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1  Introduction

There is a growing need for oil crops to meet worldwide food, feed, and fuel demands 
(Meijaard et al., 2020). Oil palm (Elaeis guineensis jacq.) contributed 34% of global veg-
etable oil in 2017 (Mayes, 2020); it is the most traded oil crop in monetary terms and 
most efficient in terms of productivity (Nurrochmat et  al., 2020). The average yield per 
hectare of oil palm is eight times more than soybeans—the second most competitive oil 
crop (Schmidt & Weidema, 2008). Therefore, palm oil will continue to play a significant 
role in global vegetable oil production, trade/economy, and consumption. For instance, 
palm and palm kernel oil represent 70% of Nigeria’s total domestic vegetable oil supply 
(Nzeka, 2014). In 2018, Nigeria produced more palm oil (one million tonnes) than other 
countries globally, except for Columbia, Thailand, Malaysia, and Indonesia (FAOSTAT, 
2021), which amounted to over 64 million tonnes in total. Until the 1960s, Nigeria took 
the lead among palm oil producers, contributing 43% of global production, which dropped 
progressively over time due to over-reliance on traditional producing methods (Thomas 
et al., 2011). Nowadays, Nigeria shares < 2% of global but > 50% of Africa’s total palm oil 
production (Anyaoha et al., 2018). The palm oil industry still and will continue playing an 
essential role in Nigeria’s agricultural sector covering production, consumption, rural live-
lihoods, and environmental impacts due to intense use of resources and energy, generation 
of waste, and cause of pollution.

Oil palm produces fruits in bunches known as fresh fruit bunch (FFB). In Nigeria, pro-
cessors of FFB can be classified into large-scale and small-scale mills. This classification 
is based on the levels of technology applied in palm oil production in Nigeria (Anyaoha & 
Zhang, 2021). Semi-mechanised and smallholder mills make up the small-scale mills, con-
tributing over 80% of processed FFB. Palm kernel shell (PKS), mesocarp fibre (MF), and 
empty fruit bunch (EFB) are the primary solid biomass residues produced in the industry 
after FFB is processed; palm oil mill effluent (POME) is the liquid waste. Large-scale mills 
use PKS and MF to heat the boiler for steam production. To use EFB as fuel, large-scale 
mills usually install additional infrastructures to extract oil/dewater and reduce the size of 
EFB. But this will lead to an extra cost and only meaningful during the period of low 
FFB yields. Disposal is a more cost-effective means to treat EFB, mostly in heaps; how-
ever, it leads to methane emissions. The FFBs are manually quartered in small-scale mills 
and left for two or more days, enabling an easy detachment of the fruits from FFB spike-
lets. Unlike large-scale mills, small-scale mills commonly use diesel to power processing 
machines; semi-mechanised mills use different amounts of PKS, MF and EFB to generate 
steam, while smallholder mills use EFB and MF to boil/cook the fruits. Both large- and 
small-scale mills in Nigeria predominately follow a typical “linear economy” (take-make-
dispose) and have well-known negative environmental impacts, such as water, soil and air 
pollution, biodiversity loss, and greenhouse gas (GHG) emissions (Meijaard et al., 2020). 
Therefore, a recognised significant challenge is to reduce environmental impacts and 
enhance the sustainability of the palm oil industry by integrating the concept of circular 
economy in operation.

Studies of life cycle assessment (LCA) have been conducted on crude palm oil (CPO) 
production, FFB processing, biogas production from POME, and EFB composting. Aziz 
and Hanafiah (2020) and Harsono et al. (2014) emphasised the importance of biogas from 
POME anaerobic digestion as a sustainable energy source and a proper waste management 
approach. Schmidt and De Rosa (2019) highlighted that POME contributes significantly to 
methane emission in the palm oil mill stage. Composting EFB with POME is an efficient 



4577Technology‑based comparative life cycle assessment for palm…

1 3

way of reducing greenhouse gases (GHG) emissions in the oil palm industry (Baron et al., 
2019 and Norhasmillah et al., 2013). Stichnothe and Schuchardt (2011) reported that emis-
sions from EFB and POME in open ponds contribute 77% of the total global warming 
potential (GWP) in a worst-case scenario of life cycle assessment compared to that of plan-
tation, palm oil mill, and transportation stages. Similarly, Chanlongphitak et  al. (2015) 
carried out a life cycle assessment of EFB utilisation for power plants; EFB utilisation 
contributed over 60% of total GWP compared to oil palm plantation, CPO extraction and 
transportation. Rasid et al. (2013) reported that bio-oil production and utilisation for power 
generation contribute approximately 80% of CO2 in tonne per ha/year compared to oil palm 
plantation stage, palm oil mill, and transportation in a life cycle assessment, in which EFB 
and PKS were used in pyrolysis, but POME treatment was not included.

Schmidt and Rosa (2020) reported that the Roundtable on Sustainable Palm Oil certifi-
cation (RSPO) of bleached and deodorised palm oil could lead to multiple benefits, includ-
ing less land-use change, GHG emissions reduction, peat soil conservation, and more 
biogas captured from POME. Nasution et al. (2018) compared different EFB and POME 
treatment technologies. The technologies are POME in open ponds with EFB dumping, 
composting EFB with raw POME, composting EFB with POME digestate, while biogas 
from POME anaerobic digestion is captured. Others include applying POME anaerobic 
digestate, dumping EFB on land and biogas capture from POME while using membrane 
technology to recover and recycle water from POME. The use of digestate in EFB com-
posting resulted in less GWP than other technologies.

Other life cycle assessment studies investigated FFB production from continued land 
use (Zulkifli et al., 2010), refined palm oil production and fractionation (Tan et al., 2010), 
oil palm seedling production (Muhammad et al., 2010), and production of oil palm seeds 
(Muhamad et  al., 2014). Anyaoha and Zhang (2021) reported a first-kind-of life cycle 
inventory of different levels of technologies in the oil palm industry, giving more insight 
into the influence of technology application on emissions. This is particularly important 
as existing studies have not reported the impact of technologies (applied by large- and 
small-scale mills) on environmental emissions using life cycle assessment, covering tra-
ditional and industrial processing methods in palm oil production. Some studies reported 
technological differences, underling the importance of producing capacity and waste gen-
eration and utilisation in the oil palm industry (Anyaoha et  al., 2018; Izah & Ohimain, 
2015; Ohimain & Izah, 2014, 2015). Technology-based comparative life cycle assessments 
like this work have not been done yet to the best of our knowledge. Specifically, this work 
aims to further investigate the “hotspots” of environmental impacts in palm oil production 
based on Anyaoha and Zhang (2021), assuming that different levels of technologies are 
applied in other countries. This study’s results are expected to provide a handy reference to 
assist the sustainable energy transition in Nigeria’s and other parts of sub-Saharan Africa’s 
oil palm industry to mitigate climate change, enhance sustainability, and form a cleaner 
bioeconomy.

2 � Materials and method

Life cycle assessment is widely used to assess the environmental burdens of products, 
processes, and services following standards, specifically ISO 14040 and 14,044 (ISO, 
2006a and 2006b), thus an essential tool to provide evidence for supporting decision-
making. The phases of LCA include (i) definition of the goal, scope, functional unit, and 
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boundary conditions; (ii) life cycle inventory analysis (LCI); (iii) life cycle impact assess-
ment (LCIA); and (iv) life cycle interpretation, and reporting. In the following sections, 
the study’s goal, functional unit, and boundary conditions are specified in Sect. 2.1; life 
cycle inventory in Sect.  2.2 covers the design of flow diagrams, data collection, alloca-
tion and final calculations; life cycle assessment in Sect. 2.3 refers to the modelling work 
using inventory data under different impact categories, followed by sensitivity analyses in 
Sect. 2.4 and specification of limitations in Sect. 2.5.

2.1 � Scope and goal definition

We use a gate-to-gate approach in this study, which includes reception of the FFB, sterili-
sation and threshing of bunches, digestion of fruits, oil extraction, palm nut/fibre separa-
tion, cracking of palm nut, palm kernel shell/palm kernel separation, oil clarification, and 
the fate of solid and liquid wastes. In small-scale mills, the bunches are quartered before 
threshing; fruits are sterilised in semi-mechanised mills but cooked/boiled in smallholder 
mills. Alternative solid and liquid waste management scenarios were analysed for both 
large-scale and small-scale mills. The study goal is to compare the environmental impacts 
of different techniques applied in Nigeria’s oil palm industry in a gate-to-gate life cycle 
assessment. The functional unit describes the product or service to be used in the life cycle 
assessment. Therefore, the system boundary covers the processing of fresh fruit bunch, 
from the reception of a functional unit of one tonne (1t) fresh fruit bunch to processed palm 
oil product. All inputs and outputs data were allocated to the functional unit according to 
ISO 14040 and 14,044 specifications.

Two scenarios were considered for large-scale mills: using raw POME in EFB com-
posting (Scenario L.1) and generating biogas using POME, while the digestate provides 
moisture for EFB composting (Scenario L.2). In the second scenario (L.2), part of the cap-
tured biogas substitutes diesel in the boiler start-up. In small-scale mills, replacing die-
sel with biogas (Scenario S.3) was proposed. The intervention related to the utilisation of 
the remaining biogas was not included. Figure 1 shows a representative process flow with 
boundary conditions for the three types of mills.

2.2 � Life cycle inventory

This study is a continuation of the work of Anyaoha and Zhang (2021), which documented 
life inventories of FFB processing by the large-scale, semi-mechanised, and smallholder 
mills in Nigeria. In addition to the inventories of large-scale, semi-mechanised, and small-
holder mills calculated in Anyaoha and Zhang (2021), inventories of the proposed three 
scenarios have been calculated as explained below with the sources of data referenced. 
Table 1 shows the input energy and material mass balance for a tonne of FFB as reported 
by Anyaoha and Zhang (2021). A proposed 10 tonnes of FFB per day mill for the small-
scale processors will substitute all fossil fuel (diesel) with biogas from POME anaerobic 
digestion and increase stakeholders’ capacity through a cluster system where they can 
share the same facilities for processing FFB. The proposed cluster system for small-scale 
mills (scenario S.3) includes the mill unit (stripper, digester, clarifier, boiler, and cracker), 
POME anaerobic digester, and biogas engine for electricity generation, while the extra bio-
mass sold to independent power producers, which will substitute either natural gas or die-
sel used in electricity generation in Nigeria. However, this displaced electricity and the 
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of SO2 and NOx from the combustion of 5.13 kg methane were estimated using 0.018 g 
and 0.2 g per energy input at 100% efficiency. The emission of N2O at 0.0015 kg per t FFB 
remains unchanged (Schmidt, 2007).

The composting operation includes size reduction of EFB using a cutting mill, forming 
longitudinal heaps, turning the heaps for aeration and mixing, applying POME to balance 
moisture content and C:N ratio, and screening the finished compost. The shredder, pump, 
screening device can be operated using electricity from the mill, while the turning device is 
powered using a diesel engine. Baron et al. (2019) reported the following ranges: compost-
ing processes (28 to 120 days), turning frequency (every two days to every 40 days), and 
POME/EFB ratio (0.25 to 0.65 m3 per t), while Stichnothe and Schuchardt (2010) reported 
that up to 3.5 m3 of POME could be used for EFB composting.

Yoshizaki et al. (2012) reported diesel consumption of 2.8985 L per t EFB or 0.667 L 
of diesel per t FFB used to operate tractor, turner, wheel loader and forklift. There was no 
specific mention of how much diesel was consumed by each machinery. The applied values 
for diesel consumption are shown in Table 2.

Electricity consumptions for the scenarios were taken from Nasution (2018), as shown 
in Table 2. Baron et al. (2019) reported that 51% of EFB resulted in compost. We assumed 
the effects of POME sludge on the mass of compost to be negligible. The emissions from 
diesel combustion for composting were estimated based on the method explained in Anya-
oha and Zhang (2021).

Methane, formed in the anaerobic section, is usually oxidised in the aerobic section of 
the composting. N2O emissions range from 0.5 to 5 per cent of initial nitrogen content 
(IPCC, 2006). We apply the values estimated by Hellebrand (1998) in this study. They 
(Table 3) were used for both EFB composting with raw POME and POME digestate.

Table 4 and 5 summarise the input and output parameters and their diesel consumptions 
of three scenarios.

2.3 � Life cycle impact assessment

Gabi Education software (Sphera, Germany) was used to analyse inventory data with 
Ecoinvent 2.0 and GaBi 9.2.1.68 Education databases providing background data. The 
impact category indicators were calculated using ReCiPe 2016 method. The evaluated 
ReCiPe 2016 impact categories at the midpoint level include climate change (CC), fine 
particulate matter formation (PMF), freshwater ecotoxicity (FWE), human carcinogenic 
toxicity (HTC), human non-carcinogenic toxicity (HTNC), marine ecotoxicity (ME), photo-
chemical ozone formation, ecosystems (POF, E), photochemical ozone formation, human 

Table 2   Electricity and diesel consumption for composting in the two scenarios

Scenario L.1 raw POME and EFB composting; Scenario L.2 biogas from POME, digestate and EFB com-
posting. POME-palm oil mill effluent

Scenario L.1 Scenario L.2

Nasution 
et al. (2018)

Yoshizaki 
et al. (2012)

Applied Nasution 
et al. (2018)

Yoshizaki 
et al. (2013)

Applied

Electricity (kWh) 1.388 – 1.388 2.128 – 2.128
Diesel (l) 0.3 0.667 0.484 0.3 0.795 0.548
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Table 3   Emissions from EFB 
composting applied in scenarios 
L.1 and L.2

* Unpublished data—part of Anyaoha et  al. (2020); **Hellebrand 
(1998), Scenario L.1 raw POME and EFB composting; Scenario L.2 
biogas from POME, digestate and EFB composting. POME—palm oil 
mill effluent

Composition * Values Empty fruit 
bunch at 
301.8 kg (g)(%w/w) g/kg

Carbon 37.50 375 113,175
Nitrogen 0.40 4 1207.2
Emissions**
Methane 1.70 6.38 1923.98
Carbon monoxide 0.04 0.15 45.27
Ammonia 1.20 0.05 14.49
Carbon dioxide 81 303.75 91,671.75
Dinitrogen oxide 0.50 0.02 6.036

Table 4   Input and output parameters for the three scenarios

Scenario L.1 raw POME and EFB composting; Scenario L.2 biogas from POME, digestate and EFB com-
posting; Scenario S.3 use biogas to substitute diesel. POME—palm oil mill effluent

Parameter Scenario L.1 Scenario L.2 Scenario S.3

Electricity consumed by transfer pump of POME (kWh) 5.706 5.706
Methane captured from POME reactor (kg) 6.03 6.03 6.03
Electricity to composting (kWh) 4.997 7.6608
Electricity to Mill (kWh) 85.5 85.5 85.31
Diesel consumed during composting (MJ) 17.4 19.7
Methane emissions at aerobic treatment stage (kg) 5.1 × 10–1 5.1 × 10–1

Total electricity available from methane (kWh) 111.24
Compost (kg) 153.918 153.918
Digestate (kg) 522.66 428.58
Methane burned at start-up (kg) 3.3 × 10–1

Methane emissions at generator point (kg) 7.7 × 10–2

Emission from incomplete flaring (kg) 4.5 × 10–1 4.5 × 10–1

Emissions from gas engine
Dinitrogen monoxide (kg) 1.5 × 10–3 1.5 × 10–3

Nitrogen oxides (kg) 3.34 × 10–3 5.17 × 10–2

Sulphur dioxide (kg) 3.01 × 10–4 4.65 × 10–3

Emissions from composting process
Methane (kg) 1.92 1.92
Carbon monoxide (kg) 4.5 × 10–2 4.5 × 10–2

Ammonia (kg) 1.4 × 10–2 1.4 × 10–2

Dinitrogen oxide (kg) 6.0 × 10–3 6.0 × 10–3
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health (POF, H), stratospheric (ozone) depletion (OD), terrestrial acidification (TA), terres-
trial ecotoxicity (TE), and marine eutrophication (MEP).

2.4 � Sensitivity analysis

With the same functional unit of 1-tonne FFB, we used sensitivity analysis to determine 
the significance of the assumptions by varying inputs. The results of the input and output 
ranges are comprehensively presented in Anyaoha and Zhang (2021). We also used sen-
sitivity analysis to assess input parameters such as diesel, biomass, and POME on impact 
categories using Gabi software. The minimum electricity requirement per t FFB was con-
sidered in terms of biomass use. The minimum water requirement was also considered 
since POME is dependent on water use.

Diesel consumptions for the large-scale, semi-mechanised, and smallholder mills were 
increased by 50 and 75%. For the large-scale mills’ biomass use, in the first case (Large-70), 
50% of PKS, 70% of MF, and 75% of EFB (same as average values from Chavalparit et al. 
(2006), Schmidt (2007), and Yoshizaki et al. (2012)) were used. In the second case (Large-
50), 50% PKS, and 50% MF and the same 75% EFB were used. The value of water decreased 

Table 5   Emissions from diesel combustion for scenario L.1 and L.2

Scenario L.1 raw POME and EFB composting; Scenario L.2 biogas from POME, digestate and EFB com-
posting. POME—palm oil mill effluent

Parameters Scenario L.1 (kg) Scenario L.2 (kg)

Carbon dioxide 1.29 1.46
Methane 1.70 × 10–4 2.00 × 10–4

Dinitrogen monoxide 1.00 × 10–5 1.20 × 10–5

Nitrogen oxides 5.30 × 10–3 6.00 × 10–3

Carbon monoxide 1.60 × 10–3 1.80 × 10–3

Non-methane volatile organic compound 3.50 × 10–4 3.90 × 10–4

Sulphur oxides 1.60 × 10–3 1.90 × 10–3

Total suspended particulates 3.70 × 10–4 4.10 × 10–4

Particulate matter (PM10) 3.70 × 10–4 4.10 × 10–4

Particulate matter (PM2.5) 3.10 × 10–4 3.50 × 10–4

Lead 1.39 × 10–7 1.58 × 10–7

Cadmium 2.61 × 10–9 2.96 × 10–9

Mercury 1.74 × 10–9 1.97 × 10–9

Arsenic 8.70 × 10–9 9.85 × 10–9

Chromium 1.70 × 10–7 1.97 × 10–7

Copper 5.22 × 10–8 5.91 × 10–8

Nickel 2.20 × 10–6 2.46 × 10–6

Selenium 1.74 × 10–9 1.97 × 10–9

Zinc 3.13 × 10–7 3.55 × 10–7

Benzo (a) pyrene 3.31 × 10–11 3.74 × 10–11

Benzo (b) fluoranthene 2.61 × 10–10 2.96 × 10−`10

Benzo (k) fluoranthene 2.96 × 10–11 3.35 × 10–11

Indeno (1,2,3-cd) pyrene 2.61 × 10–11 2.96 × 10–11
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by 30% and with 64.5% as POME. The second case was a further reduction of POME by 50% 
only.

In semi-mechanised mills, EFB was reduced by 50% (Semi-50) for steam generation 
according to Ohimain and Izah (2015) and open-incineration of the excessive biomass. 
Another scenario was the sale of excessive biomass (Semi-50 N) and using 50% of EFB as 
fuel. A 30% water reduction with 64.5% of water as POME and a 50% reduction in POME 
only were considered.

For smallholder mills, 17% of EFB, 29% of MF, and 4% of PKS, as reported by Ohimain 
and Izah (2014), were used with open-incineration of the remaining biomass (Small-25) and 
without open-incineration (Small-25  N). As Anyaoha and Zhang (2021) explained, water 
requirement was considered regarding POME, which was reduced by 50 and 75%.

2.5 � Assumptions and limitations/constraints

•	 The life cycle assessment is a gate-to-gate approach and does not reflect the total emis-
sions of palm oil production (from planting to distribution).

•	 We assumed that within the functional unit, all generated POME was used in composting 
EFB. There might be variations, especially the peaks of dry and wet seasons, when evapo-
ration is at its highest and lowest rate, respectively.

•	 The return of compost to plantation, building, machinery, and transportation was excluded.
•	 The composting sites are located close to the palm oil mills

The Gabi software used in this study is developed in Europe. However, where possible, we 
adapt the input data using the actual situation in Nigeria. Where not possible, we referred to 
the available generic data.

3 � Results

3.1 � Life cycle inventory

The material inputs and outputs for the large-scale, semi-mechanised, and smallholder mills 
have already been presented in Anyaoha and Zhang (2021). Other inventories, including the 
scenarios, are in Tables 3, 4, and 5.

3.2 � Life cycle impact assessment

The environmental impacts of the large-scale, semi-mechanised and smallholder systems are 
presented below, followed by the three scenarios. Figure 2 shows the relative contributions of 
the mills to different impact categories. In contrast, Figs. 3, 4, and 5 show the contributions of 
various units (milling, biomass treatment, and POME treatment) to the impact categories in 
the life gate-to-gate analysis.

3.2.1 � Climate change

The climate change effect is expressed in kg CO2-eq; it quantifies the impact of GHG, 
including CO2, methane, and nitrogen oxide, on global temperature change (Huijbregts 
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et al., 2017). The large-scale mills emit 468 kg CO2-eq per t FFB to the atmosphere, while 
semi-mechanised and smallholder mills emit 162 and 158 kg CO2-eq per t FFB, respec-
tively (Fig. 3a). The results imply that large-scale mills contribute 65% more than semi-
mechanised and smallholder mills. POME makes up 48% of the impact in large-scale mills, 
while 40% is from EFB dumping. Emissions from the biomass open-burning in semi-
mechanised and smallholder mills contribute 64% and 66% of the total emission amount. 
Though the emissions may not be avoidable when the biomass is used in power plants, 
their combustion can substitute fossil fuel consumption. The proposed two scenarios in 

Fig. 2   Relative contributions of large-scale, semi-mechanised, and smallholder mills to the different impact 
categories. CC–climate change, PMF–fine particulate matter formation, FWE—freshwater ecotoxicity, 
HTC— human carcinogenic toxicity, HTNC—human non-carcinogenic toxicity, ME—marine ecotoxicity, 
POFE—photochemical ozone formation, ecosystems, POFH—photochemical ozone formation, human 
health, SD—stratospheric depletion, TA—terrestrial acidification, TE—terrestrial ecotoxicity, ME—marine 
eutrophication, and MEP—marine eutrophication

Fig. 3   Environmental contributions by different units from each processor: a climate change, b fine par-
ticulate matter formation, c freshwater ecotoxicity, and d marine ecotoxicity. POME—palm oil mill effluent
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Fig. 4   Environmental contributions by different units from each processor: a Terrestrial ecotoxicity, b 
human toxicity, cancer, c human toxicity, non-cancer, and d stratospheric depletion. POME—palm oil mill 
effluent

Fig. 5   Environmental contributions by different units from each processor: a Photochemical ozone forma-
tion, ecosystem, b photochemical ozone formation, human health, c terrestrial acidification, and d marine 
eutrophication. POME—palm oil mill effluent
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large-scale mills considerably decreased the global warming impact. Scenario L.1 low-
ers the emissions from large-scale mills to 128 kg CO2-eq per t FFB, while scenario L.2 
reduces it to 158 kg CO2-eq per t FFB. On the other hand, scenario S.3 decreased small-
scale mills’ emission to 89 kg CO2-eq per t FFB.

3.2.2 � Fine particulate matter formation

Fine particulate matter formation is expressed in kg PM2.5-eq. It describes the change in 
ambient concentrations of components consisting of NH3, NOx, SO2, organic chemicals, 
metals, and soil or dust particles. The large-scale, semi-mechanised, and smallholder mills 
yield 0.9, 2.8 and 3.1 kg PM2.5-eq. to PMF, respectively (Fig. 3b). This represents 70 and 
72% more outputs of PMF from semi-mechanised and smallholder mills than the large-
scale mills, respectively. Substituting diesel with biogas in small-scale mills (scenario S.3) 
decreased the output to 0.8 kg PM2.5-eq. There were no changes in PMF because of sce-
narios L.1 and L.2.

3.2.3 � Ecotoxicity

The ecotoxicity, which includes terrestrial, freshwater, and marine ecotoxicity, describes 
the effects of toxic substances on diverse ecosystems (Acero et  al., 2017). The impact 
categories are measured in 1,4-dichlorobenzene equivalent (kg 1,4-DCB eq.). The semi-
mechanised and small-scale mills contribute comparably 43 kg 1,4-DCB eq. to freshwater 
ecotoxicity, while the large-scale mills contribute less than 1 kg 1,4-DCB eq. (Fig. 3c). The 
effects on marine and terrestrial ecotoxicity are shown in Figs. 3d and 4a. Almost all the 
ecotoxicity impacts are from biomass open-incineration in the small-scale mills. Scenario 
S.3 decreased the contributions to terrestrial, freshwater, and marine ecotoxicity to 457, 
0.015, and 0.36 kg 1,4-DCB eq., respectively. These represent significant reductions com-
pared to the values from semi-mechanised and smallholder mills, as shown in Figs. 3c, 3d, 
and 4a, because of the avoided emissions from biomass open-incineration. There were no 
notable changes in the contributions to terrestrial ecotoxicity between large-scale mills and 
scenarios L.1 and L.2.

3.2.4 � Human toxicity

Human toxicity (cancer and non-cancer) relates to the potential harm of a unit of chemi-
cal released into the environment (Acero et al., 2017). It is measured in kg 1,4-DCB eq. 
The semi-mechanised and smallholder mills lead to 243 kg 1,4-DCB eq. more to human 
toxicity (cancer) and 95,200  kg 1,4-DCB eq. more to human toxicity (non-cancer) than 
large-scale mills (Figs. 4b and c). The contribution to human toxicity (cancer) decreased to 
0.012 kg 1,4-DCB eq. in scenario S.3, while that of human toxicity (non-cancer) dropped 
to 29.2 kg 1,4-DCB eq. There were no changes in the values of the large-scale mills and 
scenarios L.1 and L.2.

3.2.5 � Stratospheric (ozone) depletion

The stratospheric ozone depletion, expressed in kg CFC-11  eq., quantifies the effects of 
substances like chlorofluorocarbon, halons, and hydrochlorofluorocarbons on stratospheric 
ozone concentration, which leads to a higher amount of ultraviolet (UV) light entering the 
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earth’s atmosphere (Acero et al., 2017; Huijbregts et al., 2017). The semi-mechanised and 
smallholder mills lead to 72% more ozone harmful substances than the large-scale mills 
(Fig. 4d). Effects of Scenario S.3 on stratospheric depletion decreased by 74%, while Sce-
nario L.1 increased stratospheric ozone depletion by 19%.

3.2.6 � Photochemical ozone formation

Human health ozone formation and ecosystem ozone formation are quantified in kg NOx-
eq. They describe the changes in ambient concentration of ozone due to emissions of pre-
cursor substances such as nitrogen oxides (NOx) and volatile organic compounds. The 
reaction can be aided by the presence of carbon monoxide (CO), sulphur dioxide (SO2), 
nitrogen oxide (NO), ammonium and non-methane volatile organic compounds (Acero 
et al., 2017; Frischknecht et al., 2007; Huijbregts et al., 2017). The large-scale, semi-mech-
anised, and smallholder mills lead to 0.88, 2.21, and 2.19 kg NOx-eq. to ecosystem ozone 
formation, respectively (Fig. 5a). In terms of POF, H, large-scale, semi-mechanised, and 
smallholder mills lead to 0.71, 2.01 and 2.0 kg NOx-eq., respectively (Fig. 5b). Scenario 
S.3 contributes 0.86 and 0.71 kg NOx-eq. to POF, E and POF, H, respectively. Scenarios 
L.1 and L.2 have almost the same ecosystem ozone formation and human health ozone for-
mation (0.88 and 0.72 kg NOx-eq.).

3.2.7 � Terrestrial acidification

Terrestrial acidification is expressed in kg SO2-eq. It describes the changes in acid deposi-
tion due to emissions of NOx and SO2. An example is the formation of acid rain when SO2 
reacts with water. The semi-mechanised and smallholder mills contribute about 58% more 
to terrestrial acidification than the large-scale mills (Fig. 5c). The open-incineration of bio-
mass contributes more than 70% of the total value in small-scale mills. With the proposed 
scenario S.3 for small-scale mills, the TA decreased to about 0.2 kg SO2-eq, representing a 
68% decrease. TA decreased by less than 16% in both scenarios L.1 and L.2.

3.2.8 � Marine eutrophication

Marine eutrophication, measured in kg N eq., relates to the response of the marine eco-
system to increased emissions of nutrients (e.g. nitrogen) to oceanic waters (Cosme et al., 
2017). The contributions of semi-mechanised and smallholder mills to MEP are shown in 
Fig. 5d. Large-scale mills have zero contribution. We assumed that POME in large-scale 
mills stays in the pond; the effects of disposal later in farm fields was not considered in 
this work. However, in small-scale mills, POME disposal in agricultural land contains high 
nitrogen and phosphorus, leading to high MEP, as shown in Fig. 5d. No MEP was recorded 
in all proposed scenarios, which did not account for the disposal of POME in the agricul-
tural land.

3.3 � Sensitivity analysis

Figure 6 presents the line charts of the sensitivity analyses. In large-scale mills, a higher 
diesel consumption by 50 and 75% would increase impacts of all categories by < 2%. In 
the case of Large-70, climate change and other impact categories will lower by 14% and 
37%, while FEW and CC will decline to 50% and 16% in the case of Large-50. With a 30% 
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reduction in water and 64.5% POME, CC will reduce by 26% and other impact categories 
by < 8%. Further decrease in POME by 50% will lead to a 32% decrease in CC and < 13% 
in PMF, OD and TA (Fig. 6a). There is no change in other impact categories.

Like large-scale mills, an increase in diesel consumption by 50 and 75% in semi-mech-
anised mills increases all impact categories by < 10% (Fig. 6b). With the Semi-50 scenario, 
a 31% increase in FWE, HTC, HTPNC, MEP, and TE is recorded, while others increase 
by < 14% (Fig. 6b). The Semi-50 N results in > 78% reduction in all impact categories. In 
the case of a 30% reduction in water with 64.5% as POME, or only a 50% reduction in 
POME, the analyses indicate increases of FWE, HTC, ME and HTPNC by < 1%, while oth-
ers decrease by 10% in both cases, except for MEP (30 and 50%).

Small-25 results in an increase in all impact categories ranging between 4 and 37% 
except PMF, which decrease by 8% (Fig.  6c). Small-25  N results in > 83% reduction in 
all impact categories. The decrease of POME by 50% reduces MEP and PMF by 30% 
and 16%; other impact categories decrease by < 6%. (Fig.  6c). POME reduction by 75% 
decreases MEP, PMF and the others by 50, 16 and < 10%, respectively. The increase in die-
sel consumption by 50 and 75% results in a < 6% increase in all impact categories except 
PMF, which decreases by 16%.

Fig. 6   Line chart for different options of biomass utilisation in a sensitivity analysis. a Large-70–50% palm 
kernel shell, 70% mesocarp fibre, and 75% empty fruit bunch; Large-50–50% palm kernel shell, 50% meso-
carp fibre, and 75% empty fruit bunch. b Semi-50–50% empty fruit bunch with open-incineration, Semi-
50 N–50% empty fruit bunch without open-incinerations. c Small-25–17% empty fruit bunch, 29% mes-
ocarp fibre, and 4% palm kernel shell with open-incineration, Small-25  N–17% empty fruit bunch, 29% 
mesocarp fibre, and 4% palm kernel shell without open-incineration
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4 � Discussion

Technology plays an essential role in reducing environmental impacts resulting from 
industrial activities like palm oil production. The low level of applied technology and lit-
tle investment in the small-scale palm oil industry characterise a higher diesel consump-
tion and biomass open-incineration in Nigeria. These practices lead to various harmful 
emissions, including GHG. Factors of technology and capacity need to be considered in 
reducing environmental impacts. The use of biogas to substitute diesel (Scenario S.3) 
showed reductions in most impact categories because emissions were avoided from diesel 
consumption, open-incineration and POME disposal. In large-scale mills, storing POME 
in ponds buys time, enabling water evaporation, solid sludge formation, and emissions of 
GHG, hydrogen sulphide, and ammonia.

The main contributors to CC in the large-scale mills are EFB dumping and POME in 
the pond. As shown in Fig. 3, EFB dumping and POME in the pond contribute 185 and 
223 kg CO2-eq per t FFB, respectively. Our results are of a similar magnitude to previous 
studies. Nasution et al. (2018) reported 230 and 140.84 kg CO2-eq per t FFB, while Stich-
nothe and Schuchardt (2011) reported 220 and 120 kg CO2-eq per t FFB for EFB dumping 
and POME in the pond, respectively.

The main contributing factor to PMF is particulates during biomass combustion in the 
boiler or open-incineration. The higher values recorded in semi-mechanised and small-
holder mills than large-scale mills demonstrate the influence of biomass open-incineration, 
which decreased considerably in Scenario S.3 without biomass open-incineration. The 
contribution from biomass open-incineration is more than 50% of total PMF in both semi-
mechanised and smallholder processors. Schmidt and Rosa (2020) reported that particu-
lates emitted from the palm oil mill boilers contribute to PMF.

Specifically, open-incineration of biomass in semi-mechanised and smallholder mills 
contributes more to climate change, fine particulate matter formation, freshwater ecotox-
icity, human carcinogenic toxicity, human non-carcinogenic toxicity, marine ecotoxic-
ity, photochemical ozone formation, ecosystems, photochemical ozone formation, human 
health, stratospheric depletion, terrestrial acidification, terrestrial ecotoxicity, except 
marine eutrophication. This is demonstrated by the increases in all impact categories with 
semi-50 and Small-25 except PMF, which decreases by 8% in smallholder mills. Open-
incineration of biomass has no economic benefit to processors and contributes more to 
the impact categories. Compared to large-scale mills, small-scale mills are more sensitive 
to changes in diesel consumption. This is particularly true because of their dependence 
on diesel. In terms of POME reduction, smallholder and semi-mechanised processors are 
more sensitive to MEP (an increase of at least 30%). However, the values of MEP in both 
systems are < 1 kg N eq. It should be noted that water use cannot be reduced below the 
minimum requirement. Additionally, scenario S.3 demonstrates that all impact categories 
except CC decreased by 60% with semi-mechanised and smallholder mills. In general, sub-
stituting diesel with biogas reduces all impact categories by at least 40%. Therefore, there 
is a need for an economic assessment of this option.

The impacts of large-scale mills appear to be less sensitive to an increase in diesel 
use. This is particularly true with CC since EFB dumping and POME in the pond con-
tribute 88% of the total impact. A similar result is recorded with a reduction in biomass, 
which demonstrates that CC is less sensitive to both options in the sensitivity analysis 
when compared to other impact categories. However, CC was more sensitive to changes 
in POME than other impact categories, in line with the high share of POME in total CC. 
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Therefore, biogas generation using POME or direct composting with EFB in Scenar-
ios L.1 and L.2 appears good options for reducing environmental impacts of the large-
scale mills, particularly to mitigate CC. Scenarios L.1 and L.2 demonstrate the positive 
effects of composting EFB with either raw POME or digestate. The valuable methane 
collected during anaerobic digestion reduces the carbon footprint by substituting fossil 
fuel. Therefore, economic assessment between the different options to manage EFB and 
POME becomes vital. Replacing part of the biomass with biogas produced from POME 
offers another opportunity to improve the industry’s circularity and sustainability that 
needs to be further investigated in economic terms. Moreover, the challenges of man-
aging POME and EFB are somewhat connected since the sterilisation of EFB contrib-
utes > 28% of the total POME generated.

There have been discussions on the use of microwave to sterilise EFB. The suc-
cessful deployment of the technology will reduce the amount of generated POME and 
improve the characteristics of EFB as fuel, which might bring added benefits to the pro-
cessors. Cheng et  al. (2011) demonstrated that microwave pretreatment of palm fruits 
resulted in a very low FFA content (0.26%) and moisture (0.05%). Nokkaew and Pun-
suvon (2014) reported products with 84.14% oil content, 8.49% moisture, 2.36 Deterio-
ration of Bleachability Index, 882.55 ppm carotene content, and 3.40% FFA. Although 
3.40% FFA is high, it is still below the threshold (5%). Both studies used at least 800 W 
of power and microwave-treated palm fruits. The challenge remains the feasibility of 
microwave pretreatment in terms of power requirement. This is important because steam 
sterilisation of FFB enables the detachment of palm fruit from the FFB spikelets in 
addition to cooking the fruits.

While PKS, MF, and EFB can be used as fuel in small-scale mills, it is crucial to men-
tion the low-quality oil produced by small-scale processors due to the delay in process-
ing the fruits. However, local consumers have reported a preference for oil taste with high 
FFA. The challenge remains the choice between taste and health. Most importantly, any 
effort to improve the technology and capacity of small-scale mills should consider balanc-
ing biomass use as fuel and quality of oil products, especially when using EFB as fuel. 
The challenge remains to sterilise fruits from FFB with little or no steam. In terms of envi-
ronment, Wiloso et al. (2014) ranked the use of EFB as mulch better than conversion to 
either compost, ethanol, treatment in an incinerator, or direct sell as co-products. Other 
options reported include the generation of electricity through EFB gasification (Siregar 
et  al., 2020), EFB pyrolysis (Rasid et  al., 2013), and EFB combustion (Chanlongphitak 
et al., 2015).

Another disadvantage of small-scale mills in Nigeria is their lower yield of CPO per t 
FFB. Schmidt and Rosa (2020) reported that higher yields of CPO per t FFB and share of 
biogas capture in POME treatment facilities benefit RSPO certified production. For the 
large-scale mills, improved biogas capture technology will lead to decreased CH4 emis-
sions. Small-scale mills have a lower yield of CPO per t FFB than large-scale mills due 
to the processing method. FFB yield is an outcome of inputs in oil palm plantation, while 
CPO is associated with FFB processing at the mill. A lower FFB yield negatively affects 
the share of palm oil products from these mills in the market, and more hectares of land are 
needed per t FFB. Conversion of regional rain forests to oil palm plantations will substan-
tially affect biodiversity, food security, climate change, land degradation, and livelihoods. 
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Additionally, lower CPO yield fails to cover the demand–supply gap in Nigeria’s palm oil 
market, which leads to palm oil imports from Malaysia and Indonesia. Palm oil production 
on peatlands in Indonesia and Malaysia causes a massive, unsustainable land-use change 
(Dohong et al., 2018; Hashim et al., 2018), thus contributing considerably to GWP.

It is worth noting that quartered EFB needs to be stored and dried in small-scale mills 
due to low production capacity. The scalability of this system may come with disproportion-
ate costs to the processors. It is thus vital to compare the environmental impacts of EFB as 
either fuel or manure. Circular economy application in the palm oil industry should not focus 
on finding a use for every by-product or residue; it is more meaningful to eliminate/reduce 
the environmental effects of the products and identify the opportunity to close energy and 
resource loop where technically feasible and economically profitable. This is only possible 
through redefining and optimising the production processes and related technology. For exam-
ple, integrating less water consumption, reuse/recycle of EFB and POME processes as demon-
strated in the scenarios.

Table 6 presents previous studies on life cycle assessments of FFB processing. Stichnothe 
and Schuchardt (2011) considered returning compost to oil palm plantations to replace fer-
tiliser. While this study considers technologies of palm oil mills and the fate of POME and 
EFB, Stichnothe and Schuchardt (2011) and Nasution et al. (2018) included oil palm planta-
tion and composting, respectively.

5 � Conclusion

This study uniquely compares technologies applied by different palm oil mills in Nigeria and 
their environmental impacts, including stratospheric depletion, photochemical ozone forma-
tion, human toxicity, ecotoxicity, fine particulate matter formation, and terrestrial acidification, 
marine eutrophication, and GHG emission on global warming. The results indicate that large-
scale mills perform worse on global warming but better in other investigated impact catego-
ries than small-scale mills, including human toxicity, ecotoxicity, and fine particulate matter 
formation. It is evident from the assessments that biomass utilisation and POME generation 
are the critical hotspots of environmental impacts in palm oil processing. In large-scale mills, 
composting EFB with raw POME and biogas generation from POME could decrease their 
contribution to global warming by 75% and 66%, respectively. Substituting diesel and avoid-
ing biomass open-incineration could reduce the global warming impact of small-scale mills 
by 44%. The positive effects and associated changes in technologies and mill operation require 
concerted efforts by regulation to improve industrial stakeholders’ management practices. Any 
efforts to reduce water consumption and waste disposal will lead to less environmental pol-
lution and less footprint of the palm oil industry. Notably, this work provides insight into the 
need for re-designing and upgrading technology at the level of small-scale mills. It should 
consider integrating “circular economy aspects” like recycling and reusing by-products to 
reduce environmental impacts and increase sustainability. More work is needed to explore, for 
example, the effects of low CPO yield on GHG emissions along the West Africa palm oil belt 
to develop adaptive climate change mitigation measures and sustainable transformation of the 
palm oil industry for a greener economy.
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