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Abstract: Natural rubber, a renewable material with unique properties, is crucial for various products on the
modern market. Crepe rubber, a versatile form of natural rubber, is widely used in numerous applications,
including footwear soles, medical devices, automotive parts, adhesives, sports equipment, industrial
components, musical instruments, and recreational products. Sri Lanka holds a prominent position as a leading
producer of premium-quality crepe rubber but faces environmental challenges in its production process. Since
previous life cycle assessments (LCA) in the rubber industry are inadequate to capture overall environmental
impact, the present study attempted to address the gaps by conducting a detailed LCA of a Sri Lankan crepe
rubber factory, incorporating a novel index termed Trade-off valuation index (TOVI). The research revealed
that fertilizer, water, and electricity use contribute most significantly to crepe rubber production's
environmental impact. To mitigate these impacts, four key improvement options were identified and evaluated
through scenario analysis: 1) enhancing fertilizer efficiency, 2) repairing leaky joints and valves, 3)
implementing a water reuse system, and 4) installing solar panels. The integration of TOVI allowed for the
prioritization of these options, providing actionable insights for industry stakeholders. This study paves the
way for targeted interventions to enhance the sustainability of the natural rubber industry by balancing
economic viability with environmental stewardship.

Keywords: sustainability; rubber; life cycle assessment

1. Introduction

Natural rubber, derived primarily from Hevea brasiliensis tree, has been a cornerstone material
in various industries for more than a century due to its exceptional elasticity, resilience, and
durability[1,2] and such characteristics have been attributed to its unique molecular structure,
composed of long chains of cis-1,4-polyisoprene [2,3]. These properties make natural rubber
irreplaceable in many applications despite the development of synthetic alternatives. Crepe rubber,
a specific form of natural rubber, is produced through a specialized process that involves coagulating
latex and passing it through grooved rollers, resulting in a distinctive crinkled texture [2—4].

The versatility of crepe rubber has led to its widespread adoption in various sectors. In the
footwear industry, it is prized for its shock-absorbing qualities and nonslip characteristics, making it
ideal for shoe soles[2,5-7]. Medical applications benefit from its biocompatibility and resistance to

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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bodily fluids, while the automotive sector utilizes its vibration-damping properties in various
components. The strong adhesive properties of the material make it valuable in the production of
adhesives and sealants. Sports equipment manufacturers leverage the grip of crepe rubber and the
resilience in items such as tennis balls and gym mats [2]. Its use extends to industrial applications,
where it serves as gaskets and seals, and even to the arts, where it finds a place in the construction of
musical instruments [2].

Crepe rubber production is a resource-intensive process that involves multiple stages[8-10]. At
the farm level, latex harvesting for crepe rubber requires a significant input of fertilizers for the health
of the rubber tree and optimal yield. Electricity powers heavy machinery, water pumps, wastewater
treatment, and lighting at the factory stage for converting latex into crepe rubber. Also, thermal
energy, mainly from firewood combustion, is crucial for rubber drying. Freshwater is essential for
washing, sanitation, chemical dilution, latex processing, and machine cooling. Various chemicals,
including sodium bisulfite, formic acid, and bleaching agents, are used for latex preservation,
coagulation, and product refinement in crepe rubber processing at the factory level. Therefore, due
to this resource intensive nature, crepe rubber production has faced various environmental issues
[2,11-13]. Significant water consumption and effluent discharge in crepe rubber manufacturing pose
potential environmental concerns if not properly managed. Releasing untreated rubber factory
effluent into the environment can lead to water pollution, unpleasant odors, and crop damage, while
excessive water use can deplete nearby water resources[14]. Additional environmental issues arise
from emissions related to high electricity and firewood consumption [15,16].

Life Cycle Assessment (LCA) is a popular tool that is used to assess the environmental impacts
associated with all stages of the life of a product, from the extraction of raw materials through
production, use, and disposal [6,10,17,18]. Standardized under ISO 14040/44, LCA provides a
systematic framework for quantifying and interpreting the environmental implications of products,
processes, or services throughout their entire lifecycle [19]. This holistic approach allows researchers
and industry professionals to identify environmental hotspots, compare alternative solutions, and
make informed decisions to minimize ecological burdens.

Several LCA studies have been conducted to address the environmental concerns associated
with crepe rubber production. Our previous research efforts have focused on evaluating greenhouse
gas (GHG) emissions from the crepe rubber processing phase[8-10]. Going beyond, Kumara et al.
[15] expanded the scope by performing a cradle-to-gate assessment to quantify the carbon footprint
of crepe rubber production. These studies have provided valuable information on the environmental
impact of crepe rubber production, particularly in terms of GHGs. However, existing research has
concentrated mainly on a single impact category or area, which limits a comprehensive
understanding of the environmental implications of crepe rubber production. A more holistic
approach that considers multiple environmental indicators would be highly beneficial in providing
a more complete picture of the environmental issues associated with this industry.

To take an initial step to address this gap, a comprehensive life cycle assessment (LCA) was
carried out in a Sri Lankan crepe rubber production estate considering rubber cultivation and
processing (notably, we chose Sri Lanka due to its significance as the principal crepe rubber producer
and exporter [8-10]. This study aimed not only to capture the environmental profile of production,
but also to identify hotspots and areas with potential for improvement. Additionally, a novel index
was introduced to assess the trade-offs among multiple sustainability aspects: environmental,
economic, and social. This approach helps prioritize improvement options for production.

2. Materials and Methods

2.1. Details of Rubber Cultivation

The rubber plantation cycle examined in this context extends over a 25-year period,
incorporating the nursery period (one year), unyielding immaturity (five to seven years), and
yielding maturity stages (over seven years)[2]. The cultivation process begins at the nursery stage,
when the seeds collected from fully grown rubber trees are sown. During early development, these
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plants are grafted with selected genotypes with known characteristics. When these plants reach the
required growth stage in which they can sustain independently, they are moved to transplant in a
prepared field, a process that involves clearing land, weed removal, soil tilling, and fertilization.
Rubber trees require a minimum period of five years to approach the maturity stage, the point at
which they are ready to be harvested. Care is provided to transplanted rubber plants during their
immature stage to foster their growth and development, which may include the necessary pruning
to manage their shape and size. They are also vulnerable to pests and diseases, making the application
of insecticides or fungicides useful [2].

Optimal growth and yield depend on the proper balance of nutrients required by rubber plants.
Most rubber-growing soils in Sri Lanka lack sufficient amounts of nitrogen (N), phosphorus (P),
potassium (K) and Mg [20]. These deficiencies can be managed by applying appropriate proportions
and amounts of inorganic fertilizers. Commonly used fertilizers are urea (for N), rock phosphate (for
P), muriate of potash (for K), kieserite (for Mg), and dolomite (for Mg). These are typically applied to
the soil surrounding the base of each tree [2,20].

2.2. Crepe Rubber Production Process

Initially, rubber in the form of latex is extracted from the rubber tree and sent to the crepe rubber
processing factory using bowser trucks. Sodium sulfite is added to rubber prior to transportation as
a preservative to combat fungal growth. On arrival at the factory, fresh latex is standardized,
separating the yellow pigments and leaving behind the white fraction, which contains most of the
rubber particles. Sodium bisulfite and water were then added, according to dry rubber content, to
this white fraction, which comprised approximately 10% of the dry rubber content (DRC) [2,21]. The
white fraction was transferred to concrete tanks and mixed with water, formic acid, and bleaching
agents during the coagulation stage. The process involves converting the white fraction coagulum
into cube-shaped pieces by passing it through various milling equipment, including roller mills, a
macerator, a diamond roller, and a smooth roller. The main objective of the milling process is to
reduce the size of large coagulum pieces with high water content to thin rubber strands called lace
crepe with lower water content. These thin strands are then hung on a drying tower for
approximately three to four days. After drying, the crepe laces are stacked and folded into 25 kg mats
and then passed through a roller mill, known as a dry blanket mill, creating soft-edged rubber
blankets. These rubber blankets are cut into customer-specified sizes to produce what is known as
blanket crepe rubber. The last step in crepe rubber production involves visual grading and packaging
of the product for sale. The yellow fraction is also subjected to the same procedure to produce lower
grade of crepe rubber [2].

Femhzers """""" Processing
 Horiides |+ m - I ! |
| Water —»  Rubber cultivation Transportauon
__L:::::: ____ s
.‘ Chemicals : .
Coagulation Packaging

Figure 1. System boundary of the study. LDPE refers to low density polyethylene.

2.3. The Framework of the Study
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The framework and its boundary used in our study are defined in Figure 2. Therein, raw data
input, methods used, and outputs obtained, are visualized using ovals, rectangles, and rounded
rectangles, respectively. It comprises six primary steps to concisely describe the framework. Impact
evaluation: We determined the environmental impacts and potential hotspots within the current
production system. Improvement proposal: We proposed viable improvement options through
consultations with factory personnel and experts as well as through a review of the literature. Benefit
validation: The potential benefits of such options were estimated by re-executing LCA. Feasibility
evaluation: we then evaluated the financial, environmental and social feasibility of each individual
option and the combined scenario using financial, environmental and social payback times, and the
trade-offs between the options that were monitored using the novel 'trade-off valuation index
(TOVI)." Decision-making: Management makes decisions based on the feasibility results of the
previous step. Implementation: Management implements the improvement options (s) decided in
Step 5. Our study went only up to the fourth level allowing the management to move onto the next
two stages. Additional methodological details, including specific techniques and tools, are elaborated
in the following sections of our paper.

Goal and scope _
definition N “

Goal, system
boundary, FU,
etc.

Foreground data:
Organizational
reports,
interviews, etc.

Inventory analysis
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Figure 2. Methodological framework used in this study. Perforated line demarcates the boundary of
the framework.

2.3.1. Impact Evaluation
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Life Cycle Assessment (LCA) is widely recognized as a comprehensive approach for evaluating
the environmental impacts of products and services throughout their life cycle and has been the most
advanced and tried-and-true methodology for assessing the environmental burden of processes or
products. It follows the ISO 14040/44 standards[22] and accordingly, we trailed the steps of goal and
scope definition, inventory analysis, impact assessment, and interpretation.

1. Goal and scope definition

At the goal and scope definition stage of the LCA, the boundaries, system description, functional
unit, and intended applications of the study were established. Our study aimed to assess the
environmental impact of crepe rubber production in Sri Lanka. The system boundary herein is from
cradle to gate, encompassing all stages of the crepe rubber production process, from natural rubber
extraction to processing. The functional unit is defined as 'producing 1 tonne of crepe rubber. '

2. Inventory Analysis

In the inventory analysis stage of the LCA, all inputs and outputs associated with the life cycle
stages of crepe rubber production were identified and quantified. In the assessment, two types of
inventory data were gathered: foreground and background. The foreground data pertained
specifically to the system under analysis, while the background data served as inputs for the
evaluation but are not specific to the product being evaluated. In Figure 1, processes related to the
foreground system are depicted in a darker shade, whereas those associated with background
systems are shaded in lighter colors.

3. Data collection for rubber cultivation

Foreground data for fertilizer use in rubber cultivation were obtained from the Soil and Plant
Nutrition Department of RRISL [23]. The calculations were based on an annual average over the 25-
year plantation cycle, assuming a productivity of 1 ton/ha/year on a dry basis [24]. On-site (direct)
emissions from fertilizers (NH3 in air, N20O in air, NO3- in water, CO2 to air from urea, and
phosphorus emissions to water) were calculated using standard emission and conversion factors
presented in Tables 1 and 2, respectively. Although specific data on the use of fungicides and
herbicides and the consumption of diesel for tillage in Sri Lanka were not available, general
information applicable to rubber producing countries was obtained from the relevant literature [25—
27] evaluated the environmental impacts of chemical pesticides, assuming that there is no drift and
complete deposition in the soil. Consequently, herein, the entire application of pesticides was treated
as input, with equivalent emissions attributed to soil pollution.

4. Data Collection for Crepe Rubber Processing

The foreground data collected were based on the traditional crepe rubber factories in Sri Lanka
and extracted from our previous publications [9,10,28]. The factory has a production capacity of 500
kg of rubber per day and maintains a workforce of 50 employees. Quantitative data on water and
electricity consumption, packaging materials use, and rubber throughput were acquired through
measurements on site. A laboratory assessment was performed to determine the ash content of the
rubberwood. We also referred to factory logbooks and conducted field interviews to obtain data on
percentage dry rubber content in latex, chemicals used, work hours, and extent of rubber losses.
Wastewater emissions were calculated using the emission factors for CH4 and N2O provided by the
IPCC reports [29] as well as the specific characteristics of wastewater for crepe rubber factories
detailed in [30]. Inventory data for rubber cultivation and processing are summarized in Tables 3 and
4, respectively.
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Table 1. Emission factors used for calculating on-site emissions during cultivation. Terms like kg
N20-N/kg N use refers to mass of nitrogen element in the form of N2O.

Emission source Emission Characteristics

factor
N2O direct emissions from fertilizer use (to air) 0.1 kg N20O-N/kg N use
N20O indirect emission after N leaching and runoff (to ~ 0.00225 kg N20-N/kg N use
soil)
N20O indirect emission after emission of fertilizer Nas  0.001 kg N20O-N/kg N use
NOx and NH3 (to air)
CO2 direct emissions from Urea (to air) 0.2 kg CO2-C/kg urea
NHS3 emissions from fertilizer use (to air) 0.1 kg NH3-N/kg N use
Direct NOx from fertilizer use (to air) 021 ke l,\I,OX/ kg N20 from

fertilizers

NO3- emissions from fertilizer use (to soil) 0.3 kg NO3--N/kg N use
P emissions to water 0.05 kg P emissions/ kg P use

Table 2. conversion factors used for calculating on-site emissions during cultivation. Molecular
weight was used to convert the mass of substances; for example, 44/12 is used to convert the mass of

C to the mass of CO2.

Type of conversion Coefficients
kg CO2-C to kg CO2 44/12

kg N20O-N to kg N20 44/28

kg NH3-N to kg NH3 17/14

kg NO3-N to kg NO3 62/14

kg P205 to kg phosphorus  62/142

kg CO2-C to kg CO2 44/12

For the background processes, we selected representative industrial processes from the
ecoinvent v3.8 database considering geographic location of our production system. We selected cut-
off system models from ecoinvent because of their simplicity [31]. The cutoff model avoids attributing
environmental burdens to recycled materials, treating them as if they do not have prior
environmental impact. (for a detailed list of processes used from ecoinvent database v3.8, see Table
S1). After gathering the necessary background and foreground data, we mapped the production
system using SimaPro software v9.3 [32] to perform the impact assessment of the life cycle.

5. Impact assessment

In the impact assessment stage, the environmental impacts of the identified inputs and outputs
were quantified and evaluated. Having limited impact assessment methods specific to Sri Lanka, the
CML-IA baseline V3.07/World 2000 method developed by the Institute of Environmental Sciences of
the Universiteit Leiden in the Netherlands was used herein as impact assessment method [18]. The
eleven impact categories were considered: Abiotic Resource Depletion in non-fossil resources,
expressed as kg of Sb eq (represents the reduction of the total amount of natural resources that are
available on Earth), Abiotic Resource Depletion in fossil resources, expressed as MJ (represents the
use of fossil fuels such as oil, natural gas, and coal along a product life cycle), Global Warming
Potential with a period of 100 years (GWP100), detonated as kg of CO2 eq (Measures the impact on
global warming over 100 years due to greenhouse gas emissions), Ozone Layer Depletion Potential;
expressed as kg of CFC-11 eq (Indicates the thinning of the stratospheric ozone layer caused by
certain chemicals such as chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs), etc.),
Human toxicity, expressed as kg 1,4- dichlorobenzene (1,4-DB) eq (Assesses potential harm to human
health from toxic substances released into air, water, and soil, such as heavy metals (e.g., lead,
mercury), organic pollutants (e.g., dioxins, PCBs), pesticides, volatile organic compounds (VOCs),
and particulate matter), Freshwater Aquatic Ecotoxicity Potential expressed as 1,4-dichlorobenzene
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(1,4-DB) (Measures toxic impacts on freshwater ecosystems, including effects on aquatic organisms,
due to the release of pollutants such as industrial chemicals, pesticides, heavy metals,
pharmaceuticals, and microplastics), Marine Aquatic Ecotoxicity Potential measured inl,4-
dichlorobenzene (1,4-DB) (Assesses toxic impacts on marine ecosystems, considering the persistence
and accumulation of chemicals in the marine environment), Terrestrial ecotoxicity expressed as kg
1,4-DB eq (Quantifies toxic effects on land-based ecosystems, including soil organisms and terrestrial
food chains, due to contaminants such as pesticides, herbicides, heavy metals, industrial chemicals,
and atmospheric deposition of pollutants), Photochemical Ozone Creation Potential, expressed as kg
of C2H4 eq (Measures the formation of ground-level ozone (smog) through the reaction of VOCs and
NOx in sunlight), Acidification Potential, expressed as kg of SO2 eq. (represents the emissions of
acidifying substances like NOx, SOxetc.), and Eutrophication Potential, expressed as kg of PO43- eq
(represents undesirable input of nutrients emitted and input into ambient water or soil).

6. Interpretation

The interpretation step involved evaluating and understanding the environmental impacts
measured during the impact-assessment stage.

7. Sensitivity analysis

Sensitivity analysis in Life Cycle Assessment is a crucial step that helps identify how the
variability or uncertainty in the data used in the study can affect the results [33,34]. We conducted
sensitivity analyses based on two segments: the input parameters (see section 3.2 for more details)
and impact assessment methods [33-35].

The selection of an impact assessment method can significantly affect the results of a life cycle
assessment study. In the absence of impact assessment methods specific to Sri Lanka, we employed
the CML-IA baseline V3.07/World 2000 method as our primary analytical tool. To assess how robust
our approach is and also to explore the potential variability in environmental impact conclusions,
three additional methods were included in our sensitivity analysis, i.e. Impact 2002+, Eco-indicator
95 v2.06, and EPD 2013 [33]. Impact 2002+ was developed at the Swiss Federal Institute of Technology
and built on its predecessor IMPACT 2002 [36]. Eco-indicator 95 emerged from a Dutch project
involving an array of entities including PRé Consultants, Philips Consumer Electronics, and several
Dutch universities and research institutes under the NOH program [37]. The EPD 2013 method,
drawing on impact categories from the CML baseline 2000 method, is tailored for the preparation of
environmental product declarations, providing a standardized way to communicate the
environmental performance of products [38].

2.3.2. Improvement Proposal

We proposed feasible improvement options derived from the hotspots identified during the
impact evaluation phase. Those were co-identified with the participation of with the factory
management and supported by the literature [8-10,24].

2.3.3. Benefit Validation

The potential for improvements in each option and the combined scenario representing the
implementation of all options were evaluated by re-executing the LCA.

2.3.4. Feasibility Analysis

We measured the feasibility of each option and the combined scenario by calculating their
financial, environmental and social payback periods, as detailed in equations 1, 2, and 3, respectively
[17].

I
FPBT = (1)

Where FPBT, I, and AMS are the financial payback period, initial investment, and annual
monetary savings, respectively.
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E.
EPBT; = ELL (2)
L

Where  EPBT; is the environmental payback time related to the environmental impact
described by the ith impact category; E; is the embodied environmental impact described by the it
impact category bound by the option; and AEI; is the avoided environmental impact of the it
impact category by the option on an annual basis.

j
SPBT; = as] (3)
Where SPBT; is the social payback time related to the social impact described by the j* impact
category, S; is the embodied social impact described by the jh impact category bound by the
improvement option; and ASI; is the avoided social impacts of jt impact category by the option on

an annual basis.

2.3.5. Trade-Off Valuation Index

The TOV index was developed to compare the sustainability performance of investments and
improvement options by capturing direct and indirect financial, environmental, and social gains. This
also indicates trade-offs across these aspects for each option. The index varies between 0 and 1; a
higher value signifies greater sustainability, and vice versa for lower values. We proposed a similar
index in Dunuwila et al. [17], but it lacked representation of the social aspect.

TOV index = (eF;lBT) + (eEZBTi) + (esﬁsr-) (4)

J

Where FPBT is financial payback time, EPBT; is the environmental payback period of i
environmental impact category, SPBTjis the social payback time associated with j* social impact
category. Constants a and b represent relative importance, where a+b + c=1. Impact categories
in ELCA and SLCA can be selected at the discretion of the practitioners.

3. Results and Discussion

3.1. Impact Evaluation Results

The main inputs for rubber cultivation were fertilizers. Specifically, the amounts of urea, rock
phosphate and MOP were recorded at 79.36 kg, 70.45 kg, and 77.34 kg per 1000 kg of dry rubber,
respectively. In particular, urea fertilizers can generate not only on-site emissions, but also
production-based upstream emissions, which can have significant environmental impacts. For
instance, ammonia emissions from urea application contribute to nitrogen deposition, leading to
eutrophication in nearby ecosystems. This can disrupt the natural balance of nutrients, promote the
growth of undesirable algae and aquatic plants, degrade water quality, and harm aquatic life [39].

Tables 3 and 4 present the inventory of materials and energy for producing 1 tonne of white
crepe rubber during the rubber cultivation and processing stages. An average of 3130 kg of fresh latex
is required to produce 1 tonne of crepe rubber. Water is excessively consumed by material in the
production system (N.B., the water use for crepe rubber is 50,000 liters per tonne of crepe rubber [2]).
This was largely due to poor factory housekeeping, which caused unexpected breakdowns and leaks
in the water system. Furthermore, the high usage of water in conjunction with fresh latex generated
a large amount of wastewater, with an average of 88,437 kg per 1 tonne of crepe rubber output.

Table 3. Inventory of rubber cultivation per field latex containing 1 tonne of dry rubber.

Amount (kg unless

Activity mentioned)
Inputs data
Urea 79.36
Rock phosphate 70.45

Muriate of potash (MOP) 77.34
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Dolomite 1.33
Kieserite 0.17
Diesel for tillage 13.68 L
Sodium sulfite 1.38
Herbicide (glyphosate) 5.21
Fungicides (tebuconazole) 0.62
Fungicides (hexaconazole) 0.62
Water (plantation protection) 560
Outputs (onsite)
Field latex (dry rubber basis) 1000
N2O (to air) 0.76
NH3 (to air) 3.99
CO2 (to air) 58.20
NOx (to air) 0.03
P (to water) 0.20
Glyphosate (to soil) 5.21
Tebuconazole (to soil) 0.62
Hexaconazole (to soil) 0.62

Table 4. Inventory involved in crepe rubber processing (per 1 tonne of crepe rubber).

Amount (kg unless

Activity mentioned)
Inputs
Diesel for latex 167.18
transportation
Field latex (dry/wet basis) 1136.36/3130.23
Sodium bisulfite 4.90
Formic acid 4.30
Bleaching agent 1.22
Electricity 616.85 kWh
Firewood 447 .44
LDPE film 1.90
Water 87034.09
Outputs
Crepe rubber (white) 1000
Yellow crepe 136.36
Rubber loss 49.40
Wastewater 88437.61
Ash 5.19
Eminent emissions (on-site) Eminent emissions (on-site)
CO2 (biogenic) (to air) 1490.88
CO2 (fossil) (to air) 1.56
CH4 (biogenic) (to air) 108.74
N20 (to air) 0.44
NOXx (to air) 1.24
CO (biogenic) (to air) 45.64
CO (fossil) (to air) 29 ¢
SO2 (to air) 051g
NO3- (to water) 4410¢g
NMVOC, non-methane 6.39

volatile organic compounds
(to air)
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10
Particulates, < 2.5 um (to air) 1.37
COD (to water) 35.40
BOD (to water) 5.31
NH4+ (to water) 1.86

The impact assessment results for the cultivation and processing phases are shown in Figures 3
and 4, respectively. According to Figure 3, the impacts of fertilizer production were dominant across
most impact categories during the cultivation phase (i.e,, Abiotic depletion, Human toxicity,
Freshwater aquatic ecotoxicity, marine ecotoxicity, terrestrial ecotoxicity, photochemical oxidation).
Specifically, the production of phosphorus fertilizer makes notable contributions in this regard. For
instance, Human toxicity is dominated by thallium and arsenic released into the water during sulfuric
acid production in the upstream segment of phosphorus fertilizer production. However, urea
production has become the primary driver of abiotic depletion (fossil fuels) because of natural gas
consumption in ammonia production in the upstream portion of the supply chain (N.B., Ammonia
was used as the hydrogen source). The depletion of the ozone layer was dominated by the production
of herbicides (tebuconazole and hexaconazole). This was attributed to the CFC-12 gas released from
dichloromethane production in the upstream supply chain of the above herbicide. Furthermore, the
impacts of on-site emissions are the dominant factors for Acidification and Eutrophication owing to
the release of NH3 and NO3-from fertilizer use. The GWP category also showed some dominance
from on-site impacts, stemming from the N20O and CO2 emissions associated with fertilizer use at
the site.

In the raw rubber processing phase (Figure 4), electricity generation was the dominant factor
across most impact categories, except for Global Warming Potential, Terrestrial Ecotoxicity,
Photochemical Oxidation, and Eutrophication. In these cases, GWP and eutrophication were affected
by CH4 (released to air) and NO3- (released to water) from the wastewater treatment plant,
respectively. Terrestrial ecotoxicity and photochemical oxidation are influenced by the chromium
released into the soil from ash and the CO released into the air from firewood use, respectively.

169E-02  6.95E+03 7.98E+02 3.24E-05 8.63E+02 387E+02 8.02E+06 6.61E+00 1.50E-01 1.04E+01  9.42E+00
o
- l . . . . - -
80%
60%

40%

20%

0%

= Onsite emissions (fertilizer+herbicide+fungicide) = Urea production

= MOP production Rock phosphate production

m Dolomite production m Sodium sulfite production

m Herbicide production (glyphosate) m Fungicide production (tubacanozole+hexacanozole)
m Diesel production m Diesel burning

= Electricity generation

Figure 3. Impact assessment results of cultivation phase. Absolute values under each category are
given above the bar. MOP refers to Muriate of Potassium.
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Figure 4. Impact assessment results of processing phase. Absolute values for each category are given
above the bar. LDPE refers to Low density polyethylene.

Table 5. Overall impacts (per 1 tonne of crepe rubber)

Impact category Unit Impact value
Abiotic depletion kg Sb eq 1.76E-02
Abiotic depletion (fossil MJ 1.33E+04

fuels)
Global warming (GWP100a) kg CO2 eq 4.53E+03
Ozone layer depletion (ODP) kg CFC-11 eq 3.78E-05
Human toxicity kg 1,4-DB eq 1.17E+03
Fresh water aquatic kg 1,4-DB eq 5.48E+02
ecotoxicity

Marine aquatic ecotoxicity kg 1,4-DB eq 1.40E+06
Terrestrial ecotoxicity kg 1,4-DB eq 1.64E+01
Photochemical oxidation kg C2H4 eq 2.28E+00
Acidification kg SO2 eq 1.58E+01
Eutrophication kg PO4--- eq 1.64E+01

3.2. Sensitivity Analysis

This study included a sensitivity analysis to test the assumptions and informed guesses made
during the inventory development process. Here, the effect of the parameters on the results was
tested, giving them a + or — 5% change. The tested parameters were as follows: CH4 and N20O
emission factors, NO3-, NH4+, COD, and BOD concentrations used to calculate the emissions from
wastewater treatment plants (N.B. these emissions were calculated based on generic emission factors
and concentrations extracted from the literature, i.e., Eggleston et al. [29]; Gamaralalage et al. [30].
The largest change (ca. + 3%) was observed in the impact category of GWP with the change in the
CH4 emission factor by + 5%. In addition, positive or negative 1% changes are evident in
photochemical oxidation. A concentration of + 5% NO3- affects eutrophication to be changed by plus
or minus 1%, respectively (see Figure S1 in the supplementary material).
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Table 6 compares four environmental impact assessment methods across four categories. For
global warming, EPD and CML yield similar results, while IMPACT 2002+ shows the lowest value
(60% lower than CML). The depletion of the ozone layer is consistent across three methods, with Eco-
indicator 95 being 26% higher. Acidification shows two distinct groups: CML/EPD with identical
values, and IMPACT 2002+/Eco-indicator 95 about 45% lower. Photochemical oxidation varies
significantly: CML/EPD are identical, while IMPACT 2002+ is 103% higher and Eco-indicator 95 is
77% higher. These variations underscore how the choice of method can significantly impact
environmental assessments and subsequent decision-making. The differences likely result from
variations in the characterization factors between impact assessment methods.

Table 6. Results of sensitivity analysis.

Impact category Unit CML (Baseline) IMPACT 2002+ Eco-indicator 95 EPD (2013)
Global warming kg CO2 eq 4.525x103 1.806x103 2.299x103 4.531x103
Ozone layer kg CFC-11 eq 3.780x10-5 3.780x10-5 4.770x10-5 3.780x10-5
depletion
Acidification kg SO2 eq 15.755 8.730 8.642 15.755
Photochemical kg C2H4 eq 2.280 4.636 4.032 2.280
oxidation

3.3. Improvement Options Proposal

Using the results of LCI and LCIA, fertilizer, water, and electricity consumption were identified
as the primary contributors to the environmental footprint of the production, which required
immediate action. Therefore, the reduction of fertilization and wastewater by reducing water use and
electricity consumption was considered for improvement. Discussions with factory management and
a literature review revealed four viable interventions to reduce environmental impacts.

3.3.1. Option 1: Reduction of Fertilization

Improving the timing and frequency of fertilization and avoiding fertilizer spillage can
contribute to increased nitrogen use efficiency [40]. Furthermore, slow-release fertilizers may be a
viable option for rubber plantations in terms of nutrient management, though considerations must
be given to potential environmental impacts such as microplastic release from polymer-coated
fertilizers. Alternative slow-release technologies using biodegradable coatings or natural materials
might be more environmentally sustainable options, although further research is necessary on both
nutrient release efficiency and environmental impacts. According to the adaptive research unit in
RRISL and the literature (i.e., Jawjit et al. [40]), adopting such practices could potentially reduce the
overall fertilization rate by ca. 20% in many countries. For the potential benefit calculations, the
reduction of N fertilizer has been considered [40].

3.3.2. Option 2: Repair Leaky Joints and Valves and Fit Water Flow Meters

To reduce water use, we recommend that the factory replace defective pipes, joints, and valves
with new fittings and install water flow meters on the supply lines of each roller at milling process.
Additionally, we proposed assigning fixed water flow rates to these machines (based on the expertise
of factory officials), which can be accurately monitored using installed water flow meters [8-10].

3.3.3. Option: 3: Installation of Industrial Water Recirculation Cooling System

The water discharged from the cooling system of the machinery was clean and could be easily
reused. Consequently, we advised the factory to implement an industrial water recirculation cooling
system that would chill and recirculate cooling water at a constant rate [8-10]. The details of the most
appropriate industrial water recirculation cooling system for the factory were collected by consulting
a specialized retailer and referring to our previous works [8-10].
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3.3.4. Option-4: Installation of Solar Panels

To capitalize on the abundant sunlight in the region, we proposed installing a solar panel system
as a renewable electricity source in the factory. Here, we referred to our earlier publications to
determine the optimal capacity of the system, where we obtained information on the cost per
kilowatt, roof area, applicable tariff schemes, and overall project costs. Embodied environmental and
social impacts were accounted for using Eco invent [31] and social hotspot databases (V4) [41] on
Sima pro v 9.5[32] (see Table S1,S2 for more details).

3.4. Evaluation of Potential Improvements

3.4.1. Option 1: Reduce fertilization

The greatest reductions (see Figure 5) were apparent under the impact categories of acidification
and eutrophication, which were approximately 10% and 9%, respectively (mainly due to suppressed
emissions of NH3 to air and NO3- to soil, respectively). Abiotic depletion (fossil fuels) has been
moderately improved by ca. 4% (due to the reduced fossil fuel consumption associated with
production). Negligible reductions are apparent at abiotic depletion, ozone layer depletion, and
photochemical oxidation. This option does not have FPBT as it can benefit from the very point of
application. With that, EPBT per respective impact categories can be 0. SPBT recorded 0 as no
additional inputs or efforts are required. TOV index recorded 1.0000 in the case of GWP and Single
score normalization * under the impact assessment method of *Social Hotspot 2022 Category Method.

N

Abiotic depletion (kg
Sb eq)

0
Eutrophication (kg 120% Abiotic depletion (fossil

PO43- eq) ‘|0(’)0 fuels) (MJ)
80%

- - - Baseline scenario
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Acidification (kg SO2 (GWP100a) (kg CO2

Scenario 1 (Reduction of

eq) l eq) fertilization)

] - Scenario 2 (Leaks repair)

[

[}

Photochemical Ozone layer depletion Scenario 3 (Reuse system)
oxidation (kg C2H4 eq) (kg CFC-11 eq)
Scenario 4 (Solar panels)
Terrestrial ecotoxicity Human toxicity (kg 1,4- ——— Combined scenario
(kg 1,4-DB eq) DB eq)

Marine aquatic
ecotoxicity (kg 1,4-DB
eq)

Fresh water aquatic
ecotox. (kg 1,4-DB eq)

Figure 5. Reduction potentials of improvement options

3.4.2. Option-2: Repair Leaky Joints and Valves and Fit Water Flow Meters

This option yields significant environmental benefits, achieving a 38% reduction in water use
and a 37% reduction in wastewater (see Figure 5). These reductions contribute to a 28% decrease in
Global Warming Potential, primarily due to lowered methane emissions from wastewater treatment.
Furthermore, notable improvements are observed in other impact categories: a 12% reduction in
photochemical oxidation, a 14% reduction in eutrophication, and 10% reductions in both abiotic
depletion (fossil fuels) and Marine Aquatic Ecotoxicity. Although a negligible change is observed in
overall abiotic depletion, this option achieves an TOV index of 0.7308. FPBT recorded 0.26 years,
which is promising. More information on EPBTs is summarized in Table S3. SPBT for this option
recorded ca. 1 year.
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3.4.3. Option: 3: Installation of Industrial Water Recirculation Cooling System

This option could reduce water consumption by ca.54% while reducing wastewater generation
by 59%. GWP has been significantly reduced by ca. 40% with the CH4 reduced from wastewater (see
Figure 5). Also, notable reductions of ca.17% and 21% are present in photochemical oxidation and
eutrophication categories, respectively. This is due to NO3. However, the extra electricity required
has hindered the improvements in most impact categories. FPBT of this option is observed to be 151
years, which is not up to expectations. The TOV index of this option recorded 0.0210, while SPBT was
222 years (see Table 54 for details on EPBT).

3.4.4. Option-4: Installation of Solar Panels

A remarkable improvement in abiotic depletion (fossil fuels) and marine ecotoxicity could be
observed which was ca. 41% (this is due to the lower consumption of fossil fuel per functional unit)
(see Figure 5). Notable reductions were apparent in majority of the impact categories; for instance,
Acidification has been improved by ca. 27%. An impact category such as Abiotic depletion showed
negligible reduction. FPBT for this option was recorded for 10 years. TOV index was 0.0340 with an
SPBT of 15 years. (see Table S5 for more details on EPBT).

3.4.5. Combined Scenario

The combined scenario seems to be promising from the reduction perspective, as most impact
categories showed significant reductions. For example, the largest reduction was from GWP which
was ca. 53%. Abiotic depletion (fossil fuels) (M]) was also remarkable, as it showed ca. 45%
improvement (see Figure 3 for more details). The smallest was reported from ozone layer depletion
which had even a reduction of 10%. FPBT for this option was ca. 0.8 years (see Table S6 for details on
EPBT). TOV index for this option recorded 0.5789 with a value for SPBT of 0.4 years.

Referring to TOVIs, the combined scenario emerges as the most beneficial option and requires
immediate attention from factory officials. Future studies may explore several additional options to
further enhance environmental sustainability. Biogas capture and utilization presents a promising
avenue; for example, captured biogas could be used for heat generation in the drying process,
potentially reducing both CH4 emissions and firewood consumption, thus generating additional
environmental benefits [42]. In terms of fertilizer production, industrial emissions during synthetic
fertilizer manufacturing could be addressed through two approaches. Firstly, CO2 emissions could
be reduced through improvements in energy efficiency or by transitioning from fossil fuels to
renewables. Second, N20O emissions could be mitigated by catalytic conversion [43]. However, a more
effective strategy might be to replace synthetic fertilizers with animal manure, which would eliminate
all CO2 and N20 emissions associated with industrial fertilizer production [43]. Among other
promising options that could further enhance environmental sustainability are the installation of LED
lights, the use of energy-efficient boilers, and minimization of transmission losses during electricity
distribution. Implementing a combination of these measures, alongside the priority scenario, could
lead to comprehensive environmental improvements in factory operations.

Previous research focusing solely on crepe rubber processing reported substantially lower global
warming potential (GWP) values (3.8 tonne CO2e per tonne of crepe rubber) [15]. The particular
study was confined to direct processing and energy consumption-based emissions and therefore, the
difference in GWP could be attributed to the more comprehensive nature of the present analysis,
which integrates the emissions from wastewater treatment processes. By including these additional
factors, this study provides a more complete accounting of the environmental impacts associated
with crepe rubber production, resulting in higher but potentially more accurate estimates of the
carbon footprint.

TOVI has proven to be a powerful tool to comprehensively assess the sustainability impacts of
various improvement options. Its strength lies in its ability to evaluate the complex trade-offs
between the environmental, economic, and social pillars of sustainability, considering both direct and


https://doi.org/10.20944/preprints202411.2346.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 November 2024 d0i:10.20944/preprints202411.2346.v1

15

indirect benefits and drawbacks. For example, the index can effectively evaluate how the installation
of solar panels could lead to a decrease in environmental impacts and lower operational costs, while
potentially reducing the social risks associated with the energy sector per functional unit.
Additionally, the TOVI can account for new economic opportunities and social impacts introduced
by alternative solutions, including those that occur during the production and installation phases of
technologies such as solar panels. This holistic approach allows for the identification of a 'payback
point’, where the cumulative benefits of an improvement option across all sustainability dimensions
outweigh its potential drawbacks.

Addressing hotspots is an ongoing process, as resolving one issue often shifts focus to another,
creating a new hotspot. This necessitates an iterative approach to life cycle assessment, such as the
Plan-Do-Check-Act (PDCA) cycle [8], to continuously minimize environmental impacts. This
iterative improvement can enhance the product's image, potentially leading to increased sales.

This research highlights the critical role of cleaner production practices in reducing the diverse
environmental impacts within crepe rubber production. However, several obstacles can impede the
successful implementation of these practices. These barriers include insufficient expertise in
sustainable manufacturing and industrial process analytics, prioritization of profitability and market
share over sustainability concerns, and the substantial costs associated with investment and
infrastructure upgrades. To overcome these challenges, several strategies can be used. These include
organizing workshops on sustainable manufacturing and industrial process analytics, providing
incentives for factories to adopt sustainable practices, and facilitating knowledge exchange through
social media platforms. Additionally, the implementation of mechanisms for the payment of
ecosystem services is crucial for sustainable financing. By tackling these barriers, we can foster a more
environmentally responsible crepe rubber production. This being an upgraded green value chain,
identification of niche markets where these environmental values are translated to monitory terms is
essential to recover the costs involved in proposed changes.

This study represents an initial step in evaluating the environmental impact of crepe rubber
production focusing on a single factory. Although this provides valuable information, it is important
to recognize the limitations of such a narrow scope. To obtain a more comprehensive and
generalizable understanding of the environmental footprint associated with crepe rubber production,
future research should expand the investigation to include multiple estates and factories. Conducting
life cycle assessments across a broader range of production sites would provide a more robust dataset,
allowing for a more accurate representation of the industry's environmental impact as a whole.

Furthermore, while this study primarily addresses the environmental dimension of crepe rubber
production, it is crucial to recognize that sustainability encompasses multiple interconnected aspects.
To establish a holistic understanding of the overall sustainability of crepe rubber production, future
research should also explore the social and economic dimensions. This comprehensive approach
would provide a more complete picture of the industry's impact on local communities, worker well-
being, economic viability, and long-term sustainability. By examining these additional sustainability
pillars, researchers can identify potential synergies and trade-offs between environmental, social, and
economic factors, ultimately forming more balanced and effective strategies for sustainable crepe
rubber production.

4. Conclusions

The present study aimed at assessing the environmental profile of crepe rubber manufacture
performing LCA in Sri Lankan context as a case study. This study demonstrated significant potential
for reducing the environmental footprint of crepe rubber production through targeted interventions,
while balancing environmental, economic, and social considerations.

The study further revealed several key findings. The main environmental hotspots identified
were fertilizer use in cultivation, as well as water and electricity consumption during processing.
Four improvement options were evaluated: reducing fertilizer use, repairing leaks and installing
water meters, implementing a water recirculation cooling system, and installing solar panels. The
combined implementation of all options (combined scenario) showed the greatest potential for
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environmental improvement, reducing global warming potential by up to 53% and fossil fuel
depletion by 45%. The novel TOVI proved useful for evaluating trade-offs, with the combined
scenario achieving the highest TOVI of 0.5789. However, barriers to implementation were identified,
including lack of expertise, prioritization of short-term profits, and high upfront costs. Strategies to
overcome these barriers include training workshops, incentives, and knowledge sharing. This being
an upgraded green value chain, marketing campaigns highlighting environmental benefits are
essential to catch a better price for crepe rubber to recover the costs. Future research should expand
to multiple sites and incorporate social and economic dimensions for a more holistic assessment.
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