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Abstract

:

The open burning of agricultural residues derived from rice is a social issue in Thailand, as it causes air pollution in the form of smoke. A way to prevent smoke air pollution is to pulverize glycosylated non-edible biomass and convert it to monosodium glutamate (MSG). This study assessed MSG produced by non-edible biomass and compared the environmental performance of MSG produced using tapioca starch. The scope of this study ranges from the cultivation of raw materials to the production of MSG. The adopted impact categories include carbon, water, and air pollution. The primary data refer to the average unit input and fuel consumption of annual MSG production. The secondary data are used for inventories, namely, Ecoinvent 3, the Water Footprint Network, and the EMEP/EEA air pollutant emission inventory guidebook. We also conducted an impact assessment of the health impacts and weighting across several impact categories using LIME-3. The human health impact assessments for MSG from non-edible biomass and tapioca starch show gains of 1.92 × 10−5 and 3.59 × 10−5 DALYs per kg MSG, respectively. This difference is due to declining water scarcity and air pollution footprints. We found that using rice straw prevents water scarcity and smoke air pollution caused by open burning.
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1. Introduction


The agricultural industry in Thailand is very active due to the country’s warm climate, bountiful water resources, and wide flat land. Thus, the agricultural sector accounts for 40% of the jobs held by people in Thailand. The top-ranking agricultural production crops in terms of volume in Thailand are sugarcane, rice, cassava, lubber, and corn. Agricultural crops are associated with an environmental burden in the context of global warming due to the use of fertilizers and agrochemicals, in addition to contributing towards water scarcity. A social issue in Thailand is smoke air pollution caused by the open burning of agricultural residues derived from rice and corn [1,2], with such residues collectively amounting to 30 million and 5 million tons per year, respectively. The rice supply chain sells edible parts to the market and incorporates non-edible parts into agricultural fields, poultry beds, and pellets for fuel, with the remaining non-edible parts being disposed of via open burning. PM2.5, derived from open burning, causes smoke air pollution. A way of preventing smoke air pollution is to glycosylate the pulverized non-edible biomass and convert it to ethanol fuel. Previous studies have described pretreatment technologies for pulverizing non-edible biomass (physical, physiochemical, chemical, and biological) [3] and compared the low carbon footprint of non-edible biomass fuel with fossil fuels and edible biomass fuel [4,5]. Other studies have compared the carbon footprints between fossil ethanol and bio ethanol derived from grass straw and sugarcane, maize grain and stover, sugar beet, and wheat. However, such studies have only described the issue of land-use changes in producing non-edible biomass fuel for the fuel market. Hence, there has been no mention of efforts to decrease the level of water consumption required for such processes. Monosodium glutamate (MSG), produced via the hydrolysis of glucose from pulverized non-edible biomass, is a solution to overcome the issues related to land-use change and water consumption. A previous study described a way to decrease environmental impacts by utilizing cleaner production methods of MSG derived from maize [6]. No previous studies have proposed decreasing the environmental burden by using discarded non-edible biomass for the production of MSG.



This study compared the lifecycle of MSG produced from fermenting pulverized and glycosylated rice straw (non-edible residue biomass), and MSG produced from fermenting glycosylated tapioca starch of cassava origin as a conventional process. Furthermore, this study also compared the carbon, water, and air pollution footprints associated with such methods, as these factors are known to be associated with MSG and agricultural crop production, with consequent effects on human health. The goal of this study was to evaluate three environmental aspects, integrating these with human health via a lifecycle assessment.




2. Materials and Methods


Via a lifecycle assessment, we configured the functional unit and the boundary according to ISO 14040:2006, Environmental management—Life cycle assessment—Principles and framework [7] and ISO 14044:2006/AMD 2:2020, Environmental management—Life cycle assessment—Requirements and guidelines—Amendment 2 [8].



The scope of this study ranges from the cultivation of raw materials to the production of MSG. Figure 1 shows the system boundary in this study for inventory analysis. MSG is an ingredient in food with a savory and umami taste. It is considered the purest form of umami (C5H8NO4Na) and is produced from starch or sugar, with 3 million tons per year being consumed in the global market. We defined a functional unit as 1 kg MSG per year per capita, according to the average per day consumption of glutamate per capita as 2 g [9].



This study selected Thailand as the study region. Thailand is one of the biggest markets for MSG and a global producer for the Ajinomoto Group.



As the conventional system, MSG is produced from tapioca starch of cassava origin, of which, 30 million tons is produced per year in Thailand [10]. In the raw material stage of tapioca starch, cassava nursery plants are cultivated using water and fertilizer on agricultural farms. To remove toxins, cassava is pulverized, dissolved, concentrated-filtered, and dried to tapioca starch. The total rice produce amounts to ~30 million tons per year in Thailand [10].



This study selected rice straw—which is usually openly burned in Thailand—as non-edible biomass for use in the production process of MSG. The focus of this study was on the cultivation and processing of raw materials to produce MSG. As a non-edible biomass raw material, rice straw in Thailand has a low market value and is incorporated into paddy fields, with the residue being disposed of via open burning. Therefore, the environmental impact of rice straw has not been widely recognized in relation to the carbon and water scarcity footprint. The environmental impacts of rice and rice husk have received slightly more recognition.



In Figure 2, it is shown how rice straw in the form of cellulose is pulverized to starch and hydrolyzed to glucose in order to produce the raw MSG material. The fermentation–purification–isolation production process, after glycosylation, is the same as in the non-edible biomass and tapioca starch methods.



Table 1 shows a list and weight mix of the input raw materials and the production of fuel, electricity and sub-raw material for the output of 1 kg of MSG, derived from the non-edible biomass and tapioca starch production methods.



The impact assessment in this study was evaluated by quantifying the environmental impacts, namely, global warming as the carbon footprint (CFP), water scarcity as the water scarcity footprint (WSFP), and air pollution (NOx and SOx, PM2.5) as the air pollution footprint (APFP).



2.1. Carbon Footprints


We evaluated the CFP using ISO14067 [11] as the CO2 emission intensity and excluded the sum of the fossil, biogenic, direct land-use change (dLUC), indirect land-use change (iLUC), and aircraft subcategories.


  C F P   =     ∑  s    ∑  i     (  i t e m   C  O 2   emission   intensity   )    i , s   ×    (  a m o u n t   o f   i t e m   i n p u t  )    i , s    



(1)




where i is the item input and s is the lifecycle stage.



The CFP is the total of CO2 equivalent emission, which is the item input multiplied by the item CO2 emission intensity throughout its lifecycle. Therefore, the product is assumed to be present in all its forms, namely: the raw material stage, such as tapioca starch and the sodium source; the sub-raw material stage, such as the acid and alkali; the production stage, such as the fuel and electricity. The CFP inventory used was Ecoinvent 3 [12,13]. The reason Ecoinvent 3 [13] was selected is because it takes into consideration various kinds of global items, such as agricultural crops and electric power. We calculated the CFP by the average unit input and fuel consumption of MSG annual production by Ajinomoto Co., Ltd. (Bangkok, Thailand). The data are confidential and cannot be disclosed; however, Table 1 shows the approximate weight mix. The fuel consumption of glycosylation from tapioca starch to glucose was not included in the raw material stage, but rather in the production stage.




2.2. Water Scarcity Footprints


We evaluated the WSFP using ISO14046 [14] as an impact assessment. We conducted the impact assessment because the value for 1 m3 of water varies according to the location at which it is withdrawn and the origin of the water.


     W F P  (  r a ,   r i ,   u  )        =      ∑  s      ∑  i      (  i t e m   w a t e r   c o n s u m p t i o n    intensity    o f   r a   o r   r i   o r   u  )    i , s       ×      (  a m o u n t   o f   i t e m   i n p u t  )    i , s   ×    (  w e i g h t i n g   f a c t o r   o f   r a   o r   r i   o r   u  )    i , s       



(2)




where ra is the precipitation WSFP, ri is the surface WSFP, u is the underground WSFP, i is the item input, and s is the lifecycle stage. The definitions of the raw material stage, sub-raw material stage of production, and the production stage are the same as the CFP.



The WSFP quantifies the product’s impact on water resource depletion, caused by water scarcity, which decreases water availability. The WSFP defines the volume reduction by evaporation or addition of production; it can be measured as the difference between the amount of water intake and the amount of water discharge.



Precipitation, surface water, and underground water have different purifying circulation times; therefore, each water type with the same volume (e.g., 1 m3) has a different value. Water originating from precipitation is available for use after falling, whereas surface and underground water must be purged of penetration matters and effluents before use. Therefore, the WSFP of precipitation water, surface water, and underground water require separate calculations [15]. As inventories of water scarcity, we used the Water Footprint Network, Product water footprint statistics, Water footprints of crops and derived crop products (1996–2005) (Water Footprint Network) [16] for crops and Ecoinvent 3 [13] for industrial materials. The reason we selected the Water Footprint Network [16] and Ecoinvent 3 [13] is that these inventories include many kinds of global items, such as crops and industrial materials. Each inventory of crops and materials contains separate entries for precipitation, surface, and underground water. The Water Footprint Network [16] inventory distinguishes between precipitation water (green water) and surface and underground water (blue water). Each inventory of Ecoinvent 3 [13] totals the surface and underground water. Therefore, surface and underground water can be apportioned to blue water in the Water Footprint Network [16] or Ecoinvent 3 [13]. We used data from the AQUASTAT–the Food and Agriculture Organization’s (FAO) global information system on water and agriculture (FAO-AQUASTAT) [17] for fresh surface and groundwater withdrawal and the overlap between surface water and groundwater. We divided the blue water into the Water Footprint Network [16] or Ecoinvent 3 [13] by their surface-to-underground water ratios in FAO-AQUASTAT [17]. The impact assessment multiplies each water resource in each area by a weighting factor, accounting for the impact of different levels of water-use availability between areas that are rich and poor in terms of rainfall. In this study, the weighting factors were the weighted averages of the water availability factors (WAF) in each country, which were proposed by Yano et al. (Yano’s WAF) [18] for estimating the potential impact on freshwater availability. Yano’s WAFs [18] were calculated from the catchment area or time required to obtain a unit amount of water from each water source, based on the global mean level of precipitation. We calculated the WSFP for each water source by multiplying each amount of activity at each lifecycle stage with the factors in the water source inventory and Yano’s WAF [18]. In Yano’s WAF [18], we adopted the factors for the whole of Thailand (precipitation = 0.6, surface water = 1.2, and groundwater = 4.2) and irrigated cropland in Thailand (precipitation = 0.7, surface water = 1.3, and groundwater = 4.3) [18]. We calculated the WSFP using the average unit input and fuel/water scarcity of MSG annual production by Ajinomoto Co., Ltd. (Bangkok, Thailand). The data are confidential and cannot be disclosed; however, Table 1 shows the approximate weight mix.




2.3. Air Pollution Footprints


We evaluated the APFP of NOx and SOx, PM2.5, based on PM2.5 intensity.


     A P F P   =      ∑  s    ∑  i      (  i t e m   N O x   o r   S O x   o r   PM 2.5    intensity   )    i , s   ×        (  a m o u n t   o f   i t e m   i n p u t  )    i , s   ×    (  D a m a g e   f a c t o r s   o f   N O x   o r   S O x   PM 2.5  )    i , s       



(3)




where i is the item input and s is the lifecycle stage.



The APFP is calculated by multiplying the item input by the item PM2.5 throughout its lifecycle. Therefore, the definitions of the raw material stage, sub-raw material stage of production, and production stage are the same as the CFP. For the APFP inventory, we used the European Monitoring and Evaluation Programme/European Environment Agency (EMEP/EEA) air pollutant emission inventory guidebook 2019 [19]. The reason why we selected the EMEP/EEA air pollutant emission inventory guidebook [19] is that the guidebook includes many different types of inventory. We calculated the APFP by using the average unit input and fuel consumption of MSG annual production by Ajinomoto Co., Ltd. (Bangkok, Thailand). The data are confidential and cannot be disclosed; however, Table 1 shows the approximate weight mix.




2.4. Impact Assessment on Human Health Using DALYs


We adopted the lifecycle impact assessment (LCIA) method based on endpoint modeling 3 (LIME-3) for the impact assessment [20]. LIME-3 [20] has three steps of LCIA (characterization, damage assessment, and weighting), and a conjoint analysis was used for the weighting. For characterization, nine impact categories (climate change, air pollution, photochemical oxidant creation, water consumption, land-use, mineral resource consumption, fossil fuel consumption, forest resource consumption, and solid waste) and four endpoints (human health, social assets, biodiversity, and primary production) were selected by developers to be used. The conjoint analysis for weighting was conducted in all G20 countries. The damage assessment factors are average values calculated by dividing the difference in health damage by the difference in CO2 emissions for both the fixed scenario of CO2 emissions and the scenario of increased CO2 emissions for the 2000–2063 period [21]. The damage factors in Thailand for carbon, water scarcity, and APFPs are 4.19 × 10−7 Disability Adjusted Life Years (DALYs) per kg CO2, 7.04 × 10−6 DALYs per m3, Black Carbon and Organic Carbon (BCOC) (PM2.5) = 1.58 × 10−3 DALYs per kg BCOC, SO2 (PM2.5) = 2.22 × 10−4 DALYs per kg SO2, NOx (PM2.5) = 3.34 × 10−4 DALYs per kg NOx, respectively.





3. Results and Discussion


3.1. CFP


Figure 3 shows the CFPs of MSG from non-edible biomass and tapioca starch. The CFPs of MSG from non-edible biomass and tapioca starch are similar at 4.34 and 4.35 kg CO2 per kg MSG, respectively.



The raw material CFPs of non-edible biomass and tapioca starch are 1.81 and 1.82 kg CO2 per kg MSG, respectively. Figure 4 shows the breakdown of each raw material stage. The sodium source for MSG is 46%. Non-edible biomass and tapioca starch account for ~54% each. In the breakdown of non-edible biomass, the electricity used for pulverizing cellulose accounts for ~20%, whereas the glycosylation materials for glycogen, non-edible biomass (straw) for glycogen, and enzyme reaction materials for glycogen account for ~10% each. The raw material stage of tapioca starch is derived from the nitrogen oxide of fertilizer, the fuel of the tractor, and the energy of the purification process.



The CFP of the sub-raw materials used in the production stage is 1.50 kg CO2 per kg MSG. Figure 5 shows the breakdown of sub-raw materials. The ammonia source for fermentation, of which the unit input and inventory are both relatively high, accounts for 58%; minerals for fermentation account for 28%; the acid and alkali of crystallization account for 14%.



The CFP of the production stage is 1.03 kg CO2 per kg MSG. Figure 6 shows the breakdown of the production stage. Electricity used for cooling and concentrating accounts for 91%. GHG emissions derived from the fuel are low because biomass fuel is used for the boilers at the model factory.



The CFP of MSG hybrid cleaner production [6] was 5.39 kg CO2 per kg MSG. In the breakdown of lifecycle stage, the agricultural stage of maize accounted for 25% (~1.35 kg CO2 per kg MSG), and the other stages accounted for 75% (~4.04 kg CO2 per kg MSG). The CFP of MSG of non-edible biomass in this study was 4.34 kg CO2 per kg MSG, the agricultural stage of rice straw was 0.2 kg CO2 per kg MSG, and for the other stages, it was 4.14 kg CO2 per kg MSG. The CFP values, except for the agricultural stage in this study, were similar to those stated by Yang et al. Table 2 shows the verification of the non-edible biomass agricultural stage via a comparison with previous studies. The CFP of ethanol production derived from grass straw [4] revealed that the hot water case was 470 kg CO2 per 104 MJ and converting this to per weight yielded a value of 1.27 kg CO2 per kg ethanol. In the breakdown of the lifecycle stage, the agricultural stage of grass straw was 0.19 kg CO2 per kg ethanol, the ethanol production stage was 1.00 kg CO2 per kg ethanol, and the transportation stage was 0.08 kg CO2 per kg ethanol. The CFP of bio-based ethanol produced from different agricultural feedstocks [5] revealed that ethanol made from corn grain and stover gave a value of 0.7 kg CO2 per kg ethanol. In the breakdown of lifecycle stage, the agricultural stage of corn grain and stover was 0.5 kg CO2 per kg ethanol, and the ethanol production stage was 0.2 kg CO2 per kg ethanol. The CFP of rice straw in this study was 0.2 kg CO2 per kg MSG, which was similar to that determined by Kumar et al. [4]; both values are presented in the same unit and, thus, we consider this as a reliable result.




3.2. WSFP


Figure 7 shows the WSFP of MSG from non-edible biomass and tapioca starch, respectively. The WSFPs of MSG from non-edible biomass and tapioca starch are 556 and 1768 L per kg MSG, respectively. The WSFP of non-edible biomass decreases water scarcity by 70%.



Figure 8 shows the WSFPs for precipitation, surface, and underground water throughout the lifecycles of MSG from non-edible biomass and tapioca starch. The WSFPs of precipitation, surface, and underground water of producing MSG from non-edible biomass are 158, 235, and 162 L per kg MSG, respectively. Hence, these values are similar. Precipitation was only measured for the enzyme reaction material. The WSFPs of precipitation, surface, and underground water of producing MSG from tapioca starch are 1523, 146, and 99 L per kg MSG, respectively. The WSFP of precipitation accounts for 85% by precipitation of cassava cultivation for the raw material of tapioca starch.



The WSFPs of the raw material of non-edible biomass and tapioca starch are 409 and 1621 L per kg MSG, respectively. As rice straw is a non-edible form of biomass in Thailand, it is openly burned due to it having no market value. Thus, it hardly contributed to the inventory of the WSFP.



The WSFP of the sub-raw materials is 103 L per kg MSG. In the breakdown of the sub-raw materials, the ammonia source for fermentation, where the unit input and inventory are both relatively high, accounts for 60%; the acid and alkali of crystallization account for 25%; the minerals for fermentation accounts for 15%.



The WSFP of the production stage is 44 L per kg MSG. Biomass is used as the fuel for the boilers at the model factory and this accounts for most of the WSFP in the production stage. Rice husks in Thailand have a market value for fuel, not food; however, in this study, the water inventory of rice straw—determined by Ecoinvent 3 [13]—in the form of rice husks, only slightly contributed to the inventory of the WSFP as an economic allocation.




3.3. APFP


Figure 9 shows the APFPs of MSG from non-edible biomass and tapioca starch, which are 1.34 × 10−5 DALYs per kg MSG and 2.17 × 10−5 DALYs per kg MSG, respectively. The APFP of non-edible biomass decreased by 40% due to the prevention of smoke air pollution from open burning.



The APFP of the raw material stage of non-edible biomass is 7.81 × 10−6 DALYs per kg MSG, derived from the biomass fuel for steam. The APFP of the raw material stage of tapioca starch is 6.42 × 10−8 DALYs per kg MSG, derived from the nitrogen from fertilizer used for cassava. The APFP of the sub-raw material stage is 1.08 × 10−7 DALYs per kg MSG, derived from the ammonia for fermentation. The APFP of the production stage is 5.51 × 10−6 DALYs per kg MSG derived from the fuel.




3.4. Impact Assessment on Human Health Using DALYs


We assessed the impact categories between two cases using the DALYs, which integrated three multi-criteria assessments using LIME-3.



Figure 10 shows the results of converting DALYs. The DALYs of MSG from non-edible biomass and tapioca starch are 1.92 × 10−5 and 3.59 × 10−5 DALYs per kg MSG, respectively; the DALYs of the CFP for both are 1.82 × 10−6 DALYs per kg MSG. The DALYs of WSFPs of MSG from non-edible biomass and tapioca starch are 3.91 × 10−6 and 1.24 × 10−5 DALYs per kg MSG, respectively. The APFPs of MSG from non-edible biomass and tapioca starch are 1.34 × 10−5 and 2.17 × 10−5 DALYs per kg MSG, respectively.



The DALYs of MSG from non-edible biomass are 50% smaller than those from tapioca starch because of the contribution of the decreased WSFP and APFP values, with no CFP contribution. As the MSG market size in Thailand is 120,000 t per year, the social impact DALYs decreases to 2015 DALYs per year by using rice straw as non-edible biomass. The social impact of this equals to a 1.2% reduction in cases of asthma in Thailand in 2019 [22].




3.5. Breakdown of Main Raw Material Stage


Figure 11 shows the analysis of the raw material stage of CFP, WSFP and APFP by comparing the non-edible biomass with tapioca starch. The CFP of non-edible biomass, in terms of the amount of electricity used for pulverizing the cellulose, accounts for 20%. If the electric power source changes to a renewable energy source, such as solar power, the raw material CFP of the non-edible biomass will reduce by 20%. The WSFP of the non-edible biomass, in terms of the enzyme reaction materials used for glycogen, account for ~40%. If the enzymes derived from non-edible biomass are developed, the raw material WSFP of non-edible biomass will reduce by up to ~40%. The APFP of the non-edible biomass, in terms of the biomass fuel used for steam production, accounts for ~90%. If the biomass boiler efficiency is improved by 5%, the raw material APFP of the non-edible biomass will reduce by 4.5%. In the context of sustainability, it is very important that the use of non-edible biomass as an MSG raw material comes to realization via the implementation of these technology developments.





4. Conclusions


We compared the LCA of MSG by fermenting pulverized glycosylated non-edible biomass and fermenting glycosylated tapioca starch. Two significant findings were revealed using the non-edible biomass. First, rice straw as a non-edible biomass reduces the WSFP by 70%, which is more than tapioca starch at the raw material stage. At the raw material stage of non-edible biomass, rice straw in Thailand has a low market value and is incorporated into paddy fields, with the residue being disposed of via open burning. Therefore, the environmental impact of rice straw has not been widely recognized in terms of the WSFP inventory. Meanwhile, the environmental impacts of rice and rice husk fuel have received slightly more recognition. The APFP of non-edible biomass also reduces 40% more than tapioca starch by preventing smoke air pollution via open burning. The CFP is similar in both cases and the raw material stage is decreased by using rice straw as a non-edible biomass. However, the CFP is increased by using enzymes and electricity for pulverizing cellulose. Secondly, the impact assessment on human health—using DALYs—suggests a reduction of 50% by using non-edible biomass compared to tapioca starch because of a decrease in the WSFP and APFP. However, the CFP has no influence. As the MSG market size in Thailand is 120,000 tons per year, the social impact DALYs decreased to 2015 DALYs per year by using rice straw as a non-edible biomass. The social impact equals to a 1.2% reduction in asthma cases in Thailand in 2019 [22]. We found that using rice straw prevents water scarcity and smoke air pollution caused by open burning.



This study applied primary data in an inventory analysis. Although this study did not include biodiversity and land-use change as impact categories, we assume that MSG produced via utilizing non-edible biomass has fewer impacts related to these impact categories compared to MSG produced from tapioca starch, because at present, non-edible biomass is discarded in Thailand. Currently, there is no commercial process for pulverizing glycosylated non-edible biomass because this process is associated with high costs due to the large energy and chemical requirements. If more effective enzyme degradation technologies are developed, the market value of non-edible (residue) biomass may increase as a consequence of its effective utilization. In such case, its environmental impact will also increase, while the environmental impact of edible biomass will decrease. Therefore, it is desirable that consequential LCA studies are conducted to address the impacts of such a situation.
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Figure 1. The system boundary of monosodium glutamate (MSG). 
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Figure 2. Process image from non-edible biomass to MSG. 
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Figure 3. The carbon footprints (CFPs) of MSG-compared tapioca-starch as raw material with non-edible biomass. 
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Figure 4. The breakdown CFPs of main raw material stage. 
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Figure 5. The breakdown CFP of sub-raw materials. 
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Figure 6. The breakdown CFP of production stage. 
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Figure 7. The water scarcity footprints (WSFPs) of MSG-compared tapioca-starch as raw material with non-edible biomass. 
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Figure 8. The WSFPs of the precipitation, surface, and underground water throughout the lifecycles of both raw materials. 






Figure 8. The WSFPs of the precipitation, surface, and underground water throughout the lifecycles of both raw materials.



[image: Sustainability 13 03951 g008]







[image: Sustainability 13 03951 g009 550] 





Figure 9. The air pollution footprints (APFPs) of MSG-compared tapioca-starch as raw material with non-edible biomass. 
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Figure 10. The DALYs based on the lifecycle impact assessment (LCIA) method based on endpoint modeling 3 (LIME-3) of MSG-compared tapioca starch as raw material with non-edible biomass. 
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Figure 11. The analysis of raw material stage of CFP, WSFP and APFP by comparing non-edible biomass with tapioca starch. 
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Table 1. The list and weight mix of main raw material and production with sub-raw material.
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Conventional Weight Mix

	
Non-Edible Biomass Weight Mix






	
Agricultural Farm

	
Cassava

Fuel

Electricity

Tap water

	

	
Straw

Enzyme

Fuel

Electricity

Tap water

	




	
Main Raw Material

	
Tapioca starch

Sodium source

	
65%

	
Glycogen

Sodium source

	
65%




	
Production

	
Acid for sub-raw material

Alkali for sub-raw material

Ammonia for sub-raw material

Others for sub-raw material

Fuel

Electricity

Tap water

	
35%

	
Acid for sub-raw material

Alkali for sub-raw material

Ammonia for sub-raw material

Others for sub-raw material

Fuel

Electricity

Tap water

	
35%




	
Monosodium Glutamate

	

	
100%

	

	
100%
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Table 2. Verification of non-edible biomass agriculture stage by comparing previous studies.
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	MSG Derived from Rice Straw
	Ethanol Derived from Grass Straw
	Ethanol Derived from Corn Grain and Stover





	CFP of agriculture stage (kg CO2 per kg Product)
	0.20
	0.19
	0.50
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