck or lorry and potentially generate
added value from using biochar as soil amendment. Nevertheless,
the processing of EFB to make biochar is costly and economic
efficiency remains to be evaluated.

Until today, very little is known about the production of biochar
from palm oil EFB. This study aims to assess the energy demand,
GHG emissions, as well as the costs and economic efficiency of
biochar production from palm oil EFB via slow pyrolysis.

2. Methodology

2.1. Case study and data collection

This analysis is based on information from a biochar plant
designed to process palm oil EFB for biochar in Selangor, Malaysia.
The plant is funded by the Ministry of Science, Technology and Inno-
vation (MOSTI) of the Government of Malaysia, in cooperation with
the Department of Chemical and Environmental Engineering of the
Faculty of Engineering at the Universiti Putra Malaysia (UPM) in
Malaysia. The plant started to operate in January 2010. Since then,
it has been operated by the private company Namstech Sdn Bhd,
Selangor, Malaysia.

For the analysis, we  use technical and economic data on plant
operations, from January 2010 until July 2011. The data for this
analysis was collected using interviews with plant operators
and managers from the company as well as scientists from UPM
between January 2011 and July 2011. The characteristics of the
biochar production facility in Selangor, Malaysia, are shown in
Table 1.
2.2. Data analysis, tools and system boundaries

In this investigation, Life Cycle Assessment (LCA) methodology is
implemented to study the production of biochar from EFB in terms
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results of previous studies from Yusoff and Hansen (2007), Yee et al.
(2009) and Harsono et al. (2012).

EFB are obtained after extraction of the fruits from the fresh fruit
bunches (FFB) during the milling process for palm oil production.

Table 2
Energy content and GHG emission factors of materials and energy sources.

Factor Energy content GHG emission

Diesel fuel 41.33 MJ  kg−1 (Fritsche and
Schmidt, 2001)

87.5 g CO2-equiv. kg−1

(Fritsche and Schmidt,
2001)

Electricity – 134.2 g CO2 MJ−1

(Hallmann, 2000)
Biochar 28.61 MJ  kg−1 (Khor and

Lim, 2008)
Fig. 1. System boundaries of biochar

f energy efficiencies and GHG emissions. The energy and GHG bal-
nces were calculated using the LCA software Umberto® (ifu/ifeu,
005).

The balances encompass in a gate-to-gate analysis the pre-chain
rocesses (e.g. diesel fuel and electricity) and the slow pyrol-
sis process for biochar production. The “gate-to-gate” analysis
ncludes a systematic inventory and examination of the environ-

ental impact caused by the product starting from its production,
ransportation, processing and extraction of raw material, and dis-
ribution, but not including the application of the product in the
eld. The analysis includes the material and energy inputs and
utputs of each process stage. The emissions are calculated based
n the material and energy inputs on a per year basis. The total
aterial and energy inputs are related to the biochar output of

he plant, i.e. the functional unit is 1 kg of biochar from EFB. Fig. 1
hows the system boundaries of the gate-to-gate analysis in this
tudy.

The energy balances, GHG emissions and economics of biochar
roduction from EFB are analyzed and compared with the reference
ystem, i.e. the direct application of EFB to the trees in the palm oil
lantation. The energy content as well as the GHG emission factors
re shown in Table 2.

EFB is a source of organic matter and plant nutrients, including
% Potassium (K), 0.54% Nitrogen (N), 0.19% Magnesium (Mg) and
.16% Phosphorous (P) (Abubakar et al., 2010). The amount of min-
ral fertilizer can possibly be reduced by applying EFB and biochar
rom EFB to the soil. However, the fertilizer substitution potential
f biochar from palm oil EFB is still a matter of research. Therefore,
e do not include the effect of fertilizer savings in this gate-to-gate
nalysis.
The energy demand, the GHG emissions and the costs of the

gricultural production processes are allocated according to the
conomic value generated from selling the products from palm
uction are denoted by the inner box.

oil production (i.e. economic allocation). These products are: crude
palm oil (CPO), kernel oil and EFB.

Based on their economic value, the allocated shares of the prod-
ucts are 67.0% for CPO, 31.7% for kernel oil and 1.3% for EFB, as
shown in Fig. 2. Accordingly, 1.3% from the total energy demand
and GHG emissions from palm oil production are allocated to the
production of EFB.

2.3. Description of the biochar production process

The biochar production process starts with the palm oil plan-
tation or agricultural production, comprising land preparation,
raising and planting of seedlings, application of fertilizers, herbi-
cides and pesticides, harvesting, transport and milling of fruits.
The analysis of the agricultural production process is based on the
Syngas 9.8 MJ  kg−1 (Omar et al.,
2010)

Bio-oil 36.30 MJ  kg−1 (Imam and
Capareda, 2011)
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t this stage, EFB have a moisture content of 12%. They are stored
or drying by natural convection in an open place. When the EFB
each a moisture content of about 9%, they are moved from the mill
o the biochar plant using trucks with a loading capacity of 7 t. The
iochar plant is located at a distance of about 1 km from the palm
il mill. The transportation of the EFB from the mill to the biochar
lant requires energy and produces emissions.

The biochar plant is fed using screw belts to move the EFB from
he trucks to the pyrolysis drums, where they are processed for
urther drying. The EFB are fed to the pyrolysis drums without
hredding. The pyrolysis equipment comprises three ovens and
hree rotating drums. The drying and pyrolysis process is designed
n such a way that when the drying of one batch is completed, the
rocessing of the next batch gets started in the next drum. To start
he process, the oven is heated with hot air generated in a burner
sing diesel fuel. The temperature used for the slow pyrolysis is
etween 350 ◦C and 450 ◦C. The slow pyrolysis process requires
xtensive use of diesel fuel for heat generation. During operation
n 1st and 2nd hours, no further diesel is required, as the heat pro-
uction is supported by the syngas obtained as a byproduct from
he pyrolysis process. The syngas produced during slow pyrolysis is
tilized to generate additional heat for drying and slow pyrolysis.
xcess energy is dissipated through a chimney. The daily produc-
ion for one batch is 20 t of EFB, including drying and pyrolysis.
Furthermore, electricity is used for operating computer pan-
ls, lamps and other equipment with a total consumption of
.08 kWh  d−1. The byproduct bio-oil is not used, but disposed as

 waste. After production, the biochar is transported to a storage

Fig. 3. Biochar plant in S
n and Recycling 77 (2013) 108– 115 111

facility located at a distance of 19 km using trucks with a loading
volume of 7 m3, equivalent to a load of 7 t of biochar with a density
of 1.10 kg m−3. The biochar plant in Malaysia is shown in Fig. 3.

In the analysis, we  did not include the process of applying the
EFB or biochar to the palm oil trees in the plantation, because there
is no information available at the moment about the GHG emissions
from the application of EFB and biochar to palm oil trees.

2.4. Database

The data used for the GHG emissions and energy balances are
taken by interview with plant operators and also taken from refer-
ences of Yusoff and Hansen (2005), Yee et al. (2009) and Harsono
et al. (2012). The respective information is compiled in Table 3,
including data on agrochemical inputs such as fertilizer and pesti-
cides, energy for transportation and the industrial phase.

According to Yee et al. (2009), 1 ha palm oil trees yields in
Malaysia between 20 and 22 t of FFB. The share of EFB from the total
harvested biomass is 23%, i.e. 1 ha of palm oil plantation produces
4.6 t of EFB. Accordingly, the EFB processed daily by the biochar
plant is equivalent to the EFB harvested from around 4.35 ha.

The EFB production process includes the steps of production,
harvest, and collection, all of which involve costs. This implies costs
for the inputs, resources and activities required to raise, harvest,
collect and deliver the EFB to the mill, including seeds, fertili-
zers, diesel fuel, equipment, labor and land. The pyrolysis process
requires energy supplied by diesel fuel and electricity from the grid
to operate the machines and equipment. The burner is fueled with
60 L h−1 diesel oil to generate the heat needed for combustion dur-
ing the starting phase of the process. Once the process is running,
the diesel oil consumption is reduced to 40 L h−1, and some diesel
is substituted by the byproduct syngas for heat generation.

2.5. Production economics analysis

In the production-economics-analysis, we  assess the total
costs, outputs, revenues and profits related to biochar production
in the studied facility in Selangor, Malaysia. The analysis takes
into account the operational costs, fixed costs and revenues from

biochar production and sales (Granatstein et al., 2009). The cost
analysis includes all expenditures for inputs and other charges
that were incurred during the operation of the biochar production
facility in Selangor during the period of one year. The fixed costs

elangor, Malaysia.
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Table 3
Prices of selected inputs.

Selected inputs Unit Price (US$) Source

Palm oil EFB t 15.8 MPOB (2011) (personal communication)
Rent  of land 1000 m2 yr−1 3800 UPM biochar business management (2011) (personal communication)
Labor  Day/person 15.9 UPM biochar business management (2011) (personal communication)
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volatile matter which is material with evaporates readily at normal
temperature, pressure and vaporized with value of 41% as shown
in Table 4.

Table 4
Properties of biochar from palm oil EFB.

Properties Unit Value

Water content % 6
Ash  % 7.68
C  content % 45
N  content % 0.32
Volatile mattera % 41
P  g/g 426
K  g/g 14.20
Ca  g/g 379
Mg  g/g 290
BET surfaceb m2/g 2.71
Cation exchange capacity Cmol(+)/kg 42.85
Diesel  fuel price L 0.63 

Electricity kWh  0.12 

nclude expenditures for items that do not vary depending on the
roduction level, e.g. the rent for the land where the facility is

nstalled. All other costs that change according to the change in
he volume of production are subsumed under the items variable
r operation costs. The variable costs include EFB feedstock costs,
abor costs, costs for fuel and electricity, transportation costs and
osts for repair and maintenance of equipment, machines and
uildings. To calculate the depreciation of buildings, equipment
nd machines, we used a straight-line method. This method
ssumes that the annual depreciation of tools and machines is
onstant. Investments considered in the analysis include the
apital for the construction of the project plus interest payments
uring development.

The net present value (NPV) is used to assess the difference
etween the present value of the investment with the present value
f net cash receipts (operations and residual value) in the future.
he purpose of using the NPV in this study is to assess investment
pportunities in the procurement of equipment and processing of
iochar from palm oil EFB. The equation used to calculate the NPV is

s follows (Boardman et al., 1996):NPV =
n∑

r=1

Ci

(1+r)i where Ci are the

xpected (i.e. average) values of the cash flows in each period (in
S$), r is the risk-adjusted discount rate (in %) and i is the interest

ate (in %).
An investment can be economically profitable if the NPV is pos-

tive. The bank interest rate used of 6.6% (The Central Bank of
alaysia, 2011) is fixed during the project’s lifetime over a period

f 20 yr−1. In the studied case, revenues result from sales of the
iochar to the palm oil plantation as soil amendment at a price of
5.8 US$ t−1.

The break-even-point (BEP) is used in this study to determine
he amount of biochar that the company needs to produce in order
o avoid losses and gain profits. For determining the BEP, we use
he following formula (Boardman et al., 1996):BEP = TFC

P−c where the
EP is the total biochar production (in t yr−1), TFC is the total fixed
osts (in US$ yr−1), P is the product price (in US$ t−1) and c is the
ariable costs (in US$ t−1).

The benefit–cost-ratio (B/C-ratio) compares the benefits with
he costs of the project investment. The analysis of the B/C-ratio
s used in this study to determine the economic feasibility of the
iochar production facility during its life. The B/C-ratio is calculated
sing the following formula (Boardman et al., 1996):B/C-ratio =∑n

i=1
B/(1+r)i

∑n

i=1
C/(1+r)i

where B/C-ratio is the benefit–cost-ratio, B is the bene-

t (in US$ yr−1), C is the costs (in US$ yr−1), i is the interest rate (in
) and r is the risk-adjusted discount rate (in %).

According to Boardman et al. (1996) the economic feasibility of
n investment or project is given if the B/C-ratio > 1 and the NPV
s greater than zero. This means, the project in question may  be
mplemented economically when the benefits to be obtained dur-
ng the technical–economical life of the project are greater than the

osts plus the investment.

The internal rate of return (IRR) can be thought of as the net
ate of return on investment. This result for the IRR can compare
ith the interest rate applicable and can facilitate in the selection
UPM biochar business management (2011) (personal communication)
UPM biochar business management (2011) (personal communication)

of a “discount rate” accordingly. The IRR is calculated using the
following formula (Boardman et al., 1996):IRR = i′ + NPV ′

NPV ′′−NPV ′ (i′′′ −
i′)where IRR is the internal rate of return (in %), i′ is the discount
rate (in %), NPV′ is the net present value at discount rate i′ (in US$)
and NPV′′ is the net present value at discount rate i′′ (in US$).

The payback period (Pb) is the period of time required to return
the investment. The analysis of the Pb in this study aims to
determine the length of time required for the return on capital
investment in the biochar production facility. The formula used is
as follows (Boardman et al., 1996):Pb = I

(TR−TC)+D where Pb is the
payback period (in yr), I is the investment (in US$), TR is the total
revenue (in US$ yr−1), TC is the total cost (in US$ yr−1) and D is the
depreciation (in US$ yr−1).

The return on investment (RoI) indicates the net revenues (i.e.
total revenues minus total costs) of a project divided by the total
costs. This ratio is used to highlight the magnitude of potential
returns versus costs. A sensitivity analysis was  carried out to assess
the economic vulnerability of the biochar production toward pos-
sible changes occurring during the lifetime of the investment. The
sensitivity analysis comprises changes of the parameters feedstock
costs, EFB and biochar sales price and diesel fuel price. The sensitiv-
ity analysis is indispensable for making decisions on investments,
especially in critical situations such as rising raw material prices,
rising fuel prices and declining sales prices of products.

3. Results and discussion

3.1. Biochar production

The products obtained from the slow pyrolysis of palm oil EFB
in the biochar facility are biochar, syngas and bio-oil. The biochar
production efficiency is 20%, i.e. 1 t of EFB delivers 0.2 t of biochar.
In addition, 0.3 t of syngas and 0.025 t of bio-oil are obtained as
byproducts from each ton of EFB. The biochar produced is composed
of carbon (C), nitrogen (N), ash and water. Biochar also produce
a Volatile matter is material that evaporates readily at normal temperatures and
pressure which can be readily vaporized. pressures and can be readily vaporized.

b BET surface: Brunauer, Emmet and Teller (BET) surface area (Keiluweit et al.,
2010).
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Table  5
Comparison between biochar properties from several feedstocks.

Property Late stover Switch grass Rice husk Palm oil EFB (in this study)

Moisture content (% in DM)  15a 12b 12c 6d

Ash content (% in DM) 5.6a 5.6b 4.5c 7.7d

C content of feedstock (% in DM)  45a 45b 44c 45d

Remark: DM,  dry matter.
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Scurlock (2009).
b Boateng et al. (2007).
c Masulili et al. (2010).
d Own  data from biochar plant in Selangor.

Biochar yields produced from palm oil EFB in Selangor were 20%
f the feedstock mass, while biochar yields of 35–36.5% of the feed-
tock mass are reported by Downie et al. (2009) for other kinds of
eedstock. A reason for this may  be the different physical and chem-
cal properties of palm oil EFB compared to other feedstock. The
roperties of biochar from several feedstocks are shown in Table 5.

The water content of biochar from palm oil EFB is the smallest
ompared with biochar from other feedstock. It is only half of the
ater content of biochar from rice husk and switchgrass. Compared
ith other feedstocks, the biochar from palm oil EFB is relatively
ne and the ash content high. This may  be an advantage for trans-
ortation, application and incorporation of the biochar into the
oil. This is might be because of higher density of biochar. Table 5
ndicates that the carbon content of all feedstock is similar.

.2. Energy balance

The total energy demand of the biochar production process is
.75 MJ  kg−1 EFB as seen in Table 6. The largest energy input is for
he diesel fuel consumed during the pyrolysis (i.e.: 2.31 MJ  kg−1

FB), followed by electricity consumption (0.39 MJ kg−1 EFB), trans-
ortation of biochar to the warehouse (0.15 MJ  kg−1 EFB) and
ransportation of biochar to the field (0.002 MJ  kg−1 EFB). The
nergy input from syngas used for heat generation is 63.71 MJ  kg−1

FB. The syngas used to generate heat is an output from the pyrol-
sis of palm oil EFB. The energy supplied from diesel fuel is the
argest energy input totaling 84% of the total energy input. The syn-
as produced in the slow pyrolysis supplies up to 33% of the energy
equired in the process.

Brownsort (2009) stated that the liquid as well as the gas which

re produced during the burning of biomass can be used for elec-
ricity generation. In the biochar plant in Selangor, the liquid bio-oil
rom the slow pyrolysis is currently disposed as waste. The syngas
rom the process is used to produce heat for the pyrolysis process.

able 6
nergy input and output for biochar production.

Input Energy input (MJ  kg−1 EFB)

1. Farming and mill processinga 0.03
2.  Transport EFB to biochar plant 0.006
3.  Energy from diesel fuel used for pyrolysis 2.31
4.  Electricity generation 0.39
5.  Transport of biochar to warehouse 0.02
6.  Transport of biochar to the plantation 0.002

Total 2.76

Output Energy output (MJ  kg−1 EFB)

1. Biochar 5.71
2.  Syngas 7.59
3.  Bio-oil 0.91

Net energy yield (syngas only) 7.59

Ratio output/input 2.75

a Allocation of 1.3% from total energy input to palm oil production, including
gricultural farming, transportation and milling.
Fig. 4. Energy flows from feedstock to product.

The total energy output in the form of syngas is 7.59 MJ  kg−1 EFB.
The total energy output in the form of biochar from the slow
pyrolysis is 5.72 MJ  kg−1 EFB. The energy output in the form of
bio-oil is 0.91 MJ  kg−1 EFB. The total energy content of the products
from the slow pyrolysis is 14.22 MJ  kg−1 EFB. The net energy yield
is 11.47 MJ  kg−1 EFB and the ratio energy output/input is 2.8. The
energy output/input ratio found is less than the ratio of 6.9 reported
for corn stover and 5.3 for switchgrass (Gaunt and Lehmann, 2008).
Roberts et al. (2009) found ratios of 2.8 for stover and 3.1 for switch-
grass. The energy flows from feedstock to product is shown in Fig. 4.

The energy input of the reference system is 10.65 MJ  kg−1 EFB,
and mainly consists of the energy input for transportation of the
fresh EFB to the palm oil plantation. This is 13.04 MJ  kg−1 EFB less
energy compared to the energy input for the production of biochar
and transportation to the palm oil plantation. These data is shown
in Table 6.

3.3. Greenhouse gas emissions

Table 7 shows that the total GHG emissions of the biochar
production facility in Selangor (Malaysia) using palm oil EFB are
0.046 kg CO2-equiv. kg−1 EFB yr−1.

GHG emissions are the highest during the process step of biochar
production (61.3%), followed by EFB production (23.2%), electricity
generation from the grid (13.9%), transport of biochar to the ware-
house (0.5%), transport of biochar to the fields (0.9%), and transport
of EFB to the biochar plant (0.1%). The highest share of GHG emis-
sions in biochar production is caused by the diesel fuel consumption
in the slow pyrolysis process. The GHG emissions in the reference

system resulting from the direct transportation and application
of EFB are 0.039 kg CO2-equiv. kg−1 EFB yr−1. This is 0.18 kg CO2-
equiv. kg−1 EFB yr−1 less compared to the GHG emissions from the
production and transport of biochar from palm oil EFB.

Table 7
Global warming potential emissions of biochar from palm oil EFB.

GHG emission (g CO2-equiv. kg−1 EFB yr−1)

1. Farming and mills processing 1.49
2.  Transport of EFB to biochar plant 0.10
3. Slow pyrolysis 35.94
4.  Electricity generation 8.22
5.  Transport of biochar to warehouse 0.29
6.  Transport of biochar to the plantation 0.01

Total 46.05
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Table 8
Results of production economics analyses.

No. Parameter Unit Value

1. Investment US$ 1265.823
2. Remaining value US$ 126.582
3  Total fixed cost US$ yr−1 170.226
4  Total variable cost US$ yr−1 353.408
5  Total cost US$ yr−1 523.634
6.  Total revenue US$ yr−1 531.646
7.  Net present value (NPV) US$ 129.621
8.  Benefit/cost-ratio (B/C-ratio) – 1.02
9. Payback period (PB) yr 9.97

10.  Break-even-point (BEP) t of biochar 901
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11.  Internal rate of return (IRR) % 8.96
12.  Return on investment (RoI) % 17.58

When the biochar is applied to the soil, it is crucial to quantify the
ossible GHG emissions (CO2, N2O and CH4), because any positive
arbon sequestration effect could be diminished, or even reversed.
eduction of N2O when biochar was applied in the soil as stated
y Rondon et al. (2005) as supported by Clough et al. (2010) who
tated that the carbon dioxide (CO2) and nitrous oxide (N2O) are
he main GHG emissions which will be affected when biochar is
pplied to the soil. He showed that a near complete suppression of
ethane upon biochar addition at an application to soil. Since then,
any reports have been published regarding the reduction of N2O

missions by application of biochar to soil (Zwieten et al., 2009 and
lough et al., 2010).

Land use change can result in a decrease of the organic car-
on stored in the soil. Although land conversion only happens
nce, its effect can be large and long-lasting. The soil reaches a
ew (lower) carbon content at a decaying-exponential rate, char-
cterized by an about 20-year time-constant and an annual CO2
mission of the order of 3.7 t ha−1 (Commission of the European
ommunities, 2009) with the uncertainty range being more than
0%. Land use change is to be the most decisive factor in overall
HG emissions (Wicke et al., 2008). Palm oil energy chains based
n land that was previously natural rainforest or peat land have
uch large emissions, that they cannot meet GHG emission reduc-
ion targets of 50–70% as demanded by the Cramer Commission in
he Netherlands (Cramer, 2006).

.4. Economic assessment

The yearly costs in the reference system, i.e. the direct trans-
ortation and application of unprocessed EFB to the palm oil
lantation, are 26,459 US$ yr−1. The costs for transportation of
iochar to the palm oil plantation are 5075 US$ yr−1. The costs for
he transportation of biochar to the palm oil plantation is only about
5% of the total costs for the transportation of EFB to the palm oil
lantation in the reference system. Therefore, the project will save
ransportation costs of 21,384 US$ yr−1. The total costs of biochar
roduction at the plant in Selangor are 523.634 US$ yr−1. The total
evenue from sales of biochar are 531.646 US$ yr−1. The benefit of
he production of biochar is 8012 US$ yr−1. These data is shown in
able 8.

The net present value (NPV) of the biochar production invest-
ent in Selangor, Malaysia, is greater than zero, which indicates

hat the investment project for biochar production is economically
easible. The NPV is determined by the amount of investment and
he net revenue in the business. The benefit–cost-ratio (B/C-ratio)
f 1.02 is positive, indicating that the investment in the production
f biochar production is economically profitable. The payback

eriod (Pb) of the investment is 9.97 yr−1. The internal rate of return
IRR) of the biochar production project is 8.96%. Since the IRR
s higher than the bank interest, the project may  be assessed as
conomically viable.
n and Recycling 77 (2013) 108– 115

The profit margin of biochar production from palm oil EFB in the
plant in Selangor is 11.59 US$ t−1 of biochar produced. The calcu-
lated yearly return on investment (RoI) for the biochar production
is 17.58% and the break-even-point (BEP) is reached at a total yearly
output of 901 t biochar.

The sensitivity analysis suggests that the economic viability of
the project is very susceptible to the costs for the EFB feedstock,
the price for diesel fuel and the price of biochar, which are the
major determinants of the production costs and revenues. Financial
parameters develop negatively when the price of biochar decreases
slightly. An increase in the diesel fuel price of more than 5% may
yield a negative result, if the other techno-economic parameters
remain constant. The price for palm oil EFB is allowed to increase
not more than 15% (i.e. 18.20 US$ t−1) without putting the eco-
nomic factors of the project at risk, when all other parameters
remain constant.

4. Conclusion

This study presents energy balances, greenhouse gas emissions
and production economics of a biochar production facility using
palm oil EFB in Selangor, Malaysia. Biochar production is practiced
here as a strategy to overcome the shortcomings of direct appli-
cation of EFB to the palm oil plantation. The share of the products
obtained from the slow pyrolysis at the biochar production facil-
ity are in percent of the total feedstock 20% biochar, 30% syngas,
and 2.5% bio-oil. The energy input needed for the process mainly
stems from diesel fuel and syngas produced during the slow pyrol-
ysis of the palm oil EFB. The process is characterized by a high
requirement of energy (i.e. diesel fuel and electricity) for gener-
ating heat for combustion and operating the facility. However, the
energy output/input ratio of the biochar production is positive; the
energy input for biochar production and transportation to the field
is more than two times higher than the energy consumed in the
case of directly delivering the unprocessed EFB to the field.

The GHG emissions from biochar production are correlated with
the energy inputs. The highest share of GHG emissions over the
whole production chain stems from the pyrolysis process, due to
intensive use of diesel fuel for the combustion of the EFB. GHG  emis-
sions in the reference systems with direct delivery of EFB to the field
are 68% of the GHG emission in the studied case with biochar pro-
duction, without taking into consideration GHG emissions from the
soil with biochar. The total costs for the production, handling, trans-
portation and delivery of biochar to the fields are nearly twenty
times higher than the costs for the direct use of EFB to the fields.
The high costs incurred with the production of biochar can only be
balanced if the biochar is sold at a price of 533 US-$ t−1.

The results of the financial analysis indicate that at a sales price
for biochar of 533 US-$ t−1, the benefit–cost-ratio (B/C-ratio) of the
studied biochar production facility is above 1, the net present value
(NPV) is positive, and the internal rate of return (IRR) is above the
bank interest rate. The payback period (Pb) is shorter than the depre-
ciation time generally assumed for machines and equipment and
the yearly return on investment (RoI) is 17.60%. It may  be con-
cluded that under the present conditions the production of biochar
from palm oil EFB, using slow pyrolysis in the facility in Malaysia, is
technically feasible and economically viable. The sensitivity anal-
ysis suggests that the economic viability may  get lost, if e.g. the
price for EFB increases, the price for diesel fuel rises or the price for
biochar falls.

In view of the energy demand, GHG emissions and economic

risks associated with the operation of a facility such as the one
studied in Selangor, Malaysia, it seems indispensable to increase
the efficiency of biochar production from palm oil EFB. Therefore,
we recommend investigating possibilities to reduce diesel fuel
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onsumption and to make use of the byproducts from the pyrolysis
rocess, such as the bio-oil.

Furthermore, research is needed to evaluate the soil-born GHG
missions from biochar of palm oil EFB in comparison to direct
pplication of palm oil EFB. Finally, implications of biochar for nutri-
nt availability in the soil and soil water-holding capacity, as well
s for the soil biological health, need to be studied to assess the pros
nd cons of biochar production from palm oil EFB.
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