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ARTICLE INFO ABSTRACT
Keywords: Biodiesel has the potential to mitigate the fossil fuel-related carbon emission and energy insecurity challenges.
Biodiesel There are limited studies examining the impacts of biodiesel production scales on the environmental impacts,

Rapeseed Oil

Life Cycle Assessment
Global Warming Potential
Sustainable Development

while such information will be valuable for guiding practical system design. This work applied the approach of
life cycle assessment to evaluate the environmental impacts of biodiesel production from rapeseed oil which
accounts for 80% of the European biofuel market. It was shown that the centralized large-scale and localized
small-scale biodiesel production schemes have annual global warming potential (GWP) of 2.63 and 2.88 tCO2-
eq/t biodiesel, where the rapeseed agriculture stage caused more than 65% carbon emissions. Sensitivity analysis
revealed a high dependence of GWP on rapeseed yields, glycerol re-utilization strategy, and nitrogen nutrient in
fertilizer. An alternative scenario was proposed for the large- and small-scale systems that could reduce carbon
emissions by 14.1% and 33.6%.

1. Introduction heating and transportation sectors have caused a paradigm shift towards
alternative energy sources such as biodiesel and bioethanol. Besides

Rising concerns related to greenhouse gases (GHG) including carbon mitigating the global warming potential (GWP) biodiesel showed po-
dioxide (CO5), methane (CH4), and nitrous oxide (N3O) emitted from tential to decrease the sectors’ dependence on fossil fuels during
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political and economic turmoil. In particular, the biodiesel sector in the
UK was constantly uprising with a demand of 126 million litre of bio-
diesel solely for the transportation sector in 2020 (Puricelli et al., 2021).

Biodiesel can be produced from a wide variety of biomass feedstocks
such as algae, raw and waste cooking oil (WCO), food waste, or animal
fats (Schmidt, 2015). However, in UK approximately 50% of the bio-
diesel production was resourced from rapeseed oil (RO) due to its
enhanced cold flow properties and oxidation stability (Malca et al.,
2014), while fitting adequately within the UK and European legislation
of biodiesel usage. There was approximately 331 ha of land used to grow
oilseed rape in the UK (DEFRA, 2020b), which as of 2020 had an average
yield of 2.7 t/ha (DEFRA, 2020a). Due to the opportunities of its culti-
vation strictly for biodiesel production, oilseed rape and raw RO have
experienced significant attention in recent years.

Biodiesel production from RO comprised of salient stages such as
rapeseed agriculture, seed preparation process, oil extraction, and bio-
diesel production (Abbaszaadeh et al., 2012). The production process
relied on the transesterification of vegetable oil with an alcohol in
presence of a base catalyst, producing biodiesel and glycerol (Ste-
phenson et al., 2008). Material and energy flows across each of these
stages ultimately affected the GWP of the whole process and led to
variations of carbon emissions upon different types of deployments. The
whole process also generated by-products which must be disposed of
such as rape straw from agriculture process, rape meal from oil extrac-
tion, and glycerol from biodiesel reactor, that caused additional envi-
ronmental and economic footprints (Stephenson et al., 2008). Hence it is
possible to develop alternative strategies to utilize process by-products
for the reduction of cumulative energy demand (CED) and GWP.

Existing biodiesel life cycle assessment (LCA) literature is mainly
focused on leading biodiesel regions such as the European Union (EU)
(Brinkman et al., 2018; Dufour et al., 2013; Fridrihsone et al., 2020;
Malca et al., 2014; Malca & Freire, 2010), Middle East (Khanali et al.,
2018; Rehan et al., 2018), USA (Chen et al., 2018), China (Syafiuddin
et al., 2020), and India (Bhonsle et al., 2022). Some of these works
quantified a wide range of environmental impact categories such as
GWP, water footprint, land use, acidification potential, ozone formation,
eutrophication, terrestrial ecotoxicity, freshwater ecotoxicity, CED,
human carcinogenic toxicity, abiotic depletion potential, etc. Among
these the most translational categories of interest were GWP and CED
(Firrisa et al., 2014).

A case study for Latvia in Northern Europe showed a seasonal vari-
ation of GWP for rapeseed-based biodiesel production as 1.27 and 1.06
tCO2-eq/tBD for spring and winter, respectively (Fridrihsone et al.,
2020). The highest GWP was contributed by the mineral fertilizer
application and diesel consumption during the agricultural stage. As-
sessments carried out for Portugal applied sensitivity analysis to explore
alternative countries to mitigate GWP and identified environmental
hotspots (Malca et al., 2014; Malca & Freire, 2010). A case study for
Denmark compared rapeseed-based biodiesel production with four other
vegetable oils such as sunflower, palm, soybean, and peanut (Schmidt,
2015). The biodiesels derived from rapeseed and sunflower oils had the
smallest environmental impact. There were several LCA studies in
context of Spain that compared rapeseed biodiesel with Cardoon
(Dufour et al., 2013), sunflower oil, and soybean oil (Gonzalez-Garcia
et al., 2013; Requena et al., 2011). It was showed that the GHG emis-
sions could be reduced by 74% as compared to diesel production from
fossil fuels. A case study for Indian biodiesel production from vegetable
oil showed that the GWP of a conventional process (i.e., at elevated
temperature) was 5 times of a novel room temperature process (Bhonsle
et al., 2022). The reason for this improvement was the reduce of heat
required in the biodiesel production process. For other countries such as
Iran, Saudi Arabia, China, and USA, the state-of-the art in biodiesel
production were reviewed (Chen et al., 2018; Khanali et al., 2018;
Rehan et al., 2018; Syafiuddin et al., 2020).

Although researchers explored alternative geographical locations for
biodiesel development to reduce GWP, the supply-chain policies of
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biodiesel across international borders are perplexing (TE, 2021).
Different countries tend to be independent and self-sustained producers
of biodiesel. The interplay of production technology improvement,
optimal process design and operation, and decentralization in biodiesel
production within a nation can offer significant benefits towards the
mitigation of GWP (Rehan et al., 2018). In particular, the by-product
utilization from the system can significantly vary based on the produc-
tion scale of biodiesel, which could be tuned to effectively mitigate the
overall GWP.

Typically, centralized large-scale biodiesel production plants pro-
duced more than 50,000 tonnes (t) annually, while localized small-scale
systems had production capacities much lesser (Stephenson et al., 2008).
Since the disposal (or reuse) of by-products, transportation distances of
various raw materials (such as reactants, fertilizers etc.), agricultural
land usage, energy usage depend on the scale of the production system,
it was essential to quantify the influences of production scale towards
improved deployment planning. Additionally, the choice of process
operating conditions would affect the overall performance of the system,
which was required to be understood for improved operation planning.

To address these, the present work compared environmental impacts
(CED and GWP) of centralized large-scale and localized small-scale
biodiesel production systems based on raw rapeseed-derived oil. A
detailed life cycle model of various stages ranging from rapeseed agri-
culture to final biodiesel production (cradle to gate) was provided for
the UK (Section 2). The energy and environmental hotspots were iden-
tified across the entire production chain for the baseline scenario (Sec-
tion 3.1). Sensitivity analysis was carried out to assess the influences of
process parameters, by-product usage, and production scales to imply
for mitigation of carbon emissions (Section 3.2). Finally, an alternative
scenario was designed to reduce the GWP of both large- and small-scale
systems (Section 3.3).

2. Materials and methods

The LCA carried out examined the environmental impact of raw
rapeseed-derived biodiesel production schemes with two different ca-
pacities, namely (a) large-scale and (b) small-scale, in the UK. The large-
scale systems were defined to have a production capacity above 50,000 t
of biodiesel (tBD) per annum and received raw RO from an oil extraction
facility supplied with seed from various farms. In contrast, the small-
scale systems had production capacities less than 50,000 t per annum
and are localized, i.e., relied on rapeseed feedstock grown by nearby
farms. According to ISO 14040, a well-defined LCA must have four
stages: (1) defining goal and scope (e.g., functional unit (FU) and system
boundary), (2) life cycle inventory analysis, (3) life cycle impact
assessment, and (4) data interpretation.

2.1. Goal and scope

This work focused on system-level assessment and identified
contribution from sub-processes associated from rapeseed cultivation to
biodiesel production. Therefore, the LCA adopted applies a cradle-to-
gate approach, where the processes beyond the biodiesel factory gate
(i.e., the application of biodiesel) were not considered. 1 tBD produced is
assigned as the FU.

The large-scale production system followed a centralized biodiesel
production concept, where a seed crushing plant in Hull, UK received
raw rapeseed from several farming locations. The location of Hull
facilitated the development of a centralized plant to source rapeseed
from around the UK and satisfied the criteria of handling seed crushing
for more than 50,000 tBD yield (e.g., there has been a seed crushing
plant developed in the city). The transesterification and other related
stages were carried out at a biodiesel production plant located in
Immingham, UK. On the other hand, the location for small-scale bio-
diesel production was Suffolk, UK, an area with leading rapeseed
farming with well-established facilities like self-sustaining rapeseed



R. Gupta et al.

agriculture, seed crushing plant, and on-site biodiesel reactors, which
made it a favourable site for decentralized biodiesel production.

A description of these sub-processes and associated life cycle in-
ventory (LCI) data collection methodologies were described in the Sec-
tion 2.2. Fig. 1 showed the system boundaries of the biodiesel
production schemes. It was assumed that the land used for rapeseed
agriculture would not be used for other farming purposes, therfore
dedicated to rapeseed farming only (Stephenson et al., 2008). As per
Fig. 1 the by-products from both the schemes were (1) rape straw
generated during rapeseed agriculture, (2) rape meal produced in oil
extraction facility, and (3) glycerol generated from the trans-
esterification process. The rape straw, which would otherwise have been
wasted was used as the feedstock to generate thermal and electrical
energy using a biomass boiler. This formed the basis of considering rape
straw-based process heating in the alternative scenario presented in
Section 3.3. Rape meal produced in the oil extraction process was usu-
ally disposed of because of its low calorific value, thus not offering any
economic or energetic value. Glycerol produced from the trans-
esterification process was an essential value-added product. For the
large-scale system it was assumed that the glycerol was supplied to a
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pharmaceutical industry, while for the small-scale system it was sup-
plied to a purification plant. Since the processes are outside the factory
gate, the associated transportation and downstream processes were
omitted from the LCA system boundary.

2.2. Life cycle inventory for baseline scenario

Sequential processes ranging from rapeseed agriculture to biodiesel
production were detailed in this section. An extensive data collection
from literature and communication with several industries were per-
formed to build up a comprehensive LCI scaled as per FU (see Table 1).
Salient stages in the life cycle for large-scale production system included
(a) rapeseed agriculture, (b) seed drying and cooling, (c) oil extraction,
(d) oil refining, and (e) biodiesel production. For the small-scale system
all the stages were present except the oil refining process since the
produced biodiesel was immediately bottled (Stephenson et al., 2008).

2.2.1. Rapeseed agriculture
Several key regions were identified for growing rapeseed in the UK
including the central belt of Scotland, Northern England, Surrey,
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Fig. 1. Detailed process flow for the baseline large-scale (left) and small-scale (right) biodiesel production schemes from rapeseed.
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Table 1

Life cycle inventory for baseline biodiesel production systems with large-scale
and small-scale capacities. The entire life cycle inventory is scaled for the
functional unit i.e., 1 tBD.

Process Parameter Unit Large- Small-
scale scale
Rapeseed Land ha/tBD 0.96 1.15
agriculture Diesel 1/tBD 90 84.1
Nitrogen kg N/tBD 129 172.5
Phorphorus kg P20s/ 69 92
Pentoxide tBD
Potassium Oxide kg K20/ 60 80.5
tBD
Sulfur kg S/tBD 60 80.5
Rapeseed drying Diesel 1/tBD 12.9 17.3
and cooling Electricity kWhr/tBD 52.8 52.8
RO extraction Electricity kWhr/tBD 113.3 150

Thermal energy from  kWhr/tBD 648.6 -

natural gas

Water kg H20/ 2321 —
tBD
Hexane kg CeHy4/ 2.54 -
tBD
RO refining Electricity kWhr/tBD 30.93 -
Thermal energy from  kWhr/tBD 137.2 -
natural gas
Water kg H20/ 112.7 -
tBD
Phosphoric acid kg H3PO4/ 1.06 -
tBD
Sodium hydroxide kg NaOH/ 1.55 -
tBD
Biodiesel Electricity kWhr/tBD 124 939
production Thermal energy from  kWhr/tBD 453.5 -
natural gas
Methanol kg CH3OH/  219.8 252.5
tBD
Sulphuric acid kg HySO4/ 10.4 23
tBD
Potassium hydroxide = kg KOH/ 15.5 16.5
tBD
Water kg H,0/ 200 1136.4
tBD

Suffolk, and the Cotswolds (DEFRA, 2020a). The agricultural methods
were modelled based on the Canola and Rapeseed production guidelines
provided by New Holland Agriculture (NHA, 2016). For adapting these
datasets to the UK context, the Farm management Handbook 2020-2021
was used (Beattie, 2020).

For the large-scale system, the rapeseed agriculture began by sub-
soiling with a diesel consumption of 21 1/ha, conducted in every four
years in UK (Beattie, 2020). Subsequently, ploughing and minimum
light tillage of soil consumed 29.75 and 4.02 1/ha diesel, respectively
(Beattie, 2020). Afterwards, the seeds were sown and rolled onto the
grounds. The seed drilling rate was 6 kg/ha (NHA, 2016) and diesel
consumptions were 9.95 1/ha for drilling and 2.88 l/ha for rolling
(Beattie, 2020). The average distance between seed growing locations
and rapeseed farms was 68.8 km, used to calculate the transportation
emissions. Fertilizers were used twice, while pesticides were applied six
times for each cycle of farming with diesel consumptions 3.14 1/ha and
11.76 1/ha, respectively (Beattie, 2020). Various nutrients present in the
fertilizer were 135 kg/ha Nitrogen, 72 kg/ha Phosphorus Pentoxide
(P20s5), 63 kg/ha Potassium Oxide (K20), and 63 kg/ha Sulphur (NHA,
2016). These quantities were based on a yield of 3.0 t/ha and were
adjusted for the analysis of this work based on a UK rapeseed yield of 2.7
t/ha (DEFRA, 2020a). The average fertilizer transportation distance was
100.6 km based on a fertilizer manufacturing company in the UK. For
harvesting purposes, a combined harvester was assumed with approxi-
mate diesel consumption of 11.63 1/ha (Beattie, 2020). A waste product
of the technique was rape straw that consisted of stalks, pods, and
leaves. Upon being harvested, the straw was removed and either used for
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livestock purposes or permanently disposed. Rapeseed harvesting
generated 9.0 t/ha of straw based on a seed yield of 3.0 t/ha, which was
again scaled for the UK yield of 2.7 t/ha (DEFRA, 2020a).

For the farming associated to small-scale production system, a
company located in Suffolk was selected. To better represent the farming
model and associated parameters in Suffolk, they were altered in
accordance with Canola and Rapeseed production guidelines provided
by New Holland Agriculture (NHA, 2016) and the Farm management
Handbook 2020-2021 (Beattie, 2020). Literature suggested that the soil
conditions in Suffolk area was more fertile than other rapeseed farming
regions in the UK. Various farming processes that occurred in small-scale
production system were seed drilling, crop protection, and harvesting.
All the pre-drilling stages were assumed to be as same as the large-scale
process and the sub-soiling processes was excluded as suggested by the
Farm management Handbook 2020-2021 (Beattie, 2020). Since the soil
in Suffolk was more fertile than other locations in UK, there was an
increase in the germination rate (NE, 2014). Therefore, the seed drilling
rate was lowered to 5 kg/ha with an average seed yield of 3.0 t/ha. The
distances for seed and fertilizer transportation for small-scale system
were 26.1 and 76.2 km, which was considerably less than the large-scale
system. A comprehensive list of process parameters used for the agri-
cultural model were detailed in the Table 2.

2.2.2. Seed drying and cooling

The harvested rapeseed generally contained 12 wt.% moisture (NHA,
2016), which was required to be reduced to 7.5-9 wt.% prior to the oil
extraction process (HGCA, 2006). For both large- and small-scale pro-
duction systems an on-site seed drying process was assumed prior to the
respective oil extraction processes. A grain drier with 12-20 t capacity
(MD, 2017) was selected for the analysis. The dryer ran via a power
takeoff shaft connected to a tractor of minimum 70 HP capacity and
typically consumed 35 1/hr diesel. This corresponded to approximately
5 1 diesel requirement per t of grain (MD, 2017). Following the seed
drying process, a cooling process was required which employed a set of
cooling fans. For both the small- and large-scale systems two fans each of
2.3 kW were considered (P&C, 2021). Typically, grain cooling was
carried out with fans operating for a total of 12 h. Once both the drying
and cooling stages were complete the rapeseed contained 40-44 wt.%
oil, 7.5-9.0 wt.% moisture, and 47-51 wt.% protein (HGCA, 2006).

2.2.3. Oil extraction and refining

For the large-scale oil extraction, the seed crushing plant had a ca-
pacity of 750 t rapeseed per day, which produced 420 t of rape meal and
323 t of RO (Cargill, 2022). The process involved seed cleaning, cooking,

Table 2
Parameters for the agricultural model used for large-scale and small-scale
rapeseed agriculture.

Input quantity Unit Large- Small- Ref.
scale scale

Distance (seed km 68.8 26.1 Calculated
merchant to farm)

Distance (fertilizer km 100.6 76.2 Calculated
merchant to farm)

Grain drilling rate kg/ha 6.0 5.0 (NHA, 2016)

Seed Yield t/ha 2.7 3.0 (DEFRA, 2020a;

NHA, 2016)

Nitrogen kg N/ha 135 150 (NHA, 2016)

Phosphorus Pentoxide kg 72 80 (NHA, 2016)
(P205) P,0s/ha

Potassium Oxide (K,0) kg K,0/ 63 70 (NHA, 2016)

ha

Sulphur (S) kg S/ha 63 70 (NHA, 2016)

Number of fertilizer - 2 2 (Beattie, 2020)
spreads

Number of pesticide - 6 6 (Beattie, 2020)
spreads

Diesel I/ha 94.13 73.13 (Beattie, 2020)
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and flaking followed by a mechanical press that extracted a pre-specified
amount of RO. Subsequently, the rape meal contained 10 wt.% oil,
which further underwent a counter-current solvent extraction process to
reduce the oil content to 2 wt.%. The remainder rape meal contained
20-25 wt.% hexane (CgHj4) which was removed by a steam-operated
desolventizer. The rape meal then was passed through drying and
cooling processes. The extracted oil was further distilled to remove
impurities such as hexane and water. This phase was concluded when a
continuously operating centrifuge separated oil and water. Following
the oil extraction process a refining stage was conducted onsite at Hull.
The process began with phosphoric acid (H3PO4)-mediated removal of
lipophilic phospholipids from the oil originated from the rapeseed wall.
Phospholipids that remained further were neutralized by sodium hy-
droxide (NaOH) creating soap and was ultimately removed by centri-
fugation from the oil.

For the small-scale biodiesel production, the plant located at Suffolk
had an onsite cold press oil extraction process that avoided trans-
portation of rapeseed over long distances. The process chain included
cleaning, cold processing, filtering, and storage (Hillfarm, 2021).
Cleaning involved a 4.25 kW grain cleaner with 3 t/hr capacity, which
removed any foreign particle present in the raw rapeseed. Upon
completion, the cleaned seeds were fed by a hopping process into 6YL-
130 screw press. This equipment had a rated power consumption of
18.5 kW and could press 9-12 t of rapeseed per day (Oil-Expeller, 2022).
This was done by two screw presses with operation times 8 hr/day.
Subsequently, the extracted oil was filtered through a plate and frame
filter which did not consume any additional electricity or chemicals. It
was worth mentioning that small-scale system did not include any oil
refining process unlike the large-scale process. A comprehensive list of
process parameters used for the large and small-scale oil extraction
systems were provided in the Table 3.

Table 3
Parameters for the large-scale and small-scale RO extraction-refining processes
at Hull and Suffolk, respectively.

Process Input quantity Unit Value  Ref.
Large-scale RO Distance (from km 287.4  Calculated
extraction farming locations to
Hull)
Electricity kWhr/t 43.9 (Cargill,
RS 2022)
Thermal energy from kWhr/t 2549  (Cargill,
natural gas RS 2022)
Water 1/1RO 2.06 (Cargill,
2022)
Hexane (CgH14) kg CeHi4/ 2.47 (Cargill,
tRO 2022)
Large-scale RO Electricity kWhr/t 30 (Cargill,
refining RO 2022)
Thermal energy from kWhr/t 133.1 (Cargill,
natural gas RO 2022)
Water 1/1RO 0.1 (Cargill,
2022)
Phosphoric acid kg 1.03 (Cargill,
(HsPO,) H3PO,/t 2022)
RO
Sodium hydroxide kg NaOH/  1.50 (Cargill,
(NaOH) t RO 2022)
Small-scale RO Power rating of grain kw 4.25 (Hillfarm,
extraction cleaner 2021)
Operating hours of hr 8 (Hillfarm,
grain cleaner per day 2021)
Power rating of screw kw 185 (Oil-Expeller,
press 2022)
Number of screw - 2 Calculated
presses
Operating hours of hr 8 (Hillfarm,

screw presses per day 2021)
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2.2.4. Biodiesel production

2.2.4.1. Large-scale production scheme. Upon completion of the oil
extraction and refining processes for large-scale production system, the
RO was transported to the biodiesel production plant located in
Immingham (designed specifically for raw vegetable oils), producing
140,000 tBD per annum (Alberici & Toop, 2014). Most of the biodiesel
production systems were based on transesterification of vegetable oil or
RO with an alkali catalyst (Rutz & Janssen, 2007). For the present case
the production layout was resourced from the biofuel technology
handbook (Rutz & Janssen, 2007) and another relevant literature (Van
Gerpen, 2005). Salient stages of the production system were trans-
esterification reaction of the raw RO, biodiesel purification, glycerol
recovery, and methanol (CH3OH) recovery. Essential mechanical com-
ponents of this production layout were (a) general purpose storage tank,
(b) transesterification reactor parts and auxiliaries (reactors, pumps, and
centrifuges), (c) purification equipment (centrifuge, pumps, washing
columns, dryer), and (d) glycerol and methanol recovery equipment
(centrifuge, pumps, distillation columns). A comprehensive schematic of
the large-scale biodiesel production system was shown in Fig. 2a.

Methanol, potassium hydroxide (KOH) catalyst, and RO were com-
bined and mixed in a reactor at 60 °C temperature and 60-80 bar
pressure for approximately one hour. Following the reactor, a gravity
settling decanter was utilized to separate the biodiesel slurry and glyc-
erol slurry. This stage was depicted as the separator process in Fig. 2a.
Subsequently, the biodiesel slurry was flashed at 150 mbar pressure that
removed excess water and methanol (Rutz & Janssen, 2007; Van
Gerpen, 2005). The methanol and water were then distilled, separated,
and reused in the process in a cyclic manner. Thereafter, the biodiesel
was washed using water and dilute sulphuric acid (H2SO4) to remove
any unwanted impurities. The clean biodiesel was then dried and
pumped to the storage volume. The glycerol slurry resulted from the
separation process contained glycerol, potassium hydroxide, methanol,
and biodiesel. Sulphuric acid was added to the glycerol slurry to
neutralize the potassium hydroxide catalyst, but subsequently a reaction
occurred with the remainder biodiesel in the slurry that generated free
fatty acids. Therefore, additional sulphuric acid was necessary to esterify
the free fatty acids, which created more biodiesel. This biodiesel was
then returned to the transesterification mixer and reactor block (see
Fig. 2a). During this process a centrifugation step separated potassium
sulphate and generated a slurry containing glycerol, methanol, and
water. Further distillation and purification produced crude glycerol,
which could be sold to the pharmaceutical industry. The present work
assumed that the Glycerol production rate is 0.113 t/tBD (Stephenson
etal., 2008). Again, the remaining methanol and water was distilled and
fed back to the process.

The consumption rate of methanol during transesterification was
estimated at 22 wt.% of the feedstock (Chaturvedi et al., 2013). This
work further assumed a transesterification conversion rate of 97%
(Meher et al., 2006), meaning that 1.031 t of RO was required to
generate 1 tBD. This resulted to a methanol consumption rate of 226.8
kg/t RO. The catalyst i.e., Potassium Hydroxide was required at
approximately 1.5 wt.% of the oil (Van Gerpen, 2005). Therefore, 1.031
t of raw RO had Potassium Hydroxide consumption of 15.5 kg/tBD for
the transesterification reaction. Other essential parametric inputs
included water used in the washing and biodiesel purification stages,
and acid used in the glycerol recovery stage. The resulting values for
water and sulphuric acid consumption were 200 kg/t BD and 10.4 kg
H,S04/tBD, respectively for a plant with capacity 250,000 tBD (Ste-
phenson et al., 2008). The electricity consumption and heat input (from
natural gas) for this process was calculated as 122 kWhr/tBD and 453.5
kWhr/tBD (Saville, 2006; Stephenson et al., 2008). A list of process
parameters used for the large-scale biodiesel reactor was provided in the
Table 4.
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Fig. 2. Process flow for (a) plug flow biodiesel reactor (Van Gerpen, 2005) used by large-scale and (b) semi-continuous batch biodiesel reactor (Chaturvedi et al.,

2013) used by the small-scale biodiesel production schemes.

2.2.4.2. Small-scale production scheme. For the small-scale biodiesel
production process at Suffolk. an on-site biodiesel reactor was required
to be installed. For this purpose, a 100-liter semi-continuous batch
biodiesel reactor was considered suitable for rural applications (Cha-
turvedi et al., 2013). Daily, the reactor could produce approximately
100 L of biodiesel over two ten-hour shifts that resulted up to 30 tBD
annually. The size of Suffolk was estimated as the average in East En-
gland, 121 ha with 79% of the land was arable (DEFRA, 2021). There-
fore, it was estimated that in Suffolk, each crop rotation utilized 95.6 ha
land. Based on the rapeseed yield (see Section 2.2.1) of 3 t/ha a
maximum of 286.8 t rapeseed yield was estimated, relevant for reactor
sizing. Typically, 40 wt.% oil was available within the rapeseed (Malca

et al.,, 2014). However, the cold press technique considered here was
only capable the seed to an oil content of 10 wt.%. As a result, in Suffolk
up to 86.04 t of RO from the cold press process would be produced.
Similar to the large-scale transesterification process, a 97% conversion
efficiency was assumed (Meher et al., 2006). Hence, for producing 30 t
of biodiesel, the biodiesel reactor would require 31 t of RO. This value
amounted to 36% of Suffolk’s raw RO production capacity and therefore
the choice of the biodiesel reactor was found suitable.

Based on the manufacturer specification the 100-liter semi-
continuous batch biodiesel reactor contained the following stages (a)
general storage and reactant preparation section, (b) reactant pre-
transesterification segment, (c) transesterification reaction zone, (d)
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Table 4
Parameters for the large-scale biodiesel production system deployed at
Immingham.

Input quantity Unit Value Ref.
Distance (Hull to km 48.44 Calculated
Immingham)
Electricity kWhr/tBD 122 (Saville, 2006; Stephenson
et al., 2008)
Thermal energy from kWhr/tBD 453.5 (Saville, 2006; Stephenson
natural gas et al., 2008)

Methanol kg CH30H/ 113.52 (Chaturvedi et al., 2013)
tBD

Sulphuric acid kg HzS04/ 10.4 (Stephenson et al., 2008)
tBD

Potassium hydroxide kg KOH/ 15.5 (Van Gerpen, 2005)
tBD

Water kg H,O/tBD 200 (Stephenson et al., 2008)

Biodiesel storage kWhr/tBD 1.67
electricity

Glycerol yield kg/tBD 113

Transesterification % 97

efficiency

(Van Gerpen, 2005)

Calculated
(Meher et al., 2006)

biodiesel purification section, and (e) methanol recovery unit. A
comprehensive schematic of the small-scale biodiesel production system
was shown in Fig. 2b.

The biodiesel reactor was separated into five distinct stages as shown
in Fig. 2b. The pre-transesterification stage began at the mixing of
methanol and sulphuric acid in tank M1. Alongside, methanol and Po-
tassium Hydroxide catalyst were mixed in tank M2. RO entered reactor
B1 and was mixed with the methanol and sulphuric acid. This slurry then
entered the separator B2 where impurities were removed into storage
B3. The treated oil slurry was then subjected to the transesterification
reaction in reactor C1. This was achieved by mixing the slurry with the
methanol and catalyst mix from M2 that generated biodiesel and glyc-
erol. The biodiesel and glycerol slurry were passed into the separation
tanks C2 and C3. Here the biodiesel and glycerol were separated and
treated in D1 and D2 to remove any methanol. This methanol was
further recovered and distilled in D3 before being recycled back to
storage tank A3. The biodiesel slurry from D1 was passed into the
washing tank E1 where it was mixed with water to remove impurities.
The by-product of this process was wash water containing methanol,
soap, potassium sulphate and potassium hydroxide. This wash water
could then be discharged by treatment with barium ions (at a low pH) or
through anaerobic digestion (Chaturvedi et al., 2013). As the methods
presented were not directly involved in the biodiesel production, they
were excluded from the LCA. Following washing and purification, the
biodiesel was stored in tank A6. The glycerol from D2, after methanol
removal, was stored in A7. Approximately 220 kg of glycerol was pro-
duced in one week by the reactor. This glycerol was not refined and
contained traces of biodiesel, methanol, catalyst, and soap. The manu-
facturer’s report suggested that due to the complexity involved with
glycerol purification the process would not occur onsite. Instead, the
glycerol was sent to specific waste facilities for proper purification
(Chaturvedi et al., 2013). The present LCA assumed that this would
occur onsite at Suffolk, thus the process of Glycerol purification and
disposal was omitted from the LCA. It was also important to note that the
reactor operated for 20 h a day in spanned across two ten-hour shifts.

Methanol, being one of the primary reactants should be fed in correct
volume the transesterification stage. Specifications suggested (Cha-
turvedi et al., 2013) that the methanol consumption was 22 wt.% of the
feedstock, which resulted to 22.2 kg per batch of methanol. With un-
avoidable methanol losses an additional 11% by weight adjustment of
methanol was required, which resulted to 44.38 kg methanol per batch
and 155.4 kg methanol per week. Sulphuric acid and potassium hy-
droxide requirements were 14.14 kg per week and 10.16 kg per week,
respectively (Chaturvedi et al., 2013). Weekly electricity and water
consumptions were 577.5 kWhr and 700 1. The total weekly biodiesel
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yield was 0.616 t and a multiplication factor of 1.62 was used to scale all
quantities for a biodiesel yield of 1 t (62.34% increase). A list of process
parameters used for the small-scale biodiesel reactor was provided in the
Table 5.

2.3. Emission factors for life cycle impact assessment

Since our focus was to examine the GHG emissions and energy
consumption for the raw rapeseed-derived biodiesel production chain,
GWP and CED were chosen as the life cycle impact (LCI) category by
following the CML 2001 — August 2016 methodology. The emissions
were measured in terms of GWP over 100 years (GWP100) in accordance
with IPCC norms and expressed as carbon dioxide equivalent per tBD
(kgCO2-eq/tBD) produced. Three types of emissions were considered,
indirect emissions, direct emissions from transport process, and direct
emissions from fertilizer usage during rapeseed agriculture.

2.3.1. Indirect emissions

The indirect emission factors were used to convert the various
quantities usages from LCI in Table 1 to its associated carbon emissions
in kgCO2-eq/tBD. Table 6 listed all such conversion factors resourced
from relevant literature.

2.3.2. Direct emissions from transport processes

Direct emissions from transport processes that impacted the GWP
(such as CH4, CO,, and N-,O) were estimated based on the diesel
requirement of a 7.5 — 17.0 t heavy goods vehicle (HGV). The emission
conversion factor for this vehicle was obtained as 0.5447 kgCO»-eq/km
by using the UK government GHG conversion factors dataset (BEIS,
2022). This value was related to the operation of the HGV at 6% laden
weight. The total transportation distance for large-scale and small-scale
biodiesel production schemes were 505.24 km and 102.3 km,
respectively.

2.3.3. Direct emissions from fertilizer usage

GHG emissions from agricultural soil, notably CO; and N0
contributed to the GWP augmentation. The constituents in the agricul-
tural soil were dictated by the fertilizers used during rapeseed farming
according to the guidelines from New Holland company. The fertilizers
were Urea (U) with 46% Nitrogen, Triple Super-Phosphate (TSP) with
48% P,0s, Muriate of Potash (MP) with 60% KO, and Ammonium
Sulphate (AS) with 21% Nitrogen and 24% sulphur (Brentrup et al.,
2016).

The masses of direct nutrients required (see Table 2) were used to
calculate the amount of specific fertilizers required, which in turn,
caused GHG emissions. Due to two fertilizers containing nitrogen, the
total values were separated appropriately. Out of the total nitrogen

Table 5

Parameters for the small-scale biodiesel production system deployed at Suffolk.
Input quantity Unit Value Ref.
Electricity kWhr/tBD 937.51 (Chaturvedi et al.,

2013)

Methanol kg CH30H/ 252.5 (Chaturvedi et al.,
tBD 2013)
Sulphuric acid kg H,SO4/tBD 23 (Chaturvedi et al.,
2013)
Potassium hydroxide kg KOH/tBD 16.5 (Chaturvedi et al.,
2013)
Water kg H,O/tBD 1136.4 (Chaturvedi et al.,
2013)
Biodiesel storage electricity ~ kWhr/tBD 1.67 (Chaturvedi et al.,
2013)
Glycerol yield kg/tBD 360 (Chaturvedi et al.,
2013)
Transesterification % 97 (Meher et al., 2006)
efficiency
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Table 6

Carbon emission conversion factors and energy conversion factors in kgCO»-eq/unit quantity and MJ/unit quantity of the life cycle inventory (Table 1).
Input quantity Unit GWP conversion factor Ref. Energy conversion factor (MJ/unit) Ref.

(kgCO,-eq/Unit)

Diesel 1 2.7 (BEIS, 2022) 36 (BEIS, 2022)
Electricity kWhr 0.212 3.6
Natural gas (net calorific value) kWhr 0.2 3.6
Water supply kg H>0 1.49 x 10* - -
Hexane production kg CeHia 0.62 (Veolia, 2011) 51.6 (Stephenson et al., 2008)
Phosphoric acid production kg H3PO4 1.45 36 (Stephenson et al., 2008)
Sodium hydroxide production kg NaOH 1.12 3.5 (Hong et al., 2014)
Methanol production kg CH30H 0.66 40.32 (Reno et al., 2011)
Sulphuric acid production kg HzS04 0.14 12 (Stephenson et al., 2008)
Potassium hydroxide production kgKOH 1.94 43.4 (Stephenson et al., 2008)
Urea kg U 5.15 (Brentrup et al., 2016) 23.45 (Brentrup et al., 2016)
Triple super phosphate kg TSP 0.27 0.18
Muriate of potash kg MP 0.25 3
Ammonium sulphate kg AS 2.3 14.02

requirement (129 kgN/tBD for large-scale and 172.5 kgN/tBD for small
scale), 70% was within Urea and 30% within Ammonium Sulphate.
Subsequently the following equation provided the mass of specific fer-
tilizer required per tBD (Rose, 2004),

kg Nutrient x _ha
13 _ ha tBD
Fertilizer Mass (kg/tBD) = ga/ien in foritionr €))

The resultant values for various fertilizer masses for large-scale
biodiesel production were (a) 196 kg/tBD U, (b) 143 kg/tBD TSP, (c)
100 kg/tBD MP, and (d) 219 kg/tBD AS. Likewise, these values for the
small-scale production system were (a) 262.5 kg/tBD U, (b) 191.6 kg/
tBD TSP, (c) 134 kg/tBD MP, and (d) 294 kg/tBD AS. Applying the
fertilizers would cause GHG emission through several key processes
namely CO; emissions from Urea hydrolysis, N3O emitted by nitrifica-
tion/denitrification of soil, NoO emitted from NHj3 volatilization, and
N2O emitted from NOs leaching to agricultural systems. Various emis-
sion factors of the fertilizers required for LCA were listed in Table 6.

2.4. Data interpretation

Based on the LCIAs adopted in Section 2.3, the environmental im-
pacts (GWP and CED) for both the baseline large- and small-scale sys-
tems were discussed, which included identification of carbon emission
and energy consumption hotspots (Section 3.1). Subsequently, a sensi-
tivity analysis was performed to assess the influence of input parameter
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variations and by-product (rape straw, glycerol, and rape meal) utili-
zation methods. The result obtained from the sensitivity analysis was
shown in terms of carbon emission abatement (or augmentation) with
respect to the baseline scenario (Section 3.2). Finally, based on the
outcome of sensitivity analysis, an alternative operation strategy was
proposed that could reduce the GWP (Section 3.3).

3. Results and discussion
3.1. Environmental Impact: Baseline scenario

The environmental impacts for the baseline scenarios described in
Section 2.2 were expressed by two metrics: CED in GJ/tBD and GWP in
tCO2-eq/tBD for the large- and small-scale systems (see Fig. 3). Fig. 3a
revealed that the rapeseed agriculture and biodiesel production (trans-
esterification) stages were the two highest consumers of energy (72% for
large-scale and 92% for small-scale). Other significant energy consumers
in the large-scale system were the RO extraction stage (9%) and trans-
portation component (15%). The CED totalled to 32.1 and 30.8 GJ/tBD,
respectively for the small- and large-scale systems. Fig. 3b showed that
the highest GWP contributor for both the schemes was the rapeseed
agriculture stage, which accounted for 69% and 81% for the large- and
small-scale systems, respectively. The overall GWP for the large- and
small-scale systems were annually 2.63 and 2.89 tCO2-eq/tBD. It was
worth mentioning that the CED for the large-scale system was 1.3 GJ/
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Fig. 3. (a) Cumulative ED (CED) in GJ/t BD and (b) GWP in tCO,-eq/t BD for various stages of the large-scale and small-scale biodiesel production. The values of
total energy demand for the large-scale and small-scale systems are 32.15 GJ/t BD and 30.82 GJ/t BD, while GWP are 2.63 tCO5-eq/t BD and 2.88 tCO»-eq/t BD,

respectively.



R. Gupta et al.

tBD greater than the small-scale (i.e., 4% higher), while the GWP for the
same was 0.26 tCOq-eq/tBD lesser (i.e., 9.9% lower). Existing case
studies of rapeseed-based biodiesel production showed a wide range of
GWP across different countries, such as 1.48 tCO2-eq/tBD for Finland,
0.82-5.9 tCO,-eq/tBD for Italy, 1.06-1.27 tCO5-eq/tBD for Latvia, 0.79
for Poland, 1.18 tCOy-eq/tBD for Iran, 0.2-0.35 tCO3-eq/tBD for
Slovenia, and 2.21 tCO2-eq/tBD for India (Bhonsle et al., 2022; Fri-
drihsone et al., 2020). The environmental impacts could be further
reduced by fivefold using a room temperature-based production method
(Bhonsle et al., 2022).

The contributions from the seed drying and cooling stage, oil
extraction, and oil refining stages were comparably small, which is in-
line with the existing literature (Chen et al., 2018). A significant dif-
ference due to production scale was observed in the transportation
component for both the CED and GWP metrics. Since the large-scale
system was associated with longer transportation distances between
the farming location, seed crushing plant at Hull, and biofuel production
plant at Immingham, it caused higher emissions and consumes more
energy. In contrast, the small-scale system located entirely at Suffolk
avoided such long-distance transportation processes. To investigate the
reason of dominance of rapeseed agriculture and biodiesel trans-
esterification stages from both CED and GWP perspective a detailed
impact breakdown of the subcomponents was discussed.

For the agricultural stage of the large-scale system, fertilizer appli-
cations (U, TSP, MP, and AS) consumed approximately 8 GJ/tBD (70%
of agriculture) energy and caused 1.58 tCOy-eq/tBD (87% of agricul-
ture) GWP. In contrast, the diesel usage in large-scale farming applica-
tion had CED 3.4 GJ/tBD (30% of agriculture) and GWP 0.24 tCO-eq/
tBD (13% of agriculture). Similarly for the small-scale system, fertilizer
applications consumed nearly 10.7 GJ/tBD (77% of agriculture) CED
and had a GWP of 2.11 tCO3-eq/tBD (90.3% of agriculture). Associated
diesel usage contributed to 3.2 GJ/tBD (23% of agriculture component)
CED and 0.22 tCOz-eq/tBD GWP (9.7% of agriculture component).
Among different fertilizers, the U and AS showed the highest CED and
GWP footprints for both the schemes due to their NoO emission poten-
tial. Similar case studies reported in the literature showed GWP contri-
butions in the range of 70-90% from the agricultural fertilizer
application and diesel usage during farming (Fridrihsone et al., 2020).

It was also found that for the small-scale system that the environ-
mental footprint was larger than its large-scale counterpart. This was
because the small-scale system related farming site had a greater yield
(3.0 t/ha) and required higher fertilizer usage (NHA, 2016), while the
large-scale yield was the UK average of 2.7 t/ha (DEFRA, 2020a). It is
essential to note that the value of rapeseed yield could significantly vary
across different countries, at e.g. 3.0 t/ha in France, 3.5 t/ha in
Denmark, 2.5 t/ha in Latvia (Fridrihsone et al., 2020), 1.5 t/ha in
Canada, 2.3 t/ha in France, and 3.75 in Germany (Malca et al., 2014).
Some additional factors included the capability limitation of the cold
press oil extraction technique used in the small-scale system, that
extracted only 30 wt.% as compared to the solvent extraction technique
with 40 wt.% capability in the large-scale system (Stephenson et al.,
2008). As a result, the small-scale system needs more land area (1.15 ha)
than the large-scale system (0.96 ha), which incur more fertilizer
application. The diesel consumption-associated GWP was slightly
greater (0.02 tCO,-eq/tBD) for the large-scale system due to inclusion of
the sub-soiling process using farming machineries (Beattie, 2020).

Another essential environmental hotspot was the biodiesel trans-
esterification process, that contributed up to 47% of the CED and 14% of
the GWP. In the large-scale system, the transesterification GWP com-
ponents in decreasing order were methanol 0.145 tCO5-eq/tBD (49.3%),
thermal energy 0.091 tCO,-eq/tBD (31%), potassium hydroxide 0.03
tCO2-eq/tBD (10.2%), electricity 0.026 tCO3-eq/tBD (8.8%), and sul-
phuric acid 0.001 tCO2-eq/tBD (0.7%). While for the small-scale system
the GWP components in decreasing order were electricity 0.2 tCO2-eq/
tBD (49.8%), methanol 0.167 tCOz-eq/tBD (41.6%), potassium hy-
droxide 0.032 tCO,-eq/tBD (8%), and sulphuric acid 0.003 tCOz-eq/tBD

Bioresource Technology 360 (2022) 127532

(0.6%). The total GWP associated with transesterification were 0.294
and 0.401 tCO3-eq/tBD for the large- and small-scale systems, respec-
tively. A higher GWP of the small-scale transesterification stage was due
to increased methanol consumption that was used to balance out the
methanol losses through the glycerol waste stream. This was because the
plug flow type biodiesel reactor for the large-scale system was equipped
with a glycerol recovery facility (see Figs. 1 and 2a), while the semi-
continuous batch biodiesel reactor did not offer this advantage (see
Figs. 1 and 2b). The choice of production scale also dictated the CED.
This was due to the small-scale systems relying on electrical energy and
large-scale systems are predominantly gas-based (Stephenson et al.,
2008).

3.2. Sensitivity analysis

Influences of various process parameters and internal utilization of
various co-products were investigated through a sensitivity analysis
where, GWP was considered as the decisive metric. A comprehensive
sensitivity map for various parametric/scenario variations was shown in
Fig. 4. All the investigations performed in this section were compared
with respect to the respective baseline scenarios for the large- and small-
scale systems.

3.2.1. Agricultural nitrogen fertilizer and diesel Input

From earlier discussions of the baseline LCA result, it was revealed
that the most dominant component of GWP was the rapeseed agriculture
stage due to high nitrogen-based fertilizer application such as U and AS.
Therefore, the impact of nitrogen content on the GWP was investigated.
Prior work in the literature (Liu et al., 2020) correlated rapeseed yields
(y) as a function of nitrogen nutrient input (x) for the large- and small-
sale systems given by Egs. (2) and (3), respectively.

—0.023x% 4 14.0667x + 1223.5

y= 1000 2
—0.025x + 14.992x + 1303.98 @
v = 1000

During the sensitivity analysis all other constituents in the fertilizers
such as P05, K20, and S were kept unchanged. The agricultural land
and farming-associated diesel requirement were varied in correlation to
support the rapeseed yield predicted by Egs. (2) and (3). The large-scale
system in the baseline scenario had a nutrient application rate of 135
kgN/ha for a corresponding yield of 2.7 t/ha, and a corresponding GWP
2.63 tCO9-eq/tBD. The nutrient application rate was decreased to 65
kgN/ha (a 52% decrease) and the corresponding rapeseed yield was
found to be 2.04 t/ha (Eq. (2)). This resulted in a GWP of 2.26 tCO»-eq/
tBD and indicated a 14% decrease. Similarly for the small-scale system
the baseline scenario corresponded to a nutrient application rate of 150
kgN/ha for a rapeseed yield of 3.0 t/ha. When this value was changed to
75 kgN/ha (i.e., 50% decrease), a seed yield of 2.29 t/ha was resulted.
This decrement in the nitrogen application rate reduced the GWP to 2.33
tCO2-eq/tBD signifying a 19.1% reduction.

If the nitrogen nutrient content was reduced, the amount of diesel
required would be increased. To support this additional diesel require-
ment, prior works recommend substituting the agricultural fuel with
B20 biodiesel blend, since diesel engines can operate using this fuel
without modifications. Besides the energy content in the B20 biodiesel
blend was only 1% lesser per gallon than the petroleum diesel (US-DoE,
2022). The emission factor used for B20 was 2.486 kgCOq-eq/1 of the
biodiesel produced from the RO. These considerations were further
investigated upon the description of the alternative scenario in Section
3.3.

3.2.2. Fluctuations of rapeseed yield
The rapeseed yield could fluctuate annually, and its impact was
worth investigation. In a related work (Stephenson et al., 2008) for
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Fig. 4. Sensitivity maps showing percentage of GWP change with respect to the baseline scenario for various analysis performed in Section 3.2 for (a) large-scale and

(b) small-scale systems.

large- and small-scale rapeseed-based biodiesel production systems, the
yields were 3.4 t/ha and 3.6 t/ha, respectively. This led to a GWP 2.26
and 2.48 tCO»-eq/tBD for the large and small-scale systems respectively,
which suggested a 14.1% GWP reduction for both the systems.

3.2.3. B20 alternative fuel Input

The baseline scenario used petroleum diesel to supply the energy
demand during seed drying and cooling processes. If this was replaced
by B20 biodiesel blend (20% biodiesel and 80% petroleum diesel), then
the GWP would be reduced by 1.1% (large-scale) and 1.2% (small-
scale).

3.2.4. Oil extraction methods

Prior discussion on the oil extraction methods (i.e., solvent extrac-
tion for large-scale and cold pressing for small-scale) indicated that the
process limitations could significantly affect the GWP of the overall
system. Solvent extraction methods were much efficient with an oil
leftover content of 0.5-2.0 wt.% in the rape meal. In contrast, small-
scale facilities utilizing the cold oil pressing method produced rape
meal with oil leftover content in the range of 4.0-10.0 wt.%, which
impacted the biodiesel production capacity significantly (Hillfarm,
2021; Oil-Expeller, 2022). As a result, higher amount of rapeseed
cultivation and associated land were required to produce a certain
amount of oil, which ultimately increased the fertilizer and farming-
associated diesel usage. The effect of cold oil press extraction capacity
on the overall GWP was investigated by altering the extraction capa-
bility from 30 wt.% (baseline scenario) to 36 wt.%. An oil press with
extraction capability of 36 wt.% resulted in a GWP 2.47 tCO3-eq/tBD
which was 14.3% smaller than the baseline scenario with 30 wt.% oil
press.

10

3.2.5. Influence of transportation distance

An essential factor of the transport process was the transportation
distance that significantly impacted the GWP. For the large-scale system,
the total transportation distance was 505.24 km. If the case study was
performed for the central belt of Scotland, the total distance would be
593.1 km (17.4% increase). This resulted to a GWP of 2.675 tCO3-eq/
tBD which was 1.7% higher compared to the baseline scenario. For the
small-scale system, the transportation distance was 102.3 km since most
of the processes occurred locally at Suffolk. Therefore, even doubling the
transportation distance increased the GWP only by 1.9%, to 2.942 tCO,-
eq/tBD.

3.2.6. Alternative thermal energy Input

Most of the energy content of the large-scale system was resourced
from natural gas and the GWP contributions from thermal energy/nat-
ural gas was approximately 30.7% of the total GWP. One of the prior
works (Stephenson et al., 2008) suggested supplying this thermal energy
demand by utilizing a biomass-fired boiler using rape meal or straw.
Using a calorific value of 17.6 MJ/kg for rape meal (Stephenson et al.,
2008) and a biomass boiler of an 80% efficiency (Vakkilainen, 2016), a
total of 357 kg rape meal was required to supply the entire thermal
energy demand. Based on an emission factor of 0.317 kgCOs-eq/kg
(Kindred et al., 2008), this would lead to a GWP of 2.48 tCO,-eq/tBD,
which was 5.6% smaller than the baseline scenario. Alternatively, if rape
straw with a calorific value of 14.5 MJ/kg (FR, 2022) was used in the
biomass boiler (Vakkilainen, 2016), a total of 384.6 kg of rape straw
would be required to supply the entire thermal energy demand. Using
emission data of the rape straw as 0.04924 kgCOq-eq/kg (BEIS, 2022),
the updated system would have a GWP of 2.39 tCOy-eq/tBD (8.9%
decrease). Findings from this sensitivity analysis was further used in
developing the alternative scenario for large-scale production system
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(see Section 3.3).

3.2.7. Alternative electrical energy Input

Both the large- and small-scale systems required electrical energy
during various stages of the process. Rape straw as a by-product of the
process was used in natural gas fired station to supply a fraction of this
electricity (Stephenson et al., 2008). A power station with a 45% effi-
ciency was assumed (Storm, 2021) and supplied with rape straw of a
calorific value of 14.5 MJ/kg (BEIS, 2022). To displace the entire elec-
trical demand of the large-scale system, 177.17 kg/t BD rape straw was
needed, which would result to a GWP of 2.56 tCO,-eq/tBD (i.e., 2.43%
lower than that of the baseline scenario). Similarly, for the small-scale
system, the rape straw requirement was 629.73 kg/t BD to displace
the entire electricity demand that resulted to a GWP of 2.66 tCOz-eq/t
BD (7.86% lower than baseline scenario).

3.2.8. Influence of glycerol disposal

In the baseline scenario, it was assumed that the glycerol as co-
product was supplied to a pharmaceutical industry for the large-scale
system, while the small-scale system supplied glycerol to a purifica-
tion site (Stephenson et al., 2008). If this was not the case, the emissions
associated with glycerol incineration and disposal should be accounted
for in the LCA. Considering an emission factor of 3.23 kgCO,-eq/kg for
glycerol (BEIS, 2022), this would result in a GWP of 2.99 (13.9% higher)
and 4.05 (40.3% higher) tCO2-eq/tBD for large- and small-scale pro-
duction systems, respectively. The influence of the glycerol disposal
stage was found to be more pronounced for the small-scale system due to
its larger amount of glycerol generation during transesterification
(approximately 3.2 times higher than large-scale).
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3.3. Environmental Impact: Alternative scenario

Based on the findings from sensitivity analysis, an alternative sce-
nario was designed with minor changes in the large- and small-scale
biodiesel production systems as shown in Fig. 5. This alternative sce-
nario considered internal recovery of value-added product which would
have otherwise been sent to the environment. For the large-scale system,
the allocated changes were (1) switching to eco-friendly low nitrogen
nutrient methods for rapeseed cultivation, (2) utilization of the biodiesel
product in the B20 fuel blend and displace usage of conventional pe-
troleum in rapeseed farming and seed drying/cooling, and (3) replacing
natural gas-based process heating in oil extraction, refining, and trans-
esterification stages by utilizing rape straw. For the small-scale pro-
duction system, an additional allocation was considered in the
alternative scenario where the cold oil press would press the seed to an
oil content of 4 wt.%, that indicated 6 wt.% additional oil extraction
than the baseline scenario (see Fig. 1). The percentage of GWP
augmentation or reduction of the alternative scenario was discussed and
compared to the baseline scenario using the metric 4 as follows.

— GWPba>eline - GWPallemalive
GWPbaseline

Y/ x 100 )]

A positive value of A signified a reduction in the GWP and was
desirable. Fig. 6a showed the GWP breakdown for the large- and small-
scale systems, while Fig. 6b revealed the distribution of A for various
stages in the production systems. The GWP of the alternative scenario
was 2.25 and 1.91 tCO3-eq/tBD for the large- and small-scale biodiesel
production systems, which were 14.1% and 33.6% lower than the
baseline scenario. The GWP reductions were realized from (a) low ni-
trogen rapeseed agriculture fed with the B20 biodiesel blend (16.8% for
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Fig. 5. Detailed process flow for the alternative scenario large-scale (left) and small-scale (right) biodiesel production schemes from rapeseed. The blue dotted line
signifies end of LCA control volume where processes beyond this stage are not considered. Shown in green are the by-products from the biodiesel production
processes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) GWP breakdown for various stages in the large- and small-scale production chains for the alternative scenario, (b) Percentage of relative change in GWP
(2) for the alternative scenario in various stages of the large- and small-scale biodiesel production. The positive values suggest that the GWP for the alternative
scenario is less than the baseline scenario, ultimately leading to carbon footprint reduction.

large-scale and 31.9% for small-scale); (b) rape straw and the B20 blend
that supplied energy demand in seed drying/cooling process (1.3% for
large-scale and 31.7% for small-scale), RO extraction process (77.1% for
large-scale and 96.6% for small-scale), and RO refining process (77.1%
for large-scale). Since the RO refining stage was not present in the small-
scale system, the A metric was not applicable for the stage. Energy
generation from rape straw was also supplied to the biodiesel trans-
esterification process and resulted in GWP reductions of 28.5% and
47.9% in the modified scenario. The only detrimental component was
the GWP contributions from the transportation process. For the large-
scale system, longer transportation distances (average 296.6 km) asso-
ciated with B20 utilization impacted the GWP drastically and increased
the carbon emissions for the alternative scenario by 59.6%. This in turn
nullified the advantages gained by using B20. For the small-scale system,
since the B20 mixing was carried out on-site, the associated trans-
portation process became a minor factor. However, in the small-scale
system, the rape straw transportation to the power plant increased the
GWP by 34.6%, which was unfavourable. This offset effect was less
pronounced in the small-scale system than the large-scale system, which
ultimately led to more GWP reduction for the small-scale system with
the modified production scenario.

The development of this alternative scenario with the benefits of
decentralized rapeseed-based biodiesel production is significant due to
its major market share in the biodiesel sector. In the EU, rapeseed-
derived biodiesel had approximately 36% percent contribution in
2020, and most of the rapeseed was resourced indigenously within the
EU (TE, 2021). These practices (e.g., low nitrogen rapeseed culture,
exploring alternative utilization of by-products, and switching between
production scales) will also motivate the rapeseed-based biodiesel
development in UK and enable self-sustainable biodiesel production.
Biodiesel production plants in UK should be placed close to the in-
dustries that can be benefited from the by-products (such as rape straw,
glycerol, rape meal, etc.). Rape straw and meal can be utilized in
anaerobic digesters as feedstocks to produce biogas or biomethane
(Gupta et al., 2022), which can enable on-site combined heat and power
(CHP) generation. This will mitigate the environmental impacts related
to by-product disposal and contribute to material recycling and a cir-
cular bioeconomy (Abbaszaadeh et al., 2012; Puricelli et al., 2021;
Rehan et al., 2018; Syafiuddin et al., 2020). In future, it will be inter-
esting to explore a wide range of by-product utilization scenarios and
investigate their influences on different environmental impacts via a
normalization approach.
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4. Conclusions

The work investigated energy (CED) and environmental impact
(GWP) of rapeseed-derived biodiesel production processes. The
centralized large-scale production system emitted 2.63 tCO,-eq/tBD
with energy demand 32.15 GJ/tBD. In contrast, the localized small-scale
production system had 2.88 tCO»-eq/tBD emissions with energy con-
sumption 30.82 GJ/tBD. Sensitivity analysis revealed high dependence
on factors such as glycerol disposal, rape straw or rape meal-based en-
ergy production, nitrogen nutrient content in fertilizer, rapeseed yield
fluctuation, and limitations of oil extraction capacity. The proposed
alternative scenario had a GWP of 2.26 (14.1% lower) and 1.92 (33.6%
lower) tCO2-eq/tBD for large- and small-scale production systems,
respectively.
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