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Abstract

Harnessing of second-generation feedstocks via circular economy approaches is generally considered as environmentally
friendly. Nonetheless, different potential impacts can be caused during collection and transformation of such feedstocks,
affecting overall sustainability. Assessment of such impacts is of particular importance when producing waste-based biofu-
els. In this regard, this work’s aim was to carry out a sustainability assessment of the existing reclaiming and exploitation
strategy of used cooking oil (UCO) in Bogota, Colombia. Currently, UCO is collected, pretreated, and mostly exported to
Europe for biodiesel production. Based upon literature data and a life cycle assessment (LCA), several sustainability crite-
ria were derived, measured, and interpreted within the framework of the integrative concept of sustainability (ICoS). As a
reference system, results were compared with those obtained from assessing current production of first-generation palm-oil-
based biodiesel. Results from LCA indicate that, per ton of UCO-based biodiesel, emissions of 1.06 kg PM2.5-eq, 2.54 kg
NOx-eq, 607.6 kg CO,-eq, 2.81 kg SO,-eq, and 0.09 kg P-eq are generated and that there is use of 9.1 m> water, and 259 kg
oil-eq. UCO transportation and biodiesel production stages were the larger contributors to such impacts, and surprisingly,
equivalent emissions of CO, and fossil fuel consumption were higher than those of first-generation biodiesel. Nevertheless,
UCO valorization displayed a better overall performance with respect to the reference system in terms of health, safety,
environmental, economic, and social indicators. All impacts were reduced by 30 to 50% under a scenario of local production
and consumption of biodiesel.

Keywords Used cooking oil - Waste-based biodiesel - Life cycle - Sustainability assessment - Integrative concept of
sustainability - Colombia

Abbreviations LUC land-use change effects
GHG greenhouse gases NOx-eq equivalent emissions of NOx
CO,-eq equivalent emissions of CO, Oil-eq equivalent consumption of fossil fuels
COP Colombian currency (Pesos) PM2.5-eq equivalent particular matter 2.5 pm
HVO hydrotreated vegetable oil P-eq equivalent emissions of phosphorous
1CoS Integrative Concept of Sustainability (eutrophication)
LCA life cycle assessment RED renewable energy directive
LCSA Life Cycle Sustainability Assessment SD standard deviation
LCT life cycle thinking S0,-eq equivalent emissions of SO, (acidification)
TBL triple-bottom-line
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facilities. Edible oils and fats that are used for food prepa-
ration cannot be reused indefinitely as a result of the deg-
radation caused by oxidation, hydrolysis, and thermal
processes occurring during cooking and frying [1]. Even-
tually, the concentration of degradation products increases
up to a certain level that turns the cooking oil into a nox-
ious material that can cause a variety of illnesses and
health problems, so it has to be discarded [2, 3]. Given the
steady increase in the consumption of cooking oils and fats
worldwide, the generation of UCO is rapidly rising. This
represents a major waste management challenge in meg-
acities such as Bogota (i.e., capital of Colombia), which
has nearly 10 million inhabitants within the metropolitan
area. Frequently, and due to improper behaviors, absence
of regulations, and/or lack of law enforcement, UCO is
inadequately disposed. In Bogota, UCOs are generally
poured through sinks and siphons, or disposed within the
solid waste that are sent to sanitary landfills. They can
also be illegally collected and filtered for redistribution as
new oil with large impacts in public health. Nonetheless,
UCOs can be recovered and exploited as a raw material
for biofuels such as biodiesel and hydrogenated vegetable
oil (HVO) [2]. Besides fuels, UCOs can also be used as
feedstock for a large variety of high value-added chemi-
cals, such as plasticizers, lubricants, polymers, resins, and
biomaterials [4]. Considering that the potential global sup-
ply of UCO is almost equivalent to the global amount of
vegetable oils currently used by the oleochemical indus-
try [2], UCO is considered a promising second-generation
feedstock for the oleochemical industry. This is of par-
ticular importance nowadays when market imbalances due
to political and health situations worldwide have reduced
availability of traditional oleochemical feedstocks.

In the particular case of Colombia, it was recently
reported that UCO generation was estimated in-between
225-330 kt/year, but only about 5% is currently collected
for reuse [2, 3]. Moreover, it has been stated that under suit-
able promotion policies, potential collection of UCOs could
increase up to 50% [5]. Now, considering that the average
prices of UCOs and UCO-based biodiesel during 2021-2022
were 1190 US$/ton and 1476 US$/ton, respectively [6], col-
lectable UCOs in Colombia could be worth up to 196 US$
million. Then, taking into account that UCO’s collection
costs in Colombia were estimated in about 370 USD/ton [7],
collection and exporting of UCOs might generate up to 135
USS$ million net annual revenue. This is certainly attractive,
but there is need to assess not only the economic dimension
but also the potential social and environmental impacts of
UCOs exploitation to ensure its sustainability. This has not
been done previously, and this information is paramount to
develop policies for collection and valorization of UCOs in
Colombia. Also, here obtained data can be used as input for
trading purposes considering that final users are becoming
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increasingly aware of sustainability and traceability of waste
feedstocks within existing supply chains.

Despite the potential benefits of UCO harnessing, it is
imperative to understand the entire life cycle of the proposed
valorization approaches and to inquire about the associated
impacts with respect to those generated by using first-gen-
eration raw materials or even fossil resources. In this regard,
sustainability of UCO-based products has been an ongo-
ing subject of study, and a result, it is generally assumed
that UCO is a greener oleochemical feedstock over edible
oils because it does not compete with food use, it reduces
pressure on water, and avoids land-use changes [8, 9]. This
has led to the deployment of policies to encourage UCO
exploitation such as double-counting mechanisms, favora-
ble prices, capital investment subsidies, and tax reduction
or exemptions [2, 4]. Nonetheless, special attention must
be put on the sourcing of the feedstock and the complex-
ity of the supply chain, i.e., the degree of centralization of
the waste valorization system [10, 11]. Within this context,
numerous life cycle assessment (LCA) studies on differ-
ent UCO exploitation schemes have been reported in the
literature, and they have been mainly focused on the pro-
duction of UCO-based biodiesel. As life cycle impacts are
highly dependent on geographic location, studies have been
reported for different countries worldwide including Brazil
[12-14], Cameroon [15], China [16], Colombia [17], Greece
[18], Iran [19], Italy [20-22], Japan [23, 24], Malaysia [25],
Portugal [26-29], Singapore [30], Spain [11, 31, 32], Thai-
land [33], UK [8], USA [34], and Vietnam [35]. Most stud-
ies have used first-generation-based biodiesel as a reference
system, and in overall terms, they agree that UCO-based
biodiesel exhibits a better environmental performance than
the reference biodiesel or the fossil diesel.

Despite the large number of LCA studies, a small number
have included other criteria beyond the environmental one;
some have incorporated economic analyses mainly repre-
sented by a cost evaluation [13, 30, 35, 36], and few have
addressed social aspects [30, 34]. In particular, only two
of the identified studies are based on an overall assessment
of sustainability. The first one, performed by Vinyes et al.
in Spain [31], consists of a life cycle sustainability assess-
ment (LCSA) of different alternatives for domestic UCO
collection within the context of some Mediterranean coun-
tries. The second one, performed by Mendecka et al. [22],
consisted of a multicriteria analysis of a UCO valorization
scheme to biodiesel, and the study focused on a compari-
son between different manufacturing technologies. Besides
the different criteria to be included in the analysis, another
important factor to be considered in the LCA is the uncer-
tainty of data during the inventory stage. From the revised
literature, only one study presented an uncertainty assess-
ment of data included in the LCA for UCO-based biodiesel
production in Portugal [29]. According to this study, despite
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the parametric variability and the uncertainty arising from
modelling options, the main source of variation when assess-
ing the life cycle of UCO-based biodiesel systems lies on the
features of UCO collection systems.

In addition to the abovementioned investigations, LCA
studies on UCO valorization have also been performed for
its use as drop-in fuel [19, 21, 37, 38], as well as on its
conversion into HVO [36, 39], pyrolyzed oil [40], biogas
[41], and most recently polypropylene [42]. Disregarding
the final harnessing route, and similarly to the biodiesel
case, most studies overlook the role of the UCO collection
schemes and the overall impacts of UCO supply chains that
could be large [43]. Besides, while it is possible to identify
the triple-bottom-line (TBL) theory as a common base ele-
ment among most studies, the use of this theory has been
characterized by a segmented management of the proposed
dimensions (i.e., social, environmental, or economic) [44],
without deepening the analysis of potential interconnections,
and sometimes legitimating trade-offs between them [35].
In contrast, assessment by using the integrative concept of
sustainability (ICoS) might offer a more comprehensive
approach to sustainability [45], enabling to determine if a
technology, a system, an organization, or even a policy effec-
tively contributes to sustainability.

In this context, this work aims to adopt the conceptual
framework of the ICoS to perform a sustainability assess-
ment of the current UCO valorization scheme in the city
of Bogota. The main goals to be assessed were the poten-
tial of the valorization scheme on securing human exist-
ence, maintaining society’s productive potential and keep-
ing options for development and action open. The goals,
principles, and indicators of the ICoS are summarized in
Tables S1 and S2 in the Supplementary Material. These
were evaluated by mean of the following criteria: human
health, labor conditions, work safety, water use, demand for
fossil resources, climate change, water quality, soil quality,
waste management, economic performance, social accept-
ance, governmental framework, and land-use change. Such
criteria were evaluated by mean of a LCA of studied col-
lection and exploitation scheme and by revising reports on
social, economic, and environmental impacts. The assessed
scheme in Bogota consisted of UCQO’s collection, pretreat-
ment, transport to seaports, exportation to Europe, and pro-
duction of UCO-based biodiesel. The reference system for
comparison was the production of palm oil-based biodiesel
with a comparable transformation process. In addition, two
further scenarios were analyzed, namely, local production of
UCO-based and palm oil-based biodiesel. Results from this
study are fundamental to determine the sustainable nature of
the current UCOs harnessing schemes in the city, to identify
the hot spots to be improved, and to propose alternatives to
enhance sustainability of circular economy models around
UCO exploitation in the country.

2 Methodology

The proposed methodology comprises three main phases
focused on stablishing the fundamentals of the assessment,
its execution, and a final interpretation within the ICoS
framework. It is important to highlight that the assessment
is not merely sequential but rather iterative, which means
that the outcome from the third phase provides a feedback
to refine the activities in the second phase.

2.1 First phase — foundations of the assessment

This stage comprised three parallel activities, namely,
characterization of the system of interest, definition of
the sustainability approach and the conceptual framework,
and finally the literature review on related sustainability
assessments

2.1.1 Characterization of the system of interest

The system under study corresponds to the operation of
one of the registered and authorized UCO management
companies in Bogota, Colombia. The operation is con-
ceptually described in Fig. 1, and comprises four main
stages: UCO collection, pretreatment, transport to Europe,
and biodiesel production in Spain. Collection of UCOs
is performed under a decentralized system; the company
establishes agreements with different hospitality sites and
defines a logistic scheme for the collection of the oil using
light commercial vehicles. As presented in Table S3 in the
Supplementary Material, the average commuting distance
between UCO generation points to collection depot was
around 50 km, in the 1-ton-capacity vehicles. Fuel con-
sumption and other supply chain characteristics used in
this work were also reported in previous studies [7, 46].

In the subsequent stage, pretreatment of UCO is carried
out through heating, decantation, and mechanical filtra-
tion [46]. Then, when UCO meets certain quality speci-
fications, it is sent overseas to be used as oleochemical
feedstock. Initially, UCO is transported about 1000 km in
heavy trucks from the pretreatment facilities to a seaport
located on the Caribbean coast of Colombia. From this
point, UCO is sent to the biodiesel production facilities
in Spain. The transportation stage involves 7440 km in
a transoceanic ship to the port in Europe, and about 324
km in heavy trucks to the biodiesel plant in central-west-
ern Spain (i.e., Extremadura). For clarity, the location of
the abovementioned nodes is described in Fig. 2, and the
associated inventory data of pretreatment and distribution
stages are summarized in Tables S4 and S5 in the Sup-
plementary Material.
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Fig. 1 Life cycle stages of the
study system with respective
inputs and outputs of materials
and energy
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Biodiesel production in Spain is carried out using the
Westfalia technology that is suitable for high acidity feed-
stocks. This technology consists of a continuous single- or
multi-step acid-catalyzed esterification of FFA followed by
a continuous two-step base-catalyzed transesterification of
triglycerides with methanol, under atmospheric pressure and
at temperatures of at least 60 °C [47]. The reaction stages
are followed by separation of glycerol, catalyst removal,
methanol stripping, and a washing purification of the methyl
esters. This technology includes a closed-loop for metha-
nol recovery and recirculation [47]. The parameters for the
modeling of this last stage and the corresponding inventory
data were obtained from literature reports, and they are sum-
marized in Table S6 of the Supplementary Material.

At this point, it is important to define a reference point for
a comparative assessment of the studied system. Since the
aim of recycling UCO is to discourage the demand for vir-
gin vegetable oil as oleochemical feedstock, palm oil-based
biodiesel was chosen as the reference system. This was
done considering that Spain’s biodiesel sector mainly relies
on imported vegetable oils, and about 62% corresponded
to palm oil from Indonesia, Malaysia, and Colombia [48,
49]. Within this context and for a suitable comparison, palm
oil from Colombia was chosen as feedstock for the refer-
ence system. The main stages of palm oil-based biodiesel
production are schematically presented in Fig. 3, and the
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corresponding Ecoinvent® datasets used to assess the life
cycle inventory impacts are reported in Table S7 in the Sup-
plementary Material. After cultivation and harvesting, palm
fruits are processed at oil mills that are usually located near
the cropping area. Processing consists of sterilizing, shed-
ding, and macerating the fruits to extract the palm oil; after-
wards, palm oil is filtered, bleached, and deodorized. For
the reference system, it was assumed that crude palm oil is
exported from a specific location in Colombia corresponding
to that of the companies with the highest exporting volumes
of crude palm oil to Spain [50]. It is also assumed that the
destination in Spain and the technology for biodiesel pro-
duction are the same to those used in the UCO-based case.

2.1.2 Definition of the sustainability approach
and the conceptual framework

As above mentioned, the sustainability assessment was car-
ried out by mean of the integrative concept of sustainability
(ICoS) which employs a life cycle thinking (LCT) approach
[51-53]. The ICoS framework recognizes the central ele-
ments of global perspective, mutual interdependence of
intra- and inter-generational justice, and anthropocentric
point of departure. As previously mentioned, ICoS goals and
principles are presented in Table S1 in the Supplementary
Material. The choice of this conceptual framework lies on
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the fact that it upholds the notion of critical sustainability
and avoids the conventional association of the concept of
development with economic growth [52].

2.2 Second phase — preparation of the assessment

For this study, specific assessment criteria were selected
upon relevance regarding the features of the study system
and the sustainability approach. Then, suitable indicators
were assigned to each criterion upon representativeness
and practicality, keeping in mind that a proper selection of
indicators contributes to building an understandable repre-
sentation of reality [54, 55]. Finally, ICoS goals and rules
were aligned to each pairing of criterion-indicator, and the
outcome of these steps was summarized in Table S2 in the
Supplementary Material.
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2.2.1 Life cycle assessment

Quantitative indicators were obtained based upon a LCA,
and it was performed using OpenLCA V.1.10.2, and the
Ecoinvent 3.5 database. The required inventory data and
parameters for the LCA of the study system (UCO-based
biodiesel) were obtained from recent investigations on the
supply chain and UCO valorization scheme in Bogota [7,
46], as well as from direct inspection of the collection routes
and pretreatment facilities of the authorized UCO collector.
As previously mentioned, the corresponding input and out-
put data of the different stages are summarized in Tables S3
to S6 in the Supplementary Material.

For the last stage, corresponding to biodiesel production
via Westphalia technology, inventory data were also based
upon the Ecoinvent dataset. Nonetheless, providers of the
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Fig.3 Life cycle stages of the
reference system (Colombian
palm-oil-based biodiesel) with
the corresponding inputs and
outputs of materials and energy
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dataset were modified to fit the geographical location of
the biodiesel facility in Europe (Spain). The resulting data
were verified and resulted consistent with those reported
in similar LCA studies [21, 46]. Regarding the reference
system (i.e., palm oil-based biodiesel), Ecoinvent datasets
were also used for oil palm cultivation, oil extraction, and
biodiesel production stages, as presented in Table S7 in the
Supplementary Material. In the case of the palm oil distri-
bution stage, transportation distances were the same as for
the study system, except for the first segment to the exporta-
tion port. It was assumed that crude palm oil was exported
from a specific location in the northern zone of Colombia,
considering that the companies with the highest volume of
crude palm oil exported to Spain are located 80 km away
from the port [49, 50].

The functional unit of the LCA for the assessment was
set to 1 ton of biodiesel, and the selected impact assessment
methodology was ReCiPe 2016 (i.e., midpoint level and
from a hierarchic cultural perspective). This was selected
among the available methodologies because this has been
recommended for LCA in biofuel applications [56], and
because there is no consensus on a standardized impact
assessment methodology for LCA of biofuels [57]. As
presented in Table S8 in the Supplementary Material, the
provided midpoint impact categories were coupled with the
established criteria and respective indicators. The criterion
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of water use was the only one that was assessed through a
different impact assessment methodology, namely, the water
scarcity methodology, which uses the water stress index
(WSI, m?) as indicator. Considering the informative char-
acter of this LCA study, attributional modeling was applied.
Consistently, UCO was taken as a burden-free feedstock,
which was accepted in similar studies [22, 26, 27]. Thus,
UCO-based biodiesel only bears the burden of the valoriza-
tion process.

2.2.2 Qualitative assessment

For the criteria that were qualitatively evaluated, namely,
labor conditions, work safety, social acceptance, govern-
mental framework, and land-use change, the assessment
was based on the available information and analogous
studies found in the literature. For comparison purposes,
results of the qualitative assessment were categorized and
graded using a similar approach to that used in matrix-based
methods [58, 59]. Table S9 in the Supplementary Material
describes how such grades were assigned according to the
overall performance or the magnitude of the negative impact
of each criterion. It is important to underline that this cat-
egorization aimed at a visual comparison of the assessment
and that it was not intended to reduce the whole analysis to
a numerical value.
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2.3 Third phase — analysis and interpretation

Once the results from the LCA were obtained and the quali-
tative criteria were evaluated, they were interpreted within
the ICoS framework. A contribution analysis by life cycle
stage or hotspot analysis was carried out. This enabled to
identify the key stages that generate the greatest impact on
each of the sustainability criteria, and allowed to select the
key parameters for a sensitivity analysis, as well as to for-
mulate possible improvement scenarios. In the first case, a
sensitivity analysis was conducted by varying the param-
eter of transportation distance per unit of collected UCO,
which is an indicator of the collection scheme’s efficiency.
The choice of this parameter responds to the need to better
understand the role of the UCO collection stage in the over-
all results, as previous LCA studies on UCO valorization
reveal contradictory results: whereas some conclude that
the contribution share from this stage is small [12, 25, 30,
33, 42], others argue that the collection impacts are usually
overlooked and can be large [14, 28, 29, 43]. Also, in this
study, other transportation distances were fixed (i.e., Bogota
to port, transoceanic, port to biodiesel facility in Spain) and
the inventory data associated to the transformation into bio-
diesel were as obtained from the Ecoinvent database. As for
possible improvement scenarios, the local transformation
of UCOs into biodiesel was considered as an alternative to
improve the performance of the current circular economy
model around UCOs exploitation in Colombia.

3 Results and discussion
3.1 Assessed life cycle impacts

The following criteria of the ICoS framework were assessed
through LCA: human health, water use, demand for fossil
resources, climate change, water quality, soil quality, and
waste management. In order to compare the study and the
reference systems, the stages were designated a common
identity, as indicated in Table 1.

According to the characterized UCO supply chain in
Bogota, the commuted distances among the different col-
lection routes ranged from 10 to 1200 km/ton UCO, with
an average of 50 km/ton UCO and with a standard devia-
tion of 220 km/ton UCO [7]. Considering this high dis-
persion in the commuting distances, a sensitivity analysis
was carried out as described in section S1 of the Supple-
mentary Material. In this case, the collection distance was
varied from best- to worst-case scenario as presented in
Tables S10 in the Supplementary Material, and the cor-
responding results are graphically presented in Figures S1
and S2 of the Supplementary Material. The overall life
cycle impacts of the different categories could be up to

Table 1 Stage identification during current UCO’s valorization
scheme and for the reference system

UCO-based biodiesel Palm oil-based
(study system) biodiesel (reference

Common stage name

system)
Feedstock sourcing UCO collection Oil palm cultivation
Oil pretreatment/extrac- UCO pretreatment Palm oil extraction
tion
Exportation UCO distribution Palm oil distribution

Biodiesel production Biodiesel production

1.5-1.8 larger under the worst-case scenario, and the con-
tribution of the collection stage to the overall impacts can
be up to 40-55%. This verifies that the collection stage is
indeed a major contributor to the life cycle impacts under
current UCO harnessing approach and that it is crucial to
design strategies to optimize the collection scheme.

The complete set of results used for the sustainability
assessment under the ICoS framework are summarized in
Table 2, and those obtained from the LCA are graphi-
cally presented in Fig. 4. These correspond to the study
system, the reference system, and both of the proposed
improvement scenarios. The last two correspond to local
production and consumption of UCO-based biodiesel and
of first-generation biodiesel.

From a general perspective, and despite the expected
differences due to specific geographical locations and
variable databases, all the obtained results were similar to
those reported in previous studies that included UCO col-
lection stage [18, 20, 29, 31]. Clearly, the main differences
are related with the impacts of the local collection and
exportation stages. In particular, and with respect to the
first-generation biodiesel reference, it was observed that
current UCO collection and valorization scheme mitigates
local and regional life cycle impacts such as emission of
particular mater (PM2.5-eq), photochemical oxidation
(i.e., NOx-eq), eutrophication (i.e., P-eq), acidification
(50,-eq), and water stressing (WSI). Surprisingly, global
impacts such as greenhouse gases (GHG) emissions and
fossil fuel consumption are larger than the reference sys-
tem; here is evident the large impact of the exportation
to Europe and the collection stages. When local produc-
tion and consumption of UCO-based biodiesel is accom-
plished, all impacts are lower compared to those of the
first-generation biofuel. Also, it is particularly trouble-
some the large water consumption per ton of UCO (9.1
m?), which occurs during biodiesel production. This stage
is common to all scenarios and might indicate that there is
need to improve current processing technologies to mini-
mize water intensity, or to better identify other potential
oleochemical derivatives different from biodiesel with
lower associated impacts. Nonetheless, there are water
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Fig.4 Environmental life cycle impacts of studied scenarios. Func-
tional unit: 1 t of biodiesel. Scenarios: UCO collection in Colombia
and transformation into biodiesel in Spain or in Colombia. Refer-
ence system: Colombian crude palm oil transformed into biodiesel in
Spain or in Colombia. Stages: (light green) feed sourcing, (blue) oil

pretreatment/extraction, (yellow) exportation, (green) biodiesel pro-
duction. (dash) Uncertainty. a Particulate matter emissions. b Photo-
chemical oxidants emissions. ¢ Water stress index. d Fossil resources
use. e Greenhouse gases emissions. f Eutrophication. g Acidification
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savings compared with those associated to the cropping
stage required to obtain palm-based biodiesel.

Now, from the hotspot analysis, considering the
obtained indicators of Fig. 4, and the assessment criteria
of the ICoS that are summarized in Table S2 in the Supple-
mentary Material, it was verified that in the case of UCO-
based biodiesel, the exportation stage is a major contribu-
tor to many impact categories. In particular, large impacts
were observed on human health, climate change, and soil
quality. These results make evident that non-necessarily
any circular economy scheme for UCO harnessing is truly
sustainable and that there is need to promote public poli-
cies for local valorization and use.

The following sections describe the assessed impacts
considering those indirectly measured from the life cycle
assessment or the qualitatively ones obtained from the lit-
erature revision (i.e., labor conditions, work safety, social
acceptance, governmental framework, and land-use change).

3.1.1 Human health

For the study system, the greatest contribution for the emis-
sions of both fine particulate matter (kg PM2.5-eq) and pho-
tochemical oxidants (kg NOx-eq) per ton of biodiesel comes
from the stage of UCO distribution. In particular, transoce-
anic transport accounts for ~40% of impacts, followed by the
freight transport with vehicles meeting the Euro IV stand-
ards (i.e., the distribution segment in Colombia). The latter
process accounts for 20% of the particulate matter emissions
and more than 27% of photochemical oxidants. When the
exportation is eliminated and biodiesel is produced locally,
the magnitude of the impact is reduced by 65% and 71%,
respectively. In this case, the hotspots shift to the collection
stage and the process of methanol production, as part of
the biodiesel production. Regarding the reference system,
the emissions from the palm oil distribution stage are also
significant, but not to the same extent as in the study system.
When palm oil is destined for local production of biodiesel,
areduction of 22% in particulate matter formation and 33%
in photochemical formation is achieved. As expected, major
hotspots in the reference system are in the stages of palm tree
cultivation and oil palm extraction.

3.1.2 Water use

By avoiding water consumption from crop cultivation, the
study system’s WSI is less than a third of that of the ref-
erence system. This is highly meaningful considering the
current debate on using resources for bioenergy crops, and
the demonstrated water-food-energy security nexus. For the
study system, the main contribution comes from the stage of
biodiesel production, particularly from the process of metha-
nol production. When excluding the UCO distribution stage
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and considering local production, the magnitude of the indi-
cator decreases by 23%, which is not outstandingly high, but
neither negligible. It is important to point out that benefits
from avoiding water pollution by harnessing UCOs are not
accounted for and that those could be large considering cur-
rent UCO mismanagement in Bogota. Nonetheless, the large
WSI of all scenarios (i.e., 7-29 m?) indicate that probably
biodiesel might not be the best end application for the col-
lected UCOs, at least under current industrial technologies.

3.1.3 Demand for fossil resources

Despite being conceived to replace fossil fuels, biofuels
highly depend on fossil resources to be produced, mainly the
agrochemicals. In this sense, without the cultivation stage,
second-generation biofuels could be far less dependent on
fossil fuels. However, recycling of waste can neither be car-
ried out without energy inputs, which mainly come from fos-
sil fuels since their share in the global energy matrix is still
very high (i.e., ~84%) [60]. Overall, the main hotspot comes
from the process of methanol production for the transesteri-
fication stage in both systems. Yet, the exportation stage is
clearly a major contributor to this indicator, especially for
the study system and in relation to land transport. When
this stage is avoided in the local production of biodiesel, the
magnitude of the indicator is reduced by 40%, becoming
slightly less dependent on fossil resources than the reference
system. The observed fossil fuel use for the current UCO’s
valorization scheme (i.e., 259.22 kg oil-eq) corresponds
to nearly 10,800 MJ per ton of UCO-based biodiesel. This
value is consistent with the reported range of energy inten-
sity in previous LCA studies on waste-based biodiesel (i.e.,
6,800-17,400 kg oil-eqg/ton) [61].

3.1.4 Climate change

According to the European renewable energy directive (RED
II), typical life cycle GHG emissions of UCO-based bio-
diesel are about 400 kg CO,-eq/ton (excluding the stage of
transportation and distribution of the final fuel), which rep-
resent savings of 88% with respect to fossil diesel [62]. For
the study system, this value goes up to 607.6 kg CO,-eq/ton,
which is 50% higher than the typical value, but still repre-
sents GHG emission savings of 82% with respect to fossil
diesel. This value is in the range (i.e., 130-1383 kg CO,-eq/
ton) of previous reports on environmental life cycle assess-
ments of UCO-based biodiesel including the transportation
stage [61]. Although this value is acceptable within the RED
IT standards, the fact that the stage of exportation accounts
for almost 50% of the GHG emissions cannot be ignored.
When this stage is eliminated and biodiesel is produced
locally, GHG emission savings rise to 91%. In this scenario,
the major contribution comes from the collection stage.
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As for the reference system, it seems to perform bet-
ter than UCO-based biodiesel, but land-use change effects
(LUC) must be considered. However, oil palm crops in
Colombia differ substantially from those in Asian countries,
since about 80% of these have been planted in pastures and
croplands, which have a lower carbon stock than an oil palm
crop. Thus, LUC from pastures and croplands to oil palm
actually increases carbon stocks per unit of area and thereby
reduces the GHG intensity of palm oil-derived products.
For the reference system, these GHG emissions savings can
range from 93 to 9254 kg CO,-eq per ton of biodiesel [62].
Consequently, the net GHG intensity of the reference system
would be better than that of the study system for any type
of direct land-use transition. Nevertheless, indirect LUC
remains unexamined due to the high degree of uncertainty
posed by its prediction and modeling.

3.1.5 Water quality

As observed, the life cycle eutrophication potential of UCO-
based biodiesel is about 11% of that of palm oil-based bio-
diesel. By avoiding the stage of oil palm cultivation, a sub-
stantial contribution to mitigating water pollution can be
achieved. As for the improvement scenario for the study sys-
tem, the eutrophication potential is reduced by a third when
UCO-based biodiesel is produced locally. It is important to
point out that following the attributional approach of the
LCA, the mitigation of the eutrophication potential due to
avoided UCO pollution was not accounted for. However, this
is certainly a non-negligible contribution of UCO reclaiming
and exploitation, and must be further assessed.

3.1.6 Soil quality

The stage of oil palm cultivation is highly responsible for
the soil pollution effects linked to palm oil-based biodiesel.
Therefore, the acidification potential of UCO-based bio-
diesel is significantly lower (about one-third) than that of
palm-based biodiesel. However, in this case, the exporta-
tion stage is by far the main contributor to the acidifica-
tion potential of the study system, specifically, transoceanic
transport (44% share). Thus, when eliminated, the value of
this indicator is reduced to a third and the hotspots shift to
the collection stage (35% share), the methanol production
(20% share), and to the heat generation for the pretreatment
stage (14% share).

3.2 Assessment of other quantitative criteria
3.2.1 Waste management

UCO valorization prevents the environmental effects of
inadequate disposal practices. According to recent studies

[3, 46], 90% of the generated UCO in Colombia is mainly
disposed through the sewage (~70%) and also within solid
waste (~20%). In this sense, the recovery of 1 ton of UCO
would avoid the corresponding GHG emissions from the
degradation of solid waste in a sanitary landfill (~ 200 kg),
and the treatment of wastewater polluted by 700 kg of UCO.
The study system could therefore be credited with about
145 kg CO,-eq per ton of biodiesel for the avoided degrada-
tion of solid waste, and at least 418 kg CO,-eq per ton of
biodiesel for the avoided treatment of wastewater. The latter
value is highly uncertain, since it has been reported that one
liter of cooking oil has the potential to contaminate at least
1,000 liters of clean water. Then, if the total value of 563 kg
CO,-eq is credited to the study system, the GHG intensity
of UCO-based biodiesel would be reduced to about 45 kg
CO,-¢eq.

Nevertheless, it is important to recall that Colombia
does not count with full coverage of wastewater treatment.
By 2018, the proportion of treated urban wastewater was
42% for the whole country and 32% for Bogota [63]. Thus,
it is possible to assert that almost 50% of generated UCO
in Bogota eventually reaches water bodies. In this case,
an increase in GHG emissions is not the main concern,
but rather water eutrophication, soil pollution, and toxic-
ity effects on flora and fauna. Regarding toxicity, recent
studies have found that a very low concentration of veg-
etable oils in water generates lower growth rate and higher
mortality of seawater mussels and toxicity to benthic
organisms [64, 65]. As for soil pollution, UCO produces a
remarkable inhibition in plant growth among a wide range
of dosages, as well as toxic effects for terrestrial organisms
such as earthworms [66]. These impacts can be prevented
if UCO is not discarded as waste.

3.2.2 Economic performance

This criterion was assessed by estimating the operating
production costs of the feedstock for biodiesel production
before exportation, i.e., the cost of producing 1 ton of pre-
treated UCO and 1 ton of crude palm oil. Far for compre-
hensive, this assessment intends to be preliminary to obtain
approximate values based upon operating costs considering
that existing processing facilities have existed for more than
a decade, and capital costs were already paid back. In the
case of UCO, costs related to the collection stage comprise
the purchase of the UCO, fuel consumption in collection
vehicles, and the employee salaries. Regarding the stage
of UCO pretreatment, the related operating costs comprise
the consumption of utilities (electricity, heating fuel, water,
and spent filtering earths), as well as the employee salaries.
Then, the total production cost of 1 ton of pretreated UCO
was estimated in about 370 USD [7, 46].
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Table 3 Categorization and grading of the qualitative assessment results

Criterion UCO-based biodiesel Palm oil-based biodiesel

Concept Grade Concept Grade
Labor conditions Good overall performance 2 Acceptable overall performance 3
Work safety Low negative impact (risk) 2 High negative impact (risk) 4
Social acceptance Very good overall performance 1 Insufficient overall performance 4
Governmental framework Acceptable overall performance 3 Good overall performance 2
Land-use change No negative impact 0 Very high negative impact 5

0 — excellent performance/no negative impact; 5 — deficient performance/High negative impact

Regarding palm oil, for the chosen geographical zone of
the reference system, official reports indicate a production
costs of approximately 430 US$ [67]. A difference of ~60
USS$ is significant considering that biodiesel feedstock is
a commodity, and a potential reduction in the production
costs of biofuel has a paramount impact on its economic
viability. Also, and due to the attributional approach of the
LCA, there are economic benefits that are not accounted
for by avoiding the mismanagement of UCO. These include
reduction of costs for wastewater treatment, avoiding sewage
systems repairment, mitigation of public health problems,
and reduced cleanup of polluted areas. Therefore, it could
be expected that the economic performance of UCO-based
biodiesel would be much better than estimated.

3.3 Assessment of qualitative criteria

The general categorization and grading for each of the cri-
teria that were qualitative assessed is presented in Table 3.
Quantitative characterization of each criterion was defined
according to a revision of recent social studies on biodiesel
industry, with some focusing in Colombia case [67-73].
A more detailed discussion is presented in the following
sections.

3.3.1 Labor conditions

For this criterion, the main differences between both sys-
tems lie in the first two life cycle stages. For UCO-based
biodiesel, operations of UCO collection and pretreatment
are carried out by registered recycling agents, i.e., formally
established companies that are compelled to legally hire
their employees [7, 46]. However, there is a risk of labor
informality due to the presence of an illegal market that col-
lect UCO and conduct a rudimentary treatment to sell it as
new oil for food/feed purposes. As for the reference sys-
tem, the panorama is more complex; according to official
reports, the percentage of job formality in the Colombian
oil palm sector is 82.4%, which strongly contrasts with a
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low 15% of labor formality in the rural area of the country.
Nonetheless, according to a recent study, 83.6% of the oil
palm sector employment is outsourced through associated
work cooperatives and private companies [68]. This presents
certain disadvantages in terms of labor association and the
assurance of suitable labor conditions.

3.3.2 Work safety

Biodiesel production involves the storage and handling
of several hazardous substances, which poses significant
risks if appropriate precautions are not taken. In terms
of labor incidents, fires and explosions are reported to
be the most common in the industry. Also, it has been
demonstrated that the growth of biodiesel production has
been accompanied by an increase in incident rates, mainly
due to the lack of expert operators and safe technolo-
gies [69, 70]. Regarding UCO-based biodiesel, the main
potential labor incident associated with the first two life
cycle stages is the event of a car accident in a UCO col-
lection journey, which could result in a fire event due to
the loaded flammable oil.

As for palm oil-based biodiesel, the Colombian Coun-
cil on Safety reported that during the first half of 2020,
production of palm oil displayed the third-highest rate of
labor incidents among the different economic activities of
the country [71]. This can be partially explained by the fact
that the Colombian palm oil sector is not highly automated
nor technified. In general, workers must perform tasks of
heavy loads lifting and carrying, agrochemicals handling,
tilling, and plowing, as well as other manual harvesting-
related activities, which have a high inherent risk of labor
incidents. Furthermore, biological risks are very signifi-
cant, since workers are exposed to different species that
can wound them and cause allergies or transmit zoonoses.
Finally, it is also important to mention the risks that arise
from the Colombian internal conflict, even though these are
not inherent to the nature of the work. There is the presence
of illegal armed groups in oil palm regions which represents
a fundamental safety risk for the workers of the sector [72].
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3.3.3 Social acceptance

In general, attitudes towards UCO valorization are positive,
considering that the ecological pressure of waste is reduced
by transforming it into useful products within the framework
of circular economy. Nonetheless, it is important to point
out that in Colombia, the level of involvement from citi-
zens is still low, so when it comes to the collection, storage,
and transport to a proper disposal point, there is not enough
public engagement. Regarding palm oil-based biodiesel, the
use of palm oil as oleochemical feedstock around the world
is highly rejected due to deforestation and impacts on bio-
diversity. Even though oil palm crops are proven not to be
major contributors to deforestation in Colombia, it is hard to
break the stereotype given the global circulation of negative
publicity. Besides, despite the strong institutional and policy
framework that has fostered the acceptance of oil palm by a
discourse of “green” economic development in the regions,
conflict victims and academics reject the implementation of
oil palm monoculture. Nowadays, local social organizations
are more aware of the ecological, social, and cultural impacts
that have come along with industrial energetic crops [73].

3.3.4 Governmental framework

Even though there is a legal framework that allows valori-
zation of UCO to produce biodiesel, and a national public
policy on sustainable production and consumption to pro-
mote integrated management of the edible vegetable oils
value chain, efforts to promote adequate and effective UCO

management strategies are still missing. Comparatively, in
the case of palm oil-based biodiesel, different laws, resolu-
tions, and decrees have been stablished to regulate the pro-
duction of palm oil and its derivatives since the early 2000s.
Since then, several incentives for the oil palm sector have
been designed and granted through different political and
legal tools, particularly to foster the large-scale expansion
of oil palm crops. Nonetheless, it has been pointed out that
this framework has been shaped by political and economic
elites, who have intervened with specific and direct interests
in agribusiness [68].

3.3.5 Land-use change

Although LUC is not attributed to UCO valorization, this
criterion was analyzed to underline the avoided effects in
this matter. As described before, direct LUC to oil palm
crops in Colombia has a positive impact in terms of GHG
emissions and climate change mitigation. However, LUC
goes beyond the ecological effects and transcends to a socio-
cultural dimension. Within this context, support for biofuels
in Colombia has contributed to land concentration, a phe-
nomenon that has historically sustained the internal con-
flict. Besides, oil palm crops throughout the country have
been directly linked to forced displacement and violation
of human rights [73]. Some oil palm companies could be
accomplices of this situation, either by commission or omis-
sion, if there is no rigorous control over the operations of the
main suppliers, the contractors, active partners, and other
major stakeholders [68].
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3.4 Overall results

Global results of the sustainability assessment for the study
are presented in Fig. 5. The labels in the assessed crite-
ria indicate the aligned ICoS rules and goals according
to Tables S1 and S2 of the Supplementary Material. The
bars represent the magnitude of the life cycle impacts or
the performance of UCO-based biodiesel relative to palm
oil-based biodiesel. In this plot, the values < 100% indicate
UCO-based biodiesel has a lower life cycle impact or a bet-
ter performance, and vice versa. In the case of quantitative
criteria, the comparison of the respective indicators was
straightforward in terms of obtained indicators. In the case
of qualitative criteria, relative values were obtained from
categories and grades presented in Table 3.

Looking at the different goals, the one of securing human
existence shows an unambiguous result favoring UCO as a
feedstock. For the assessed criteria, the indicators display
a better performance or a lower negative impact, and the
comparative advantage ranges from 28% (particulate mat-
ter formation, contributing to human health) to 55% (pho-
tochemical oxidants formation, also contributing to human
health). As for the goal of maintaining society’s productive
potential, noteworthy improvements of using UCO can be
identified for most of the criteria, the largest correspond to
waste management and water quality. Only for the criteria of
demand for fossil resources and climate change, the indica-
tors reveal a relative disadvantage of 20% and 9%, respec-
tively. Nonetheless, it is important to recall the potential
CO,-emission savings of avoiding UCOs into sewage sys-
tems, waste treatment plants, and landfills and that they were
not credited in this assessment.

Regarding ICoS’ third goal, contrasting results can be
observed for the goal of keeping options for development
and action open. On the one hand, the criterion of govern-
mental framework exposes a disadvantage of UCO as a
feedstock. However, the use of UCO leads to a significantly
higher degree of social acceptance and to a large improve-
ment in terms of land-use change. This indicates the need
for governmental regulations for the correct management
of UCOs and for policies to promote their local transfor-
mation into biofuels or preferably into high value-added
oleochemicals. In this last case, it would be necessary to
assess the sustainability performance for the different oleo-
chemical derivatives considering that collection and pre-
treatment stages were already evaluated. As the purpose of
UCO exploitation is the use of second-generation feedstock
within a circular economy model, in the future, it would be
necessary to analyze if demand for virgin vegetable oil is
actually decreasing, thus contributing to dematerialization
of the oleochemical sector. Additionally, further dimen-
sions could be included within future sustainability assess-
ments, for instance, considering maximum thermodynamic
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efficiencies via exergetic analysis [74]. This would enable
to identify key stages to improve to energy use within the
different stages of the life cycle.

4 Conclusions and prospects

Based upon a sustainability assessment, it was verified
that current UCO exploitation scheme in Bogota-Colom-
bia via collection and exportation for biodiesel production
represents an improvement compared to palm oil-based
biodiesel. Results showed that UCO harnessing scheme
contributes to the protection of human health, the securing
of an autonomous existence, the sustainable use of renew-
able resources, the sustainable use of the environment as a
sink for waste and emissions, the sustainable development
of human and knowledge capital, and the conservation of
the cultural function of nature. However, current UCO-
based biodiesel valorization must be improved regarding
the sustainable use of non-renewable resources (specifi-
cally the demand for fossil resources), the role in climate
change mitigation, and the robustness of the governmental
framework. In particular, in terms of climate change miti-
gation and despite UCO-based biodiesel still represents
important GHG emissions savings with respect to fossil
diesel, it underperforms with respect to palm oil-based
biodiesel. Besides large emissions during the supply chain,
this was because CO, savings from avoiding UCOs into
sewage systems, waste treatment plants, and landfills, and
the corresponding mitigative actions were not credited due
to lack of information and high uncertainty. This indicates
that future studies must be conducted to understand and
quantify the effects of current UCO’s misdisposing prac-
tices. This includes assessing water-soil environmental
partitioning, biodegradability rates, ecosystems toxicity,
and emissions from the biodegradation processes. Also, it
is important to estimate the associated direct and indirect
environmental costs.

In addition to the above, it is important to point out that
large GHG emission savings could be achieved if UCO is
not exported and biodiesel is produced locally. In fact, since
the UCO distribution stage is a major contributor to many
of the life cycle impacts (i.e., use of fossil resources, emis-
sions of particulate matter and photochemical oxidants, and
acidification potential), it is worth fostering local produc-
tion and consumption of biodiesel. This can be done by pro-
moting local policies to harness UCO as second-generation
oleochemical feedstock. Nonetheless, despite the benefits
of UCO-based biodiesel, it is necessary to further assess
other valorization models as some current impacts are highly
negative. For instance, it was verified that water intensity
of biodiesel production is large under the different assessed
scenarios (> 7 m*/ton). Then, it would be valuable to explore
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other valorization alternatives and to select among them
based upon their sustainability performance. Also, as the
purpose of UCO exploitation is the use of second-generation
feedstock within a circular economy model, it is fundamen-
tal to assess if the recirculation of waste flows is indeed con-
tributing to decreasing extraction and use of virgin resources
in the oleochemical sector.
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