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ABSTRACT
Palm oil clinker (POC) is a by-product derived from crude palm oil (CPO) production. Many studies have
examined POC in concrete and it has often been stated as being environmentally sustainable. However,
evidence to support these claims are not abundant in the literature. Therefore, this study aimed to assess
the environmental impact of POC using a comparative, midpoints life cycle assessment approach based
on 13 impact categories from ReCiPe2016. The use of POC as a binder replacement, fine aggregate and
coarse aggqregate was considered. Only production of cement, sand, gravel, POC and transportation were
included in the system boundary. The construction, service and end-of-life phases were excluded. A volume
of 1 m*> mortar or concrete with similar compressive strength was used as the functional unit. Life cycle
inventory data was obtained from the literature, Malaysia Life Cycle Inventory Database (MY-LCID) and
Ecoinvent database. Economic and mass allocation factors were calculated for POC. Calculations indicated
that the use of POC in mortar and concrete showed reductions in all impact categories when economically
allocated. When mass allocated, POC contributed minimally to all impact categories except ‘Freshwater

Eutrophication” and "Human Toxicity’. Despite these drawbacks, results show that use of POC resulted in

an overall improvement for the environmental sustainability.
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INTRODUCTION

Oil palm (Elaeis guineensis) is a species of palm
originating from West Africa which was brought into
Malaya and planted commercially at Tennamaram
Estate, Selangor, Malaya for the first time in 1917
and later became one of the country’s key economic
sectors (Nambiappan et al., 2018). A complex process
transforms oil palm fruit into crude palm oil (CPO)
which undergoes further refinement as cooking
oil or as biodiesel (Hansen et al., 2014). Malaysia
is the world’s second largest producer of CPO, the
largest exporter of CPO and the leading contributor
for technical-based palm oil studies (Hansen et al.,
2015). The production of CPO of this magnitude

*

Department of Civil Engineering,Universiti Malaya,
Jalan Universiti, 50603 Kuala Lumpur, Malaysia.
E-mail: zainah@um.edu.my

151

creates a proportionally large quantity of waste.
This creates an opportunity for Malaysia to be the
leading proponent for the use of this waste in the
local construction industry.

Figure 1 shows a schematic diagram of the CPO
production process and its by-products based on
literature and on-site investigation. Palm oil mills
utilise energy recovery by burning solid wastes from
the production of CPO. This involves incinerating
empty fruit bunches (EFB), oil palm shells (OPS) and
mesocarp fibre (MF) in a boiler at more than 500°C
to produce steam. This steam is used for electricity
generation and sterilisation of fresh fruit bunches
(FFB) in the CPO production process (Subramaniam
et al., 2008). After incineration is complete, a grey,
clumpy, hard and solid compound remains which
is known as palm oil clinker (POC) (Ahmad and
Nurazuwa, 2007).
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Figure 1. Production of crude palm oil (CPO) and its by-products.

POC is produced differently to another palm oil
by-product (POBP) commonly utilised in concrete
which is palm oil fuel ash (POFA). Fuel ash or fly
ash is driven out of the boiler together with other
flue gases and collected by particle filtration or
electrostatic precipitators (Black, 2016). On the other
hand, ash which settles towards the bottom of the
boiler and fuses together is known as clinker (Sims
and Brown, 1998). Thus, POC usually requires
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crushing and sizing before it can be used as an
aggregate in concrete while POFA only requires
homogenisation using a rotary pan mixer (Karim et
al., 2018).

Conventionally, POC is used as a filler for
mill roads or is disposed as waste (Subramaniam
et al., 2008). However, fundamental principles of
waste management dictate that disposal should
be a last resort (Abdullah and Sulaiman, 2013).
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Thus, researchers have studied the use of POC as
a construction material. Early work on POC have
shown that it can be used in mortar and concrete as
either a binder or aggregate replacement. However,
most of these studies on POC only address its
engineering performance, but not its environmental
impact.

Palm oil has received considerable attention in
the past 25 years among the academic community.
An exponential increase in palm oil related
publications was observed from 355 publications in
2004 to 1796 in 2013 (Hansen et al., 2015). Many of
the studies that contributed towards this increase
were from the use of POBP as a green construction
material. In fact, POBP have a diverse range of novel
applications (Hamada et al., 2018). For example,
Alengaram et al. (2016) studied the use of OPS to
improve the blast resistance of concrete. Apart from
that, Mazlan et al. (2020) used cellulose nanocrystals
extracted from EFB as a mortar admixture. These
studies are just a handful of research showing the
potential of POBP which were considered as waste
products several decades earlier.

Research into the use of POBP in concrete
started as early as the 1990s with the introduction
of POFA as a pozzolanic material in concrete (Tay,
1990). Ahmad et al. (2007) found that the use of POC
as coarse aggregate in concrete was able to produce
compressive strengths which were satisfactory for
use as structural members. Beginning in the 2010s,
research into the use of POBP diversified with its use
in concrete mixes to produce lightweight concrete
(Alengaram et al., 2011) and to produce structural
members (Mo et al., 2016).

Most of the studies for POBP in concrete were
related to its physical and durability properties.
Studies on the sustainability aspect of concrete
containing POBP, specifically POC, were not
abundant in the literature. For example, Kanadasan
and Abdul Razak (2015a) reported the reduction in
carbon emissions relative to POC content in concrete
but no other impact categories were included in
their environmental impact assessment. Kanadasan
et al. (2015) reported the environmental impacts of
POC concrete but was limited to carbon dioxide
(CO,) emissions and engineering environmental
index (EEI) only. Aslam et al. (2016) mentioned the
potential of concretes containing POC as a step
closer to achieving sustainable development but
did not perform any environmental assessment.
Likewise, Ahmmad et al. (2017) discussed the
feasibility of using POC in lightweight concrete but
this was limited to engineering aspects and did not
include environmental impacts. Yet, some studies
did report the cost efficiency of using palm oil by-
products in concrete which showed that use of POC
reduces the overall cost of the concrete and may be
advantageous in terms of financial savings (Shafigh
et al., 2014; Kanadasan and Abdul Razak, 2015a).
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Technical, social, economic and environmental
aspects associated with the use of POC as a
construction material should be addressed in a
balanced manner for academic research to contribute
to the holistic sustainable development of both the
palm oil and construction industries. Subsequently,
systematic studies on the environmental performance
of POC as a construction material were not abundant
in the literature. Thus, the goal of this study was to
evaluate the environmental impacts of incorporating
POC as a binder or aggregate replacement. Life cycle
assessment (LCA) was used as the framework for
environmental impact assessment of POC. Using
LCA provides a detailed and systematic analysis of
the environmental impacts of concrete in a variety of
impact categories which are lacking in other impact
evaluation methods.

LCA of Concrete

The LCA is a systematic method to quantify
the inputs and outputs associated with the
manufacture of a product. Studies relating to LCA
in the construction industry are fragmented due to
the variety of case studies, functional units, system
boundaries, material selection, geographic locations,
construction processes, building design and building
use (Abd Rashid and Yusoff, 2015). There are two
types of LCA commonly used in the construction
industry: (1) comprehensive building LCA (also
known as whole building LCA) which assesses the
environmental impact of a building over its life
span; and (2) comparative LCA which compares the
environmental impacts of construction materials.
This study used the comparative LCA method in
which the environmental impacts of conventional
mortar and concrete were compared to their
counterparts containing POC.

Investigation into the environmental impacts of
concrete gained popularity in the 1990s as awareness
of the environment started to take hold in the public
mindset and the construction industry began shifting
towards more sustainable practices (Nielsen and
Glavind, 2007). Much attention has shifted to concrete
since it is the most abundantly used construction
material and its production alone represents
approximately 6%-7% of all anthropogenic carbon
dioxide (Akanetal., 2017). The term ‘green’ implies an
environmental-friendly alternative to conventional
concrete which often have reduced cement content,
incorporate renewable or sustainable materials and
possess reduced environmental impacts. Numerous
studies have used LCA to systematically assess
the environmental impacts of various materials in
concrete such as recycled aggregate (Dobbelaere et al.,
2016). Concrete incorporating POC also represents
a green concrete which has been comprehensively
studied in terms of its technical performance, but less
so in terms of its environmental impact.
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MATERIALS AND METHODOLOGY
Mix Design

The mortar and concrete mix designs used in
the study were obtained from the literature. Mortar
mixes were obtained from Sumesh et al. (2018) and
Kanadasan and Abdul Razak (2015b). Concrete mixes
were obtained from Abutaha et al. (2016) and Mohd
Hilton et al. (2008). These mixes are summarised
in Table 1. The number in the mix designation
indicates the percent replacement of either binder or
aggregate. M-0 denotes the reference mix for mortar
and M-40 denotes a replacement of 40% binder with
palm oil clinker powder (POCP). For C-0, C-100C
and C-100F, cement content remained constant but
with different ratios of sand, gravel, coarse POC
and fine POC. Here, C-0 was the reference mix for
concrete. From Figure 2, compressive strengths at
28 days of the mortar mixes (M-0 and M-40) and
concrete mixes (C-0, C-100C and C-100F) are shown.
Although these mixes were designed for various
purposes, they were selected to show that POC
mixes can achieve comparable compressive strength
with conventional mortar or concrete. This is also
consistent with the functional unit used in the study.

TABLE 1. MIXED PROPORTIONS OF MORTAR, CONCRETE

AND PALM OIL CLINKER
Mix Cement bi‘:icilt:rr-r::io Sand Gravel Pcﬁ:i(::il
M-0° 550 0.32 1650 0 0
M-40° 520 0.29 1140 0 350¢
C-0¢ 420 0.53 760 1007 0
C-100C 420 0.55 621 0 729!
C-100F¢ 420 0.53 0 1007 6148
Note: All units in kg m?

2Sumesh et al. (2018).

*Kanadasan and Abdul Razak (2015b).
‘Abutaha et al. (2016).

“Mohd Hilton et al. (2008).

‘Palm oil clinker powder.

‘Coarse palm oil clinker.

8Fine palm oil clinker.
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Figure 2. Compressive strength of mortar and concrete.
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LCA Framework

The LCA in this study followed ISO 14040
(2006a) and ISO 14044 (2006b) which respectively
describe the principles and framework of an LCA.
These standard documents have been used as the
standard framework for LCA for over 20 years.
However, they do not specify the mechanics of the
LCA such as methods for data collection which are
left to the practitioner to decide. This allows LCA
to be used for environmental impact assessment
in different applications. As shown in Figure 3, an
LCA is comprised of four stages: goal and scope
definition, inventory analysis, impact assessment,
and interpretation. In this study, the Results
and Discussion section was used as the Impact
Assessment and Interpretation phases of the LCA.

Functional Unit

The LCA requires a functional unit (FU) to be
defined as a unit of reference between different LCA
studies. It is necessary to define that all concrete
fulfil the same functional requirements (Marinkovic
et al., 2016). In other words, their mechanical
properties and durability must be similar. It was
desirable to use a FU which included strength and
durability characteristics of the concrete which
was employed in some studies (Van den Heede
and De Belie, 2014). However, studies on the long-
term durability properties of POC concrete are
not abundant in the literature. Furthermore, it
was assumed that exposure conditions were non-
aggressive. Therefore, this study used a FU based on
volume and compressive strength only. From Figure
2, it was observed that the compressive strengths for
mortar mixes were within the range of 68 MPa to 71
MPa. In addition, the concrete mixes were within the
range of 41 MPa to 47 MPa. Thus, the FU used in this
study were as follows:

* Mortar mixes: 1 m® with 70 MPa compressive
strength at 28 days.

e Concrete mixes: 1 m’ with 45 MPa of
compressive strength at 28 days.

Goal and Scope Definition

The system boundary of the LCA was defined
based on the goal of the study which was to evaluate
the environmental impacts of incorporating POC
into cement mortar and concrete. The system
boundary in this study included the production
and transport of the following materials: cement,
aggregate (coarse and fine) and POC (coarse, fine
and powder). The concrete mixing process, transport
to construction site, maintenance and demolition
phases were excluded from the LCA. The effects
of these phases may be excluded from an LCA if
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two compared products are in the same geographic impact of construction, use and end-of-life phases
location and fulfil the same role. Marinkovic et al. were expected to be approximately equal. This
(2010) noted that to compare two different concrete study used similar assumptions to Marinkovic et al.
types, the exposure conditions must be the same. (2010). Therefore, the resulting system boundary for

Under this assumption, they concluded that the the LCA is shown in Figure 4.

Sustainability*

Y A\
Economic | | Environmental | | Social

!

Life Cycle
Assessment

Goal and Scope | Life Cycle Scope
Definition and Boundary

| Ecoinvent |—>| Database |—>| Inventory Analysis |—>| Life Cycle Inventory

| ReCiPe2016 |_>| LCA Method |—>| Impact Assessment |—> L|feASCS);cSI:nI1n;Ef o

| Interpretation |

Note: *Definition of sustainability according to UNESCAP (2015).

Figure 3. Framework of the study.
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Figure 4. System boundary for the life cycle assessment (LCA) in this study.
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Impact Assessment Methodology

The impact assessment was carried out using
the ReCiPe 2016 (hierarchist) framework which
is a midpoints (i.e. problem) oriented approach
(Huijbregts et al., 2016). The hierarchist perspective
was selected due to its balance between short-
and long-term damaging effects. This framework
includes 13 midpoint impact categories which are
described in Table 2. Midpoints are the links in the
cause-effect chain (environmental mechanism)
of an impact category to the endpoints, which is
where characterisation factors are derived to reflect
the relative significance of emissions. In other
words, midpoints describe the point between the
source of pollution and the resulting damage to
either humans or the ecosystem. Midpoints are
useful to identify emission targets and areas of
specific environmental concern. On the other hand,
endpoints have less certainty, but they are more
relevant to decision support. However, determining
cause-effect environmental impact relationships
was a desirable outcome of this study as opposed to
decision-support. Therefore, this study carried out
the life cycle impact assessment using a midpoints-
oriented approach.

Inventory Analysis

Various sources were used to construct the life
cycle inventory (LCI) used in this study. LCI data
for production of cement, sand and gravel were
obtained from the Malaysia Life Cycle Inventory
Database (MY-LCID) to enhance the geographical
representativeness of the LCA results and make
more accurate conclusions within the Malaysian
context (MY-LCID, 2020). The LCI data for sand and
gravel were equal since these were considered to be
produced from the same process (Marinkovic ef al.,
2010). On the other hand, LCI data for production
of CPO and emissions from transportation were
obtained from the Ecoinvent database (Martinez-
Rocamora et al., 2016). The CPO dataset was
geographically representative for Malaysia, but the
transportation dataset was global. The Ecoinvent
database was selected due to its integrity, usability
and dedicated resources (Martinez-Rocamora et
al., 2016). The crushing process for the POC clinker
was based on the operation of a rock crusher from
Landfield and Karra (2000). The crushing process
was assumed to produce powder, coarse and fine
POC and the energy required for all processes were
considered to be the same (Marinkovic et al., 2010).
Other studies have also used multiple LCI databases
to supplement any data limitations (Onn et al., 2019).

Atruncated inventory from the various materials
in the study are shown in Table 3. Calculations were
carried out using generic LCA tools, in this case
Microsoft Excel. This method was selected to provide
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full control over the input data and calculations
(Nemecek et al., 2010). It was also selected to provide
simple integration with building information
modelling (BIM) tools. BIM is a 3-dimensional (3D),
parametric modelling software for construction
(Anton and Diaz, 2014). BIM software can output
information such as quantity of building materials
directly to Microsoft Excel spreadsheets which may
be readily used for LCA calculations (Shin and Cho,
2015).

Transport Distances

Transport distances were estimated using
geographical information system (GIS) software
using average road travel distance. A theoretical
concrete construction site located in the centre
of Kuala Lumpur was established. The average
transport distances of concrete constituent materials
to the construction site are shown in Table 4.
Transport distances were multiplied by a factor
of two to represent the return journey of the lorry
after transportation of materials. A locality map
showing the location of the construction site in
relation to material sources are shown in Figure 5. In
addition to the consumption of fuel and emission of
greenhouse gases, this study considered the impacts
from production, maintenance and use of the lorries.
The type of lorry considered for transportation of all
materials was considered to be a 16-32 t lorry with
EURO3 emissions standard.

Allocation Factors

Some processes produce more than one product.
Thus, environmental impacts must be distributed or
“allocated” among the multiple products. In this case,
the production of CPO produces various co-products
in addition to POC. It is possible to consider POC as
a waste since it is discarded by most palm oil mills.
However, according to the European Union (2008)
Directive 2008/98/EC it may also be classified as a
useful co-product since it was used as a replacement
for cement, sand and gravel in this study. This study
used two common methods for allocation: (1) mass
allocation and (2) economic allocation. Marinkovi¢
et al. (2017) found that mass allocation resulted in
unreasonably high environmental impacts for fly ash
and opted to use economic allocation instead. Van
den Heede and De Belie (2012) also recommended
the use of economic allocation over mass allocation
for cement-replacement materials. If mass allocation
were used, the high allocated impacts would be a
negative factor against their use in the construction
industry. However, the use of mass allocation served
as a form of sensitivity analysis and was included in
the study. Therefore, the main method of allocation
was by economic value and supplemented by mass
allocation as sensitivity analysis.
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TABLE 2. OVERVIEW OF IMPACT CATEGORIES IN THE STUDY

Impact category Midpoint characterisation factor (CFm) CFm abbrev. Unit
Climate change Global warming potential GWP kg CO, eq.
Ozone depletion Ozone depletion potential ODP kg CFC-11 eq.
Ionising radiation Ionising radiation potential IRP kBq Co-60 eq.
Fine particulate matter formation Particulate matter formation potential PMFP kg PM, ;eq.
Photochemical oxidant formation Photochemical oxidant formation potential POFP kg NO_ eq.
Terrestrial acidification Terrestrial acidification potential TAP kg SO, eq.
Freshwater eutrophication Freshwater eutrophication potential FEP kg P eq.
Ecotoxicity Ecotoxicity potential ETP 1,4-DCB eq.
Human toxicity Human toxicity potential HTP 1,4-DCB eq.
Water use Water consumption potential WwCP m’ water consumed
Land use Agricultural land occupation potential LOoP m? x annual crop eq.
Mineral resource scarcity Surplus ore potential sor kg Cueq.
Fossil resource scarcity Fossil fuel potential FFP kg oil eq.

Note: Impact categories are based on the ReCiPe2016 methodology (Huijbregts et al., 2016).

Chemical abbreviations: CO, - carbon dioxide; CFC - chlorofluorocarbon; Co-60 - cobalt-60; PM, - particulate matter (less than 2.5

pm diameter); NO, - nitrogen oxides; SO, - sulphur dioxide; P - phosphorous; 1,4-DCB - 1,4-Dichlorobenzene; Cu - copper.

TABLE 3. SELECTED EMISSIONS INVENTORY FOR MATERIALS IN THE STUDY

Emissions to air Cement’  Crude palm oil° Sand/gravel° Crushing® Transport®
Ammonia (NH,) 4.57E-06 9.36E-06 3.887E-08 9.48E-09 2.09E-06
Carbon dioxide (CO,) 9.82E-01 5.03E-02 2.87E-03 1.36E-05 1.39E-01
Methane (CH,) 1.21E-03 1.97E-08 6.73E-06 4.46E-11 3.72E-09
Nitrogen oxides (NO,) 2.24E-03 3.42E-04 1.94E-05 1.25E-07 1.04E-03
Nitrous oxide (N,O) 4.03E-06 1.80E-06 3.16E-8 5.98E-09 1.60E-06
Non-methane volatile organic compounds (NMVOC) 2.91E-05 5.02E-05 1.57E-06 2.75E-08 1.05-E4
Particulate matter (PM2.5) 2.30E-05 9.62E-09 3.98E-07 9.62E-09 5.83E-05
Phosphorus (P) 5.97E-07 3.70E-05 4.59E-08 4.91E-10 2.65E-07
Water Consumption®

Agriculture - 9.91E-02 - - -

Industry 1.88E+00 - 1.44E-02 2.36E-06 1.70E-04
Land Use Change®

From primary forest 5.68E-03 4.84E-03 1.64E-04 5.63E-09 2.99E-07
Fossil Fuel Use

Crude oil 7.03E-03 3.05E-02 3.85E-04 1.16E-05 5.12E-02

Note: “Total surface water and groundwater.
"Land transformation.

Units for emissions of cement, crude palm oil, sand and gravel are in kg of emissions per kg of material.

“Units for emissions of crushing are in kg of emissions per kg of material crushed.

*Units for emissions of transport are in kg of emissions per tonne x km of material transported.

TABLE 4. TRANSPORT DISTANCES OF MATERIALS

Distance (km)

Material Origin Destination

Scenario 1* Scenario 2"
Cement Cement plant Concrete batching plant 70x2 =140 100 x 2 =200
Sand and gravel Quarry Concrete batching plant 50 x 2 =100 100 x 2 =200
Palm oil clinker Palm oil mill Concrete batching plant 110 x 2 =220 100 x 2 =200

Note: *Scenario based on estimated average transport distances.

"Scenario assuming equal transport distances.
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Figure 5. Locations of palm oil mills, cement plants, quarries and admixture plants located near the theoretical construction site in Kuala Lumpur.

Figure 6 shows the product system for
production of CPO and its co-products. FFB from
the oil palm plantation is processed at the oil palm
mill to produce CPO, PK, OPS, MF and EFB. In
addition, OPS and MF are fed into the on-site boiler
to produce steam for the CPO production process.
POC is the residue from the boiler furnace. This
study allocated environmental impacts between
CPO, PK, EFB and POC. This is because OPS and
MF are the main source of fuel for the on-site
boiler (Subramaniam et al., 2008). As such, these
materials are rarely available outside the oil palm
mill (Aghamohammadi et al., 2016). Moreover, they
are intermediate materials to POC. Thus, OPS and
MF may not be considered useful co-products to
CPO. Though some mills may use EFB as fuel in
their boilers, most are returned to the plantations for
mulching thereby replenishing some nutrients of the
soil (Chiew and Shimada, 2013). Also, PK contains
residual oil and is put through additional processes
to extract palm kernel oil (Subramaniam et al., 2008).
Therefore, EFB and PK may be considered as useful
co-products to CPO.

The economic allocation factor, C, was calculated
according to Equation (1). On the other hand, the
mass allocation factor, C_ was given by Equation
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(2). Both equations were defined by Chen et al.
(2010) in their study on the LCA of green concretes.
Ringgit Malaysia (RM) is the cost per unit material
and m is the mass of material produced during
its production process. Kanadasan and Abdul
Razak (2015a) estimated the cost factor for POC as
RM 20 t. Salleh (2018) reported the cost of EFB as
RM 295.64 t™'. In 2015, the average price of CPO and
PK were reported as RM 2153.50 t" and RM 1527.50
t" respectively (MPOB, 2015). In 2015, RM fluctuated
between RM 3.80 and RM 4.35 per US Dollar (USD)
(Quadry et al., 2017). To avoid variations due to the
high instability of the RM against the USD in 2015,
prices were stated in terms of RM. Subramaniam et
al. (2008) reported that for every 1 t of CPO produced,
there are 0.41 t of PK, 1.17 t of EFB and 0.02 t of POC
produced. Thus, the allocation factors included in
the study were calculated as shown in Table 5.

C _ (RM X m)by-pmdud
¢ (RM X m)main-product + (RM X m)mtal-by-products
Equation (1)
C _ mby-product
" mmain-product + mtotal-by-pmducls Equatlon (2)
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Figure 6. Product system for crude palm oil (CPO) and its co-products.

TABLE 5. ALLOCATION FACTORS BASED ON MASS AND ECONOMIC VALUES

Mass produced Market price Allocation by Allocat.lon by
Product ® (RM t) mass value economic value
(%) (%)
Crude palm oil (CPO) 1.00 2153.50 38.46 68.89
Oil palm kernel (PK) 0.41 1527.50 15.77 20.03
Empty fruit bunches (EFB) 1.17 295.64 45.00 11.06
Palm oil boiler clinker (POC) 0.02 20.00 0.77 0.0128
Total 2.60 3996.64 100.00 100.00

Land Use Scenarios

The total planted area for oil palm in Malaysia
reached 5.9 million hectares in 2019 which was
approximately 18% of the country’s total land area
(MPOB, 2020). Oil palm plantations in Malaysia are
primarily established on state land which consists
mostly of degraded forest and are characterised by
low carbon stocks (Hashim et al., 2018). Despite the
clearing of forest for oil palm cultivation, Malaysia
still manages to maintain more than 50% of forest
cover (Hamid and Rahman, 2016). Before oil palms
are planted, the degraded forest is cleared, and the
remaining biomass is left to be broken down by
litter-feeding invertebrates. Thus, nutrients from
forest biomass are returned to the soil and enrich it
for future cultivation. The time period required for
complete decomposition of this biomass is assumed
to be 25 years (Germer and Sauerborn, 2008).
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This study used a similar methodology to
Hansen et al. (2014) in which environmental impacts
of land conversion from forest to plantation were
allocated to the first generation of plantation use.
Since oil palm plantations are replanted every
25 years, then only the plantations established in
the past 25 years were considered to contribute
to land use change impacts (Kongsager and
Reenberg, 2012). Hansen et al. (2014) reported that
approximately 30% of all oil palm plantations were
first generation plantations established within 25
years. Therefore, this study multiplied the land use
change (LUC) factor for POC by a factor of 0.3. It
must be noted that the ReCiPe2016 methodology
used in this study focuses on the relative biological
species loss due to LUC (Huijbregts et al., 2016).
The methodology does not include emission of
greenhouse gases due to decomposition of cleared
forest biomass.
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RESULTS AND DISCUSSION
Material Impacts

This section is part of the LCA Impact
Assessment and Interpretation phases. Table 6 shows
results for the 13 impact categories considered in
the study when POC was economically allocated
with values in brackets indicating the impacts
when POC was mass allocated. As per the FU
used in the study, these impact values are for
the production of 1 m’ of mortar or concrete
respectively. The results in Table 6 are not inclusive
of impacts from transportation of materials. From
these impact values, Table 7 was created to show
the percent change of POC mixes relative to their
conventional mortar or concrete mixes. The mixes
containing POC were compared to their respective
conventional mixes within each impact category.
For example, in the Global Warming Potential
(GWP) impact category, the total emissions of M-40
is 6% lesser relative to M-0 and the emissions of
C-100C is 1% lesser compared to C-0.

From Table 7, the use of economically allocated
POC as a powder, coarse aggregate and fine
aggregate showed reductionsin allimpact categories.
When mass allocated, POC shows reductions in
the majority of impact categories. However, some
categories showed significant increase compared to
the reference mixes. Particularly, the high impacts
in the Freshwater Eutrophication (FEP) impact
category of all POC mixes may be attributed to
fertiliser application during oil palm cultivation. FEP
in ReCiPe2016 is mainly influenced by phosphorous
P).

Malaysia possesses 2.5 million hectares of peat
which is approximately 7% of the total land area
of the country (Rahman et al., 2014). An estimated
13% of oil palm plantations are located on peat
soils in Malaysia (Hashim et al., 2017). Peat soil has
been reported to be low in various nutrients such
as P and application of P fertiliser is desirable to
sustain optimal agricultural yields (Mutert et al.
1999). Thus, P from the fertiliser may leach into
nearby water bodies thereby influencing FEP.
Hashim et al. (2017) also reported P runoff during
oil palm cultivation as a significant contributor to
eutrophication.

Another impact category with high contribution
from POC is Human Toxicity (HTP). ReCiPe2016
uses 1,4-dichlorobenzene (1,4-DCB) and nickel (Ni)
as the reference substances used in calculation of
HTP. Since both MY-LCID and Ecoinvent lack data
on 1,4-DCB emissions, then Ni was used as the
main reference substance for calculation of HTP
in this study. Ni occurs naturally in the soil which
is accumulated in the biomass of oil palm fruit
(Ooi et al., 2014). Zarcinas et al. (2004) found that
Ni concentrations among fresh weight Malaysian
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food crops was highest among oil palm seed pulp.
In addition, Said et al. (2016) demonstrated good
potential for recovery of Ni from POFA which
suggests that a good amount of Ni is contained
within oil palm biomass. The burning of this
biomass releases Ni into the atmosphere which
poses carcinogenic risk to human health (Zambelli
and Ciurli, 2013). Furthermore, operation and
maintenance of oil palm plantations are supported
by the use of heavy vehicles to transport biomass
around the mill which may contribute to Ni
emissions (Subramaniam et al., 2010).

Contribution Analysis

For each of the mixes in the study, the
contribution of each material towards the total
environmental impact are represented graphically
using horizontal bar charts in Figures 7, 8 and
9. Contribution analysis reveals which material
contributes the most towards a particular impact
category.

Figures 7 to 9 show that in almost all impact
categories, the material with the most dominant
environmental impacts is cement. This is consistent
with findings from previous literature where
Braga et al. (2017) found that cement was the main
governing factor for the environmental impact of
concrete. In all mixes, economically allocated POC
in all forms (i.e. powder, coarse and fine) contributed
a relatively small percentage (less than 1%) to the
total environmental impact in all impact categories.
When mass allocated, POC in all forms contributed a
minority of the percentage to the total environmental
impact in all but a few impact categories. Figures 7c,
7d and 7e show that mass allocated POC contributes
highly to FEP and HTP.

POC is a product from the agricultural industry
but contributed minimally to the “Water Use” impact
category. Agricultural products require water to
produce biomass (Safitri et al, 2018). However,
multiple studies have found that rainwater was
sufficient to satisfy oil palm growth with minimal
need for irrigation (Muhammad-Muaz and Marlia,
2014; Suttayakul et al.,, 2016; Safitri et al., 2018;
Subramaniam and Hashim, 2018). On the other
hand, the processing of sand requires a significant
amount of water for washing and sizing (Grbes,
2015). Cement was the highest contributor to the
“Water Use’ impact category. This is due to the energy
intensive processes involved in cement production
for which the water demand for energy generation is
high (Hosseinian and Nezamoleslami, 2018).

POC also contributes minimally to the ‘Land
Use” impact category. Oil palm was found to be
more sustainable compared to other crops such as
soyabean, rapeseed or corn (De Vries et al., 2010).
In fact, oil palm cultivation may encourage forest
reversion and reduce carbon emissions due to oil



LIFE CYCLE ASSESSMENT OF PALM OIL CLINKER AS A BINDER AND AGGREGATE REPLACEMENT IN CONCRETE

palm plantation sequestration being higher than
other crops (Sayer et al., 2012; Villoria et al., 2013).
The high output of oil palm plantations reduces the
need for excessive transformation of land (Barcelos
et al., 2015). This explained the low contribution of
POC towards the Land Use impact category despite
being an agricultural product. Cement is also the
highest contributor to this category. The high impact

of cement may be attributed to construction and
operation of cement factories which negatively
affects the surrounding vegetation and water bodies
(Dalil et al., 2017). Besides that, extraction of mineral
aggregates such as sand and gravel have relatively
high impacts compared to POC due to the negative
impacts of quarries on the surrounding landscape
(Allacker et al., 2014).

TABLE 6. MIDPOINT ENVIRONMENTAL IMPACTS OF MATERIALS

Impact category M-0 M-40 C-0 C-100C C-100F Units
Climate change 569 536 (537) 436 432 (433) 434 (434) kg CO, eq.
Ozone depletion 2.50E-05 2.35E-05 (2.35E-05) 1.92E-05 1.89E-05 (1.90E-05) 1.90E-05 (1.91E-05) kg CFC-11 eq.
Ionising radiation 4.30E-03 3.72E-03 (3.72E-03) 3.72E-03 2.75E-03 (2.76E-03)  3.08E-03 (3.09E-03) kBq Co-60 eq.
Fine particulate matter 0.529 0.499 (0.499) 0.406 0.401 (0.401) 0.403 (0.403) kg PM, . eq.

formation
Photochemical oxidant 1.270 1.192 (1.193) 0.979 0.957 (0.959) 0.965 (0.966) kg NO, eq.
formation
Terrestrial acidification 1.756 1.655 (1.656) 1.348 1.333 (1.335) 1.338 (1.339) kg SO, eq.
Freshwater 1.33E-04 1.20E-04 (1.53E-04) 1.09E-04 9.33E-05 (1.61E-04)  9.90E-05 (1.56E-04) kg Peq.
eutrophication
Ecotoxicity 6.67E-04 6.29E-04 (9.43E-04) 5.12E-04 5.07E-04 (9.46E-04) 5.09E-04 (9.00E-04) 1,4-DCB eq.
Human toxicity 1.78E-04 2.37E-04 (3.01E-04) 1.83E-04 1.36E-04 (4.12E-04) 1.67E-04 (3.69E-04) 1,4-DCB eq.
Water use 1062.58 998.57 (998.68) 818.74 802.21 (802.45) 807.78 (807.98) m?® water
consumed
Land use 124.75 115.41 (115.88) 98.32 91.42 (92.40) 93.75 (94.57) m? x annual
crop eq.
Mineral resource 0.844 0.789 (0.794) 0.654 0.632 (0.642) 0.640 (0.648) kg Cu eq.
scarcity
Fossil resource scarcity 47.00 44.15 (44.32) 36.29 35.49 (35.83) 35.78 (36.07) kg oil eq.

Note: Emissions shown are for production of 1 m? of mortar or concrete.
Values not within brackets are results for economically allocated palm oil clinker (POC).
Values enclosed within brackets are results for mass allocated POC.

TABLE 7. PERCENT CHANGE IN RELATION TO REFERENCE MIXES

Economic allocation

Mass allocation

Impact category
M-40* (%)  C-100C* (%) C-100F" (%) M-40* (%)  C-100C* (%) C-100F" (%)

Climate change -6 -1 -1 -6 -1 0
Ozone depletion -6 -2 -1 -6 -1 -1
Ionising radiation -14 -26 -17 -14 -26 -17
Fine particulate matter formation -6 -1 -1 -6 -1 -1
Photochemical oxidant formation -6 -2 2 -6 2 -1
Terrestrial acidification -6 -1 -1 -6 -1 -1
Freshwater eutrophication -10 -15 -10 15 47 42
Ecotoxicity -6 -1 -1 12 46 39
Human toxicity -6 -2 -1 -6 -2 -1
Water use -7 -7 -5 -7 -6 -4
Land use -6 -3 2 -6 -2 -1
Mineral resource scarcity -6 -2 -1 -6 -1 -1
Fossil resource scarcity -6 -1 -1 -6 -1 0

Note: Underlined values show increased impacts compared to reference mixes.

“Percent change in relation to M-0.
®Percent change in relation to C-0.
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Figure 7. Contribution analysis for (a) cement mortar, (b) economically allocated palm oil clinker powder (POCP) mortar and (c) mass allocated

(POCP) mortar.
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Figure 8. Contribution analysis for (a) conventional concrete, (b) economically allocated coarse palm oil clinker (POC) concrete and (c) mass allocated

coarse POC concrete.
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Figure 9. Contribution analysis for (a) conventional concrete, (b) economically allocated fine palm oil clinker (POC) concrete and (c) mass allocated
fine POC concrete.

Transport Emissions

Table 8 shows the percent change in emissions
of POC mixes compared to reference mixes. The
percent change for a particular mix was equal across
all impact categories. In Scenario 1, transportation
emissions of POC mixes were higher compared
to reference mixes. Emissions for M-40 were
approximately 9% higher compared to M-0 in all
impact categories. For concrete mixes, transportation
emissions for C-100C and C-100F were higher than
C-0 in all impact categories by approximately 19%
and 25% respectively. The increased emissions for
POC mixes in this scenario may be explained by the
increased average transport distance from the palm
oil mill to the concrete construction site.

On the other hand, in Scenario 2, transportation
emissions of POC mixes were lower than those
of reference mixes. Emissions for M-40 were
approximately 8% lower compared to M-0
in all impact categories. For concrete mixes,
transportation emissions for C-100C and C-100F
were lower than C-0 in all impact categories by
approximately 19% and 6% respectively. This
reduction may be attributed to the reduced
combined weight of all materials required for POC
mixes. For example, the combined weight of cement
and sand (per unit volume of concrete) for M-0 is
2200 kg m~ while that of cement, sand and POC for
M-40 is 2010 kg m™. Since the transport distances
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were equal for all materials in this scenario, then
the emissions values were influenced only by the
combined weight of all materials of the mix. In
this case, the reduced total weight of POC mixes
was an advantage since it reduced transportation
emissions. This was a similar advantage reported
for lightweight concrete (Shafigh et al., 2014).

Comparison with Other Studies

It was useful to compare the results of normal
concrete in this study with the literature. The
impact values from the climate change impact
category for normal concrete mixes were used as
the main point of comparison. Specifically, the
GWP of which is expressed in the unit kilograms
of carbon dioxide equivalent (kg CO, eq.). The
GWP for various normal concrete mixes in the
literature and their corresponding compressive
strength are shown in Table 9 (Marinkovic et al.,
2010; Tosic et al., 2015; Kim et al., 2016; Tait and
Cheung; 2016, Braga et al., 2017; Mohammadi and
South, 2017; Ahmad et al., 2017; Kurda et al., 2018).
The Z-score was calculated for the GWP value of
mix C-0 in this study (GWP = 436 kg CO, eq.) and
compared to the GWP values of similar concrete
mixes in the literature (mean = 366.38, standard
deviation = 52.87). Based on Shiffler (1988), this
Z-score (Z = 1.32) was well below the threshold
(Z =2.47) and was not considered as an outlier. The
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results show that GWP for C-0 was 1.03 standard
deviations away from the mean and was not an
abnormal data point. This is an evidence to suggest
that the results of this study are consistent with the
literature.

Figure 10 shows a correlation plot between
cement content and GWP value for which the
correlation coefficient was calculated. The results
show that cement content was strongly positively
correlated to GWP value (R?> = 0.72). Cohen (1992)
suggested the following levels for measuring effect
size of correlations: R* = 0.01 is a small effect size;
R? = 0.09 is a medium effect size; and R? = 0.25 is
a large effect size. This further supported findings
from previous literature that cement was the main
governing material for environmental impact of
concrete (Braga et al., 2017).

Kanadasan and Razak (2015a) reported that the
carbon emissions for concrete where aggregate was
replaced with 100% POC as 420 kg CO, eq. The GWP
for mixes C-100C and C-100F are within the range
of 432-434 kg CO, eq. for both allocation methods.
Therefore, this further indicates evidence that
the results of this study are consistent with those
obtained from the literature.

Implications and Recommendations

The results of the study provided evidence to
support the claim that POC is an environmental-
friendly building material. The results for mass
allocated POC represented a sensitivity analysis on
the significant effect of POC when its environmental

impacts were scaled up. For example, the
increased impacts in FEP and HTP should not be
ignored.

Apart from that, the predicted increased future
yield of oil palm would mean a proportionately
increased amount of oil-palm-related waste which
would need to be properly managed or utilised
(Murphy, 2014). The use of this waste in the
construction industry would avoid the negative
environmental impacts arising from their disposal.

In addition, the use of POC to replace gravel
and sand as aggregates in the construction industry
may decrease demand for extraction of mineral-
based materials such as cement, gravel and sand
from earth’s lithosphere (Estanqueiro et al., 2016).
Thus, the local construction industry’s reliance on
these materials are gradually diminished which
leads to reduced damage to the surrounding
landscape as well as subsequent problems that arise
from it (Veraart, 2018). However, care must be taken
to expand oil palm plantations in a sustainable
manner. For example, careful management of
fertiliser application should be practised to reduce
damage to the ecosystem and, subsequently,
human health (Darras et al., 2019). This is to prevent
further increase of the environmental impacts of
POC to the point where it is no longer a viable
alternative to natural aggregates. Increasing
yield of oil palm should go beyond simply
increasing fertiliser inputs. Methods such as gene
modification may produce higher yields with
minimal negative environmental impact (Barcelos
et al., 2015).

TABLE 8. PERCENT CHANGE IN TRANSPORTATION EMISSIONS

Scenario 1 Scenario 2
Impact category M-40° C-100C* C-100F® M-40° C-100C* C-100F®
(%) (%) (%) (%) (%) (%)
All impact categories 9.01 19.44 25.09 -8.64 -19.07 -6.68

Note: The percent change in emissions is equal for all impact categories.

“Percent change in relation to M-0.
"Percent change in relation to C-0.

TABLE 9. SUMMARY OF NORMAL CONCRETE RESULTS FROM THE LITERATURE

Cement content

Compressive strength GWP value per m® concrete

Reference (kg m~) (MPa) (kg CO, eq.)
Marinkovic et al. (2010) 315 39.2 307
Tosic et al. (2015) 384 41.5 340
Kim et al. (2016) 400 40 450
Tait and Cheung (2016) 380 32-40 339
Braga et al. (2017) 350 30-37 317
Mohammadi and South (2017) 380 50 379
Ahmad et al. (2017) 420 35 437
Kurda et al. (2018) 350 55.8 362
Mean 372.38 43.58 366.38
Standard deviation 32.90 7.75 52.87

164



LIFE CYCLE ASSESSMENT OF PALM OIL CLINKER AS A BINDER AND AGGREGATE REPLACEMENT IN CONCRETE

Cement to Global Warming Potential (GWP) Correlation

500
(]
=
S 450 °
£ y = 1.3356x - 130.31 °
2 — o®
J R =07166 .-
ST 400
(IC)/T“ ,.-'..
uo .
2O .
22 350
g o0
5
= °
— . ®
8 300
Q .
o
250
300 320 340 360 380 400 420 440

Cement content (kg m=)

Figure 10. Correlation plot for cement content and Global Warming Potential (GWP) value.

Other than that, Braga et al. (2017) found
that increasing the strength of the concrete does
not necessarily increase environmental impacts.
Cement represents approximately 6%-7% of all
anthropogenic carbon dioxide (Akan et al., 2017).
Thus, it is important to reduce cement content
by substitution or use less of it to achieve similar
engineering properties. The reduced cement may be
substituted with suitable alternatives such as POCP.
The reduction in compressive strength was not
directly proportional to POCP content. Therefore, it
may be possible to increase the proportion of POCP
without significant decrease in compressive strength
for mortar mixes.

Furthermore, some palm oil mills were reported
to capture the emissions from palm oil mill effluent
digestion (Subramaniam et al., 2008). This could
further reduce the impact of POC in the Climate
Change impact category. However, the capture
of methane from palm oil mill effluent was not
reflected in the Ecoinvent or MY-LCID databases.
Future studies could consider this technique in their
LCA to further reduce values of the climate change
impact category.

Besides that, the mortar and concrete mixes
in the study did not contain any fly ash which
were reported to increase strength and durability
of concrete containing POC (Ahmad et al., 2007).
Thus, future studies could attempt to study
the environmental impact of fly ash in concrete
incorporating POC. Inclusion of fly ash into POC
concrete could further decrease environmental
impacts as reported by Marinkovic et al. (2016) for
recycled aggregate concrete.

Finally, the FU selected for this study did not
include durability characteristics of the concrete.
This could be included in the FU if more studies on
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the durability of POC concrete were available such
as chloride penetration and carbonation coefficient.
Thus, a future study could be undertaken to
establish an equivalent functional unit for POC
concrete similar to work by Dobbelaere et al. (2016)
for recycled aggregate concrete. Such a study
would improve the accuracy of future LCA on POC
concrete.

CONCLUSION

When economically allocated, the use of POC as
a powder, coarse aggregate and fine aggregate
in mortar or concrete had reduced impacts in all
categories. Contribution analysis showed that POC
contributed less than 1% of the total environmental
impact in all impact categories when economically
allocated. Cement was shown to be the material
which contributed the most towards the total
environmental impacts in all mixes.

When mass allocated, only the FEP and HTP
impact categories showed significant increase in
impact values. Reductions were observed in the
majority of impact categories for mass allocation.
Despite this, POC contributed minimally to the total
impact in most categories.

For transport emissions, when transport
distances were estimated based on GIS software,
transport of POC showed increased impacts. This
was due to the higher transport distance for POC
compared to cement, sand or gravel. On the other
hand, when transport distances of all materials were
equal, then impacts of mixes with POC showed
decreased impacts. This was explained by the lower
total weight per unit volume of mixes containing
POC.
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The GWP of normal concrete in this study was
compared with similar mixes in the literature.
Results show that the GWP of normal concrete for
this study did not exceed the threshold to classify
it as an outlier, indicating the results of this study
were consistent with the literature. In addition,
there was a strong positive correlation between
cement content versus GWP value for the compared
mixes in the literature.

Overall, the use of POC in concrete was
shown to be beneficial for directly reducing the
embodied environmental impacts of mortar and
concrete. However, the allocation method strongly
influenced the magnitude of the results. Thus, care
must be taken to select a proper allocation method,
preferably one which does not rely on physical
properties.

In addition, the indirect benefits of using
POC extend towards both the construction and
agricultural industries. For example, the use of POC
as a building material would avoid the negative
environmental impacts arising from its disposal. It
may also spur growth in the agricultural industry
due to demand for its many useful co-products. In
addition, it could reduce the demand on sand and
gravel for use as aggregates in concrete, alleviating
the exploitation of these materials from the natural
system. Therefore, the use of POC as a construction
material is recommended especially for countries
with high CPO production such as Malaysia,
Indonesia and Thailand. However, the long-term
durability properties of structural members made
with POC should be thoroughly explored.
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