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Abstract


Sri Lanka is a top producer of premium quality concentrated latex (CL), which becomes a base material for dipped rubber products such as gloves and condoms. The processing of CL is resource-intensive, requiring significant amounts of energy, fuel, water, and chemicals. This process leads to various environmental issues such as wastewater pollution, malodor, and greenhouse gas emissions. Several environmental life cycle assessments (LCA) have been conducted at international and local levels to address the aforesaid issues. However, LCAs encapsulating different environmental impact areas on CL processing in Sri Lanka are absent. The study revealed that electricity usage was the main hotspot of the environmental burden, significantly impacting abiotic depletion (fossil fuels), global warming potential, ozone layer depletion, photochemical oxidation, and acidification. Heavy reliance on coal in the Sri Lankan power grid was identified as the root of this trend. The study suggested two viable options to mitigate the environmental impact: installing inverters to centrifuge separators and solar systems in the factories. The second option was deemed more effective, reducing acidification, photochemical oxidation, and global warming potential by approximately 37%, 36%, and 28%, respectively. Relevant officials may immediately consider these improvement options and collaborate to pave the way to a sustainable natural rubber industry.
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1. Introduction


Sri Lanka’s natural rubber industry has a rich history dating back to the late 19th century, when British colonial rule introduced it as an economic crop. Over time, Sri Lanka has grown into one of the world’s top global rubber producers. Specifically, Sri Lanka currently ranks 13th in the world in natural rubber production, with an annual production of ca. 77,000 tonnes (in 2021) [1]. Sri Lanka prides itself on producing premium quality natural rubber while being the largest exporter of industrial solid tires and the fifth largest exporter of gloves to the world [2]. The Sri Lankan rubber industry is an important contributor to the country’s economy, with raw rubber and finished rubber products accounting for around one billion dollars of export revenue annually [3]. The industry employs over 200,000 people and produces a wide range of finished products, including tires, surgical gloves, condoms, hoses, cables, and many other items [3,4,5,6].



Fresh latex is acquired by tapping rubber trees, collecting it in liquid form, and then subjecting it to further processing to make raw rubber products [7]. Sri Lanka produces a variety of raw rubber products, including concentrated latex, crepe rubber, and ribbed smoked sheets [2,7]. Among them, concentrated latex holds a significant position as it becomes the base material for various dipped rubber products such as gloves, balloons, condoms, rubber thread, and infant pacifiers, which are essential for humans [2,8]. Around 30% of the natural rubber production in Sri Lanka takes the form of concentrated latex [1]. The production of concentrated latex in Sri Lanka has been predominantly carried out in small and medium-sized factories with a daily capacity of less than 1 tonne [9].



Generally, raw rubber processing is labor-, energy-, and material-intensive, as it uses significant amounts of electric and/or thermal energy, diesel fuel, freshwater, and chemicals at different processing stages [2,7,10,11,12]. Therefore, it has been afflicted with various environmental issues such as contaminated wastewater, malodor caused by rubber particles and chemicals, and the emission of greenhouse gases (GHGs) [9,13,14,15,16,17,18]. Specifically, the wastewater generated by rubber factories is highly acidic with pH levels ranging from 3.5 to 6, and contains high concentrations of chemical oxygen demand, typically between 2000–30,000 mg/L [12]. Moreover, GHG emissions can be as high as 0.5–0.7 tonne-CO2 per tonne of rubber product [19]. As a result, community unrest fueled by water and air pollution has been reported on several occasions in Sri Lanka [16].



Environmental life cycle assessment (LCA) is a popular tool standardized under ISO 14040/44 [20] to evaluate the magnitude of these environmental impacts of a product, process, or service throughout its entire life cycle, from the extraction of raw materials to production, use, and disposal [21,22]. Hence, researchers have used it to quantify the environmental impacts (see Section 3.1 for more details) of various manufacturing processes and thereby to understand underlying hotpots and potential for improvements.



Several LCA studies have been conducted on concentrated latex manufacturing at international and local levels to address the aforementioned environmental issues. For instance, Jawjit et al. [19] and Wijaya and Fukushima [23] estimated the carbon footprint in Thai and Indonesian concentrated latex processing, respectively. They identified that electricity consumption is a crucial factor affecting the carbon footprint. Also, several LCAs are evident in the cases of Thailand [24,25] and Malaysia [26], where they focused on different environmental impact areas other than the carbon footprint (i.e., acidification, eutrophication, human toxicity, and photochemical oxidation). Most of these impact categories were affected by the electricity use of the subjected factories (i.e., acidification, photochemical oxidation, etc.). We have previously assessed the carbon footprint of concentrated latex processing in Sri Lanka and proposed improvement options (i.e., installing inverters and solar panels) to mitigate greenhouse gas emissions [9]. We found that those improvement options (especially the installation of solar panels) could remarkably reduce GHG emissions. However, LCAs encapsulating different environmental impact areas (in other words, impact categories) of concentrated latex manufacture in Sri Lanka are absent. Such an attempt is necessary to know the overall environmental impact of concentrated latex manufacture in the Sri Lankan scenario to ensure environmental sustainability and be competitive in the sustainability-conscious world rubber market. Therefore, we conducted LCA on concentrated latex processing in Sri Lanka with the objectives of: (1) identifying the environmental impacts and underlying hotspots, (2) seeking avenues to reduce the observed environmental impacts; and (3) identifying the degree of improvements once the hotspots are addressed.




2. Concentrated Latex Manufacture


Figure 1 illustrates the concentrated latex manufacture. Natural rubber is obtained from the sap of rubber trees. A cut is made in the tree’s bark to extract this sap, and a container is attached to collect the latex. During latex collection, ammonia is added to the latex to prevent fungal growth before transportation to the factory. After arrival at the factory, a laboratory test is conducted to measure the dry rubber content (DRC) and ammonia concentration. The latex is then sifted through a 60-mesh sieve and collected in bulking tanks containing a mixture of preservatives, including tetramethylthiuram disulfide (TMTD) and zinc oxide (ZnO) (termed T.Z.), di ammonium hydrogen phosphate (DAHP), and lauric soap. DAHP plays a crucial role in removing magnesium ions (Mg2+), which are known to encourage bacterial growth. The next step involves decantation to remove Mg2+ in the form of magnesium ammonium phosphate. The remaining latex is then separated into concentrated %DRC of about 60% and skim segments DRC of around 3–6%, using centrifuge separators. The concentrated latex is preserved in steel tanks with the ammonia concentration adjusted according to customer specifications (i.e., high ammonia (about 0.7%) or low ammonia (about 0.2%), while the skim latex is coagulated in a separate tank using sulfuric acid (N.B., the audited factories produced low-ammonia concentrated latex unless they got a special request to produce high-ammonia concentrated latex). The coagulum is then removed and pressed to obtain air-dried-skim rubber laces, which are then mechanically pressed into rubber sheets. The sheets are cut into tile-shaped segments and packaged as skim crepe rubber.




3. Materials and Methods


Our methodology consists of three steps, as depicted in Figure 2: (1) environmental impact evaluation, (2) improvement option identification, and (3) benefit validation.



3.1. Step-1: Environmental Impact Evaluation


LCA is a valuable tool that helps us understand the environmental impact of a product or service throughout its entire life cycle [20,27,28]. The framework of life cycle assessment follows ISO 14040/44 standards and involves four main stages: goal and scope definition, inventory analysis, impact assessment, and interpretation [20,29].



3.1.1. Goal and Scope Definition


During the goal and scope definition stage, the intended use of the assessment is identified, the functional unit of the product or service is assessed, and the system boundaries that will be considered is defined [20,29]. Our study aims to assess the environmental impact of concentrated latex manufacture in Sri Lanka. The system boundary is set as gate-to-gate—in other words, as in-factory assessment, including latex transportation to the factory by bowser trucks (see Figure 1). The functional unit is set as “processing 1 tonne of rubber in concentrated latex”.




3.1.2. Inventory Analysis


The inventory analysis stage involves collecting data on the inputs and outputs of the product or service regarding the system boundary defined in the previous stage. The data is then organized into a life cycle inventory [20,29].



There are two types of inventory data: foreground data and background data [20]. Foreground data is collected specifically for the system being analyzed. On the other hand, background data are used as inputs for the assessment but are not specific to the product being evaluated. In Figure 1, the processes of the foreground system are depicted in a darker color, while those for background systems are shaded with lighter colors.



Accordingly, the foreground data, DRCs, and amounts of field latex, chemicals, water, electricity, and diesel uses, concentrated latex, and skim crepe rubber as output was known by referring to the data of two of our previous publications (Dunuwila et al. [9] and Dunuwila et al. [13]), making it possible to estimate GHG emissions of concentrated latex manufacture. The data for these publications were gathered from three concentrated latex factories in the Mawanella, Danowita, and Polgahawela municipalities in Sri Lanka via field observations. To be specific, on-site measurements were conducted to determine the rubber throughputs, electricity usage, and water consumption. The percentage of dry rubber content (%DRC) in the washed-out latex (generated from utensil washing) was determined by laboratory tests, and interviews with factory officers were used to assess other potential rubber losses. Data on diesel consumption, %DRC values, outputs of concentrated latex and skim crepe rubber, as well as water quantities for cleaning equipment, such as bowser tanks and centrifuge bowls, were gathered from factory logbooks and interviews with various personnel, including factory officers, staff members, estate managers, and owners. All the factory-wise data were averaged to represent the concentrated latex manufacture in Sri Lanka used in impact assessment calculations (see Table 1).



In addition to the main product, concentrated latex, skim crepe rubber is produced as a by-product, which requires additional inputs for processing. To observe the real environmental impact of concentrated latex manufacture in Sri Lanka, the inputs used in skim crepe rubber were also considered for emission calculations per processing 1 tonne of rubber in concentrated latex. Hence no allocation of impacts for by-products was in place.



Data for background processes (see Figure 1) was extracted from the ecoinvent database v3.8 allocation at the point of substitution (APOS) system models [30]. The ecoinvent APOS model includes the impacts of recycled content, while the cut-off model assumes that recycled materials have no burdens [31,32]. For this reason, we preferred the APOS version in our study, aiming for a more comprehensive life cycle impact assessment outcome that accounts for any impacts from recycled materials present in the background processes used for the LCA (background process data for TMTD could not be observed, and is therefore excluded from impact calculations; see Table S1 for representative processes in the ecoinvent database v3.8 that are considered for study). Gathered foreground and background data were then used to map the manufacturing system on Sima pro v9.3 [33] and conduct the impact assessment.




3.1.3. Impact Assessment


In the impact assessment stage, the potential environmental impacts of the product or service are evaluated based on life cycle inventory data [20,29]. Due to the lack of Sri Lanka-specific impact assessment methods, the CML-IA baseline V3.07/World 2000 method [34], which was developed by the Institute of Environmental Science in Universetitet Leiden, Netherlands, was deployed herein as the impact assessment method. The eight impact categories were considered; Abiotic resource depletion in non-fossil resources, expressed as kg of Sb eq; abiotic resource depletion in fossil resources, expressed as MJ; global warming potential with a period of 100 years (GWP100); ozone layer depletion potential, expressed as kg of CFC-11 eq; human toxicity, expressed as kg 1,4-dichlorobenzene (1,4-DB) eq; photochemical ozone creation potential, expressed as kg of C2H4 eq;cidification potential, expressed as kg of SO2 eq.; and eutrophication potential, expressed as kg of PO43− eq.




3.1.4. Interpretation


The interpretation stage involves analyzing the results of the previous stages and drawing conclusions about the environmental impact of the product.




3.1.5. Sensitivity Analysis


The primary purpose of conducting a sensitivity analysis is to examine the impact of various commonly used impact assessment methods on the final output of the LCA study [21,22]. Hence, variations in the impacts were investigated with another three commonly used impact assessment methods, i.e., Impact 2002+ [35], Eco-indicator 95 v2.06 [36], and Environmental Product Declarations (EPD) 2013 [37]. Impact 2002+ was developed by the Swiss Federal Institute of Technology, and was based on IMPACT 2002 [35]. The Eco-indicator 95 was developed through a collaborative effort by PRé consultants, Philips Consumer Electronics, NedCar, Océ Copiers, Schuurink, CML Leiden, TU-Delft, IVAM-ER (Amsterdam), and CE Delft as part of the Dutch NOH program [34]. EPD 2013 was specifically designed to create EPDs by using impact categories from the CML baseline 2000 method [37].





3.2. Step-2: Improvement Proposals


This step identifies viable improvement options to reduce the environmental hotspots identified in the previous step, and is based on expert views, literature, and so forth.




3.3. Step-3: Validation of Improvement Options


At this stage, we validate the proposed improvement options to know the level of reductions that can be achieved. Here, the calculations were performed on Sima pro v9.3 [33], reflecting the reductions of the hotspots. To gain an insight into the point in time that money can be recovered after an investment (i.e., improvement option), we calculated the simple payback time using Equation (1). Similarly, environmental payback time (EPBT) was calculated to know the efficiency of the investment in recovering the embodied environmental burdens associated with the improvement option (see Equation (2)) [9].


  SPBT =   Initial   investment   Annual   monetary   savings    



(1)






    E P B T   i   =     E I   i       A I   i        



(2)




where       E P B T   i     is the environmental payback time related to the environmental impact described by ith impact category,     E I   i     is the embodied environmental impact described by ith impact category bound with the option, and     A I   i     is the avoided impacts of ith impact category by the option on an annual basis.





4. Results and Discussion


4.1. LCA Results


Table 1 encapsulates inventory data related to processing 1 tonne of concentrated latex in the audited factories. The column labeled “Mean” holds the average inventory values used for the impact assessment. Accordingly, DRCs of the factories tend to vary within the range of 29–32% (N.B., DRC of field latex is calculated by dividing the dry weight of the field latex by the weight of the same). A significant variation can be observed in ammonia usage, which is always tailored to customer-specific amounts. Due to this reason, officials at Factory C could not provide a credible estimate for ammonia usage; hence it was excluded from mean value calculations. Fresh water is used to wash bowsers and bulking tanks, the cone of the centrifuge machine, and cool machinery and to clean skim crepe rubber during milling. During the washing process, around 2–3% of rubber particles are washed out and ultimately end up in wastewater. Those particles are recovered at the trap tanks of the factories and re-milled to get a lower grade of skim crepe rubber; however, this process had been excluded from the calculation as only the higher grade (pure) of skim crepe rubber was in focus. Electricity remains the only energy source for the manufacturing process, where the centrifuge process consumes approximately 60% of it. In Sri Lanka, skim crepe rubber is dried naturally (air-dried) without the need for liquid petroleum gas (LPG), which is not the case in Thailand [24]. This approach could reduce energy consumption and emissions despite being a lengthier process. Around 88% of dry rubber ends as concentrated latex with around 60% of DRC. The same for the skim crepe rubber is 3–6%. Wastewater is the main component of waste, a larger proportion of which is derived from the freshwater used for cleaning the trucks and bulking tanks and the bowls of centrifuge separators. Sludge is sourced from non-rubber particles that precipitate during decantation at the bulking stage and are left at the bottom of the bowl after centrifuging.



The emissions of specific pollutants responsible for 80% or more of environmental impacts per 1 tonne of concentrated latex are presented in Table 2. These pollutants are discussed alongside the impact assessment results in following paragraphs.



Impact assessment results are depicted in Figure 3 and Table S3 in the supplementary material; Table S3 encapsulates the overall impacts per impact category with absolute values (for processing 1 tonne of rubber in concentrated latex), while Figure 3 depicts the contributions of all in-house activities (excluding transportation of field latex) of the impacts with absolute total impacts, excluding and including transportation of field latex. Of all in-house activities, electricity consumption has become the most significant contributor to five out of eight impact categories, i.e., abiotic resource depletion (fossil fuels), global warming potential, ozone layer depletion potential, photochemical oxidation, and acidification potential. Electricity generation in Sri Lanka heavily relies on fossil fuels (about 50%) [38] and is therefore subjected to the aforementioned tendency. For instance, if further examined, coal extracted for electricity generation had been identified as the main component causing abiotic depletion (fossil fuels). Similarly, CO2 derived from coal and crude oil burning during electricity generation tends to account for a larger proportion of global warming potential. Coal and crude oil burning can cause SO2 emissions as they naturally contain certain amounts of sulfur, significantly causing photochemical oxidation and acidification. Halons and CFCs are released during the petroleum refinery, as they are used as fire suppressants. Sulfuric acid has become the largest contributor to abiotic depletion and human toxicity. The former is due to the heavy metals present in copper ore that is used to produce copper concentrate for sulfuric acid production. The latter has been affected due to the discharge of heavy metals like Thaliam to water (N.B, termed the most toxic metal on earth, is derived from the waste disposal of sulfidic tailings in copper mine operations) and Nickel (during the smelting of copper concentrate to produce sulfuric acid, nickel emissions can occur if the copper concentrate contains nickel impurities) and toxic gases alike SO2 (SO2 emissions may occur due to an incomplete reaction of SO2 into SO3 on the catalyst). The contribution of electricity use and wastewater treatment to eutrophication is almost equal. The leaching of PO43− and nitrates into the water from coal mining residue and wastewater are the primary causes, respectively. Meanwhile, DAHP and ammonia showed relatively lower contributions in all impact categories. On the contrary, DAHP was found to be the largest contributor to eutrophication while the same applied to ammonia and human toxicity in Thai case studies [24,26]. The former can occur because the Thai power grid is less dependent on coal, unlike the Sri Lankan power grid. The latter is due to low ammonia use in the Sri Lankan case (i.e., the audited factories produced low-ammonia concentrated latex unless they got a special request to produce high-ammonia concentrated latex; given this, we can assume no significant change in the result, even if the ammonia value of Factory C is accounted for).



Table 3 summarizes the results of sensitivity analyses of impact assessment methods. Accordingly, larger variations are not evident in global warming and ozone layer depletion (maximum change from baseline around 1%). However, acidification and photochemical oxidation tend to vary across the impact assessment methods. For instance, acidification in IMPACT 2002+ has been magnified by about 340%, and the same applies to the CML method. Further, the enlargement of photochemical oxidation was recorded as 50%. However, relatively smaller variations were apparent under Eco-indicator 95 and EPD (2013), in relation to the same impact categories when the CML method was applied.




4.2. Improvement Options to Address the Hotspots


The environmental impacts within factories have primarily been influenced by electricity usage, making it a significant area of focus for improvement. After consulting with factory officials from each factory and referring to the literature, two viable options for reducing electricity consumption have been identified: (1) installing inverters in centrifuge separators; and (2) installing solar panel systems in all factories.



4.2.1. Option-1: Installing Inverters


In the manufacturing process of concentrated latex, centrifuging has been identified as the most electricity-intensive process. The factories have been using outdated centrifugal machines equipped with clutch and gear systems, which are known to consume more electricity due to the inherent friction of clutch plates during the start-up period. To address this issue, the installation of inverters has been proven to be effective. Inverters gradually distribute electrical current to the machine until it reaches the desired rotation, which reduces electricity loss during start-up to a minimum. This practice can result in a reduction of electricity consumption by 10–12% [19,24]. The appropriate inverter capacities and installation costs were recommended by an electrical superintendent in Ceylon Electricity Board, and the prices of inverters were obtained by contacting a retailer in Sri Lanka. Due to the lack of a specific dataset for inverters for centrifuge separators, embodied environmental impacts were calculated by referring to the average inventory data of a control unit on the ecoinvent database v3.8 (see Table S1 in the supplementary material for more information).




4.2.2. Option-2: Installing Solar Panels


The proposal of installing solar panels as an alternative renewable source of electricity was made due to the abundance of sunlight in the tropical climate where factories are located [9]. To gather information on appropriate system capacities, cost per kW, roof area, tariff schemes, and total project costs, a specialized company in Sri Lanka was contacted. Embodied emissions of the respective solar system were estimated based on the inventory data of photovoltaic flat-roof installation on the ecoinvent database v3.8 (see Table S1 supplementary material for more information).





4.3. Reduction Potentials of the Options


Figure 4 illustrates the reduction potentials of two options.



4.3.1. Option-1: Installing Inverters


As per Figure 4, the largest reductions were apparent in acidification and photochemical oxidation, which were recorded as 3.4%, and 3.3%, respectively. Global warming, eutrophication, and abiotic depletion (fossil fuels) also showed some reductions, of 2.6%, 2.2, and 2.2% respectively. The improvements in other impact categories remained negligible. The simple payback time for this option was recorded as around 2 years. Moreover, the shortest EPBT of 0.03 years was recorded for acidification and global warming potential, and while the longest for abiotic depletion (approximately 9 years).




4.3.2. Option-2: Installing Solar Panels


Reductions under this option were greater than those under Option-1 (see Figure 4). Similar to Option-1, the largest reduction was recorded for acidification and photochemical oxidation, of around 37 and 36%, respectively. Global warming, eutrophication, and abiotic depletion (fossil fuels) recorded 28%, 24%, and 22% reductions, respectively. Meanwhile, the smallest was for Abiotic depletion, of around 2%. The simple payback period was 9–10 years. Payback time under Acidification was found to be the shortest (2 years), and was longest (224 years) under abiotic depletion.



This study emphasizes the significance of implementing LCA in the natural rubber industry to pinpoint hotspots and potentials for improvement once those hotspots are addressed. Considering the potentiality of the improvement options, implementing Option-2 would be the most ideal for the time being. In addition to the directly achieved environmental impact reductions, it may have indirect implications. For instance, Option2’s reduced demand for electricity generated by fossil fuels helps minimize the risks associated with the extraction, processing, transport, and usage of those fuels. These risks include contamination of the environment through mining operations, drilling leaks, and explosions [39]. The surge in electricity rates caused by the elevated inflation rate in Sri Lanka could serve as a catalyst for factory officials to implement Option2 [40]. Efforts to achieve environmental sustainability in factories have the potential to generate favorable public perception towards the factories within their local communities, thereby fostering positive relationships [9,14,15]. This would also enhance the morale of workers, enhance teamwork and promote continuous improvement, while simultaneously contributing to a surge in demand for natural rubber. In-factory electricity demand can be further reduced by synchronizing motor start-ups to avoid peak loads and installing new centrifuge machines [9].



A comparison of environmental impacts caused by concentrated latex, as observed by various overseas studies and our own study, is presented in Table 4. Our results indicate that Indonesia had the greatest global warming potential, which is consistent with the heavy reliance on coal for electricity generation in that country. In fact, 66% of the electricity in Indonesia was derived from coal as of 2020 [41]. Sri Lanka also indicated a high Global warming potential value, which may be attributed to its significant coal dependence (43% of electricity is from coal). In contrast, Thailand had the lowest Global warming potential values due to its predominant use of natural gas, which emits lower CO2 than coal. The human toxicity values in Sri Lanka were found to be significantly higher than those in Thailand, which could be due to the greater use of sulfuric acid by the former (20.19 kg in Sri Lanka versus 13.4 kg in Thailand). The same trend was observed for eutrophication, which can also be attributed to Sri Lanka’s coal dependence. Specifically, our study found that leaching of PO43− from coal mining residue could significantly affect eutrophication. On the other hand, photochemical oxidation and acidification did not significantly vary across the countries.



Sulfuric acid reduction may be considered in the future to achieve further reductions in environmental impacts. Maintaining ammonia addition to fresh latex within the range of 0.4% to 0.5% can achieve the necessary pH level in skim latex for coagulation without any need for excessive sulfuric acid dosing. This system has been proven to significantly reduce sulfuric acid usage in Thai concentrated latex factories by up to 200 kg per 1 tonne of skim crepe rubber [42]. Stirring of sulfuric with skim latex, using de-ammonization tower, and constructing long troughs that lead to coagulation ponds are other measures that could be considered to reduce the use of sulfuric acid [43]. Though not considered herein, the reduction of diesel use can also significantly reduce environmental impacts, as transportation of fresh latex was found to be one of the significant contributors to the identified environmental impacts. Regular maintenance of engines, use of electric vehicles and biodiesel as fuel, and optimization of load efficiency could also be considered [9]. The effectiveness of these measures need to be investigated by future research.



Once a hotspot is addressed, the prominence goes to another, making it a new hotspot. Therefore, hotspots and improvements must be considered following an iterative process of life cycle assessment (e.g., PDCA cycle), to alleviate environmental impacts to a minimum. This may improve the positive image of the product being manufactured, which can in turn can increase sales.



This study stresses the importance of implementing cleaner production practices to mitigate diversified environmental impacts in the natural rubber industry. However, the successful adoption of these practices can be hindered by various barriers, which include a lack of expertise in sustainable manufacturing practices and industrial process analytics, a focus on profitability and market share over sustainability, and the high costs of investment and infrastructure upgrades. To overcome these challenges, it may be useful to offer workshops on sustainable manufacturing and industrial process analytics, provide incentives to factories to implement sustainable practices, and encourage knowledge sharing through assembly sessions on social media platforms. For sustainable financing, mechanisms for the payment for ecosystem services become mandatory. By addressing these barriers, we can create a more environmentally conscious natural rubber industry.



The overall sustainability of raw rubber processing can be achieved by considering tradeoffs between three dimensions of sustainability: economic, environmental, and social. Although studies are available that individually analyze those dimensions in the natural rubber sector [9,13,14,15,16,39,44], this emphasizes the need for a sustainability assessment that simultaneously encapsulates all three dimensions of sustainability of raw rubber manufacture with the use of life cycle costing, LCA, and social life cycle assessment. Extending the scope of this sustainability assessment to rubber cultivation may not only uncover various sustainability-related issues in the natural rubber industry but also help establish overall sustainability in the industry.






5. Conclusions


The first record of a comprehensive LCA conducted on concentrated latex manufacture in Sri Lanka is reported here. With the quantification of environmental impacts, the study revealed that the main contributor to the environmental burden was electricity usage, which significantly impacted the impact areas of abiotic depletion (fossil fuels), global warming potential, ozone layer depletion, photochemical oxidation, and acidification. Heavy reliance on coal in the Sri Lankan power grid was identified as the root of this trend. The study suggested two viable options to mitigate the environmental impact: installing inverters to centrifuge separators and solar systems in the factories. The second option was deemed more effective, reducing acidification, photochemical oxidation, and global warming potential by approximately 37%, 36%, and 28%, respectively. However, this option had a longer payback period than the first, with a value of 9–10 years compared to 0.03 years. Environmental payback indicators showed a similar trend, with a shorter global warming payback time for the former option (around 1 year) than the latter (around 2 years). Officials in the factories may implement Option2 in the first place.



The implications of our study extend beyond the direct impact of natural rubber production in Sri Lanka. Our findings highlight the critical role of adapting the global rubber industry to encourage more sustainable practices. For manufacturers, our research offers a stepping-stone towards refining their processes to reduce environmental implications. On a wider scale, policy-makers can leverage our study for formulating or refining policies governing rubber production and promoting sustainability. Further, consumers can use this information to make eco-conscious purchasing decisions, potentially transforming market dynamics by favoring sustainably produced rubber. Also, it is crucial to have an iterative process of LCA to identify and address the hotspots with the aim of bringing environmental impacts to a minimum level. To establish overall sustainability in the natural rubber industry, a sustainability assessment that goes beyond LCA is necessary, and this is a priority that needs to be addressed by future research.
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Figure 1. Concentrated latex manufacturing process. CL, TZ, DAHP, TMTD, and DBM refer to concentrated latex; the mixture of tetramethylthiuram disulfide (TMTD) and zinc oxide (ZnO); di ammonium hydrogen phosphate; tetramethylthiuram disulfide; and dry blanket milling. The flow diagram was only meant to demonstrate only the main activity flow with inputs, and so linkages to subsidiary were not shown to avoid complexity. 
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Figure 2. Overview of the research methodology. SPBT and EPBT refer to simple payback time and environmental payback time, respectively. 
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Figure 3. Contribution of in-factory activities to respective impact categories (except transportation). Black values represent the overall impact, excluding transportation, while red values represent the total impact, including transportation. For more information, please refer to Table S3 in the supplementary material. 
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Figure 4. Reduction potentials of improvement options under each impact category. Negative and positive scales respectively denote reductions and increments in environmental impacts from the baseline. 
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Table 1. Inventory of concentrated latex manufacturing of 1 tonne of concentrated latex. TMTD, ZnO, and DAHP respectively refer to tetramethylthiuram disulfide, zinc oxide, and di ammonium hydrogen phosphate.
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Input/Output

	
Factory A

	
Factory B

	
Factory C

	
Mean Value






	
Material inputs




	
Field latex (kg) (dry basis)

	
1136.38

	
1107.70

	
1152.55

	
1132.21




	
Field latex (kg) (wet basis)

	
3554.93

	
3415.23

	
3974.32

	
3648.16




	
DAHP (kg)

	
5.32

	
3.05

	
6.89

	
5.09




	
Lauric acid (kg)

	
1.07

	
1.23

	
0.28

	
0.86




	
TMTD (kg)

	
0.30

	
0.16

	
0.70

	
0.38




	
ZnO (kg)

	
0.30

	
0.16

	
0.70

	
0.38




	
Ammonia (kg)

	
2.08

	
10.50

	
N/A

	
6.29




	
Sulfuric acid (kg)

	
19.89

	
15.95

	
24.73

	
20.19




	
Water (kg)

	
8522.82

	
6646.21

	
5762.76

	
6977.26




	
Energy inputs




	
Electricity for centrifuging and milling (kWh)

	
73.07

	
48.14

	
190.41

	
103.87




	
Transportation of latex to the factory




	
Bowser truck (tkm)

	
216.87

	
256.14

	
207.89

	
226.97




	
Main product




	
Concentrated latex (kg) (dry basis)

	
1000.00

	
1000.00

	
1000.00

	
1000.00




	
Concentrated latex (kg) (wet basis)

	
1658.36

	
1646.10

	
1652.90

	
1652.45




	
By-product




	
Skim crepe rubber (kg)

	
113.56

	
77.78

	
117.80

	
103.05




	
Other outputs




	
Rubber dissolved in wastewater

	
22.82

	
29.91

	
34.75

	
29.16




	
Waste




	
Wastewater (kg)

	
10,267.58

	
8344.53

	
7892.56

	
8834.89




	
Sludge (of non-rubber particles) (kg)

	
12.74

	
10.61

	
12.15

	
11.83




	
Water vapor (kg)

	
65.58

	
22.26

	
101.08

	
62.97











 





Table 2. Emission inventory of some selected pollutants per 1 tonne of concentrated latex. For more details, please refer to Table S2 in the Supplementary Materials.
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	Environmental Impact/Pollutants
	Unit
	Total





	Abiotic depletion
	
	



	Tellurium
	mg
	62.12



	Silver
	mg
	215.04



	Copper
	g
	181.76



	Gold
	mg
	4.50



	Lead
	g
	35.48



	Zinc
	g
	159.82



	Abiotic depletion (fossil fuels)
	
	



	Oil, crude
	kg
	42.57



	Coal, hard
	kg
	35.04



	Gas, natural
	m3
	10.89



	Global warming (GWP100a)
	
	



	CO2
	kg
	218.41



	CH4
	g
	219.90



	N2O
	g
	6.69



	Ozone layer depletion
	
	



	Halon 1301
	mg
	2.09



	Halon 1211
	µg
	115.43



	CFC-10
	µg
	312.76



	HCFC-22
	mg
	2.89



	Human Toxicity
	
	



	Thallium
	mg
	365.81



	Nickel
	mg
	440.35



	Nitrogen oxides
	kg
	1.01



	Sulfur dioxide
	g
	801.35



	Ammonia
	g
	12.06



	Particulates, <2.5 µm
	g
	93.14



	Photochemical oxidation
	
	



	SO2
	g
	801.35



	CO
	g
	287.47



	CH4
	g
	219.90



	NOx
	kg
	1.01



	NMVOC
	g
	120.96



	Acidification
	
	



	SO2
	g
	726.68



	NOx
	kg
	1.01



	NH3
	g
	12.06



	Eutrophication
	
	



	Phosphate
	g
	185.09



	Nitrogen oxides
	kg
	1.01



	Nitrate
	g
	576.50



	Ammonium, ion
	g
	111.69



	COD
	kg
	1.28










 





Table 3. Results of sensitivity analyses when different impact assessment methods are in place. EPD refers to environmental product declarations.
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	Impact Category
	Unit
	CML (Baseline)
	IMPACT 2002+
	Eco-Indicator 95
	EPD (2013)





	Global warming
	kg CO2 eq
	2.271 × 102
	2.230 × 102
	2.271 × 102
	2.276 × 102



	Ozone layer depletion
	kg CFC-11 eq
	2.637 × 10−5
	2.637 × 10−5
	3.456 × 10−5
	2.637 × 10−5



	Acidification
	kg SO2 eq
	1.491
	6.546
	1.549
	1.573



	Photochemical oxidation
	kg C2H4 eq
	5.472 × 10−2
	8.148 × 10−2
	5.970 × 10−2
	5.472 × 10−2










 





Table 4. Comparison of our study with similar studies conducted overseas. Jawjit et al. [19] and Wijaya and Fukushima [23] focused on evaluating greenhouse gas emissions from concentrated latex manufacturing and therefore only reported on global warming potential. N/A is “not applicable”.
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	Impact Category
	Unit
	Our Study (Sri Lanka; CML Method)
	Jawjit et al. [19] (Thailand; IPCC 2007)
	Jawijit et al. [24] (Thailand; CML Method)
	Wijaya and Fukushima [23] (Indonesia; IPCC 2007)
	Jawjit et al. [25] (Thailand; CML Method)





	Global warming
	kg CO2 eq
	227
	144
	169
	436
	165



	Human toxicity
	1,4-DB eq
	181
	N/A
	38
	N/A
	38



	Photochemical oxidation
	kg C2H4 eq
	0.05
	N/A
	0.08
	N/A
	0.08



	Acidification
	kg SO2 eq
	1.49
	N/A
	1.62
	N/A
	1.31



	Eutrophication
	kg PO43− eq
	0.45
	N/A
	0.21
	N/A
	0.24
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