
 

 

ABSTRACT 

ECHEVERRIA, DARLENE VANESSA. Process-Based Modeling Framework for the 

Life-Cycle Environmental, Economic and Social Sustainability Dimensions of Cellulose-Based 

Materials. (Under the direction of Dr. Richard Venditti and Dr. Hasan Jameel) 

Sustainability assessments have gained considerable attention in the last decades with an 

increasing presence for decision-making, especially when multidisciplinary perspectives, 

environmental, economic, and social criteria are considered for process improvements and 

policy-making. However, evaluating sustainability is not straightforward, and the demand for 

quantifying such impacts for processes and products is critical to achieving sustainable 

development goals. This study focuses on quantifying and communicating the sustainability of 

cellulose-based materials by evaluating three different sustainability tools. First of all, a 

streamlined LCA for potential waste cotton application in an early stage of technology readiness.  

Second, a process-based simulation to generate life cycle inventory data was used to analyze 

impact assessments of manufacturing processes. Thirdly, a multi-criteria decision analysis tool 

was applied herein to select preferable alternatives integrating the three dimensions of 

sustainability: environment, economic and social.  

A literature review for end-of-life waste cotton highlighted a wide range of applications, 

conventional (e.g., regenerated cellulose) and non-conventional, such as biofuels and 

composites. This review shed light on potential new markets for waste cotton applications. In 

addition, further efforts to understand the environmental impacts/reductions of switching to 

waste cotton shows that there is a potential for mitigating climate change in products that can 

benefit from using waste cotton as raw material. Therefore, the results from this study illustrate 

that applying streamlined LCAs to analyze the use of waste cotton (considered free of 

environmental burdens) to reduce/replace virgin raw materials can reduce global warming 

potential. The three potential products studied were (1) pulp and paper applications and 

dissolving pulp, (2) chemicals such as succinic acid, and (3) insulation materials using waste 

cotton composites. 

In the next study, data gaps in the life cycle inventory of dissolving pulp production are 

addressed by applying a process-based simulation to quantify detailed mass and energy balances 



 

 

critical to carrying out any life-cycle impact analysis. Dissolving pulp is an interesting case in 

which the end-products applications are diverse. Dissolving pulp grades (e.g., acetates and 

viscose) can be produced from different biomass such as hardwoods and softwoods. The results 

show that the biomass feedstock directly affects the environmental impacts of dissolving pulp 

production. For instance, hardwood acetate grade has a higher global warming potential (1,010 

kg CO2 eq./ADmt) than softwood acetate (860 kg CO2 eq./ADmt ). Nonetheless, hardwood 

acetate has lower environmental impacts in other categories related to ecosystems and human 

health. Additionally, a hotspot analysis identified that on-site emissions and chemicals are the 

main contributors to the environmental impacts across the grades of pulp studied herein. 

Furthermore, the results and life cycle inventory data generated in this research provide critical 

information to support future sustainability assessment for end-products derived from dissolving 

pulp.  

Finally, a methodology integrating the three pillars of sustainability using multi-criteria 

decision analysis to understand the preference of products/alternatives (e.g., bio-based hemp, 

wood, and regenerated cellulose vs. fossil-based polypropylene) for decision making is modeled. 

In this case, a model for stochastic multi-attribute analysis using pairwise outranking 

normalization is built, evaluated, and applied to wet wipes production. In addition, an indicator 

for litter accumulation based on the water and soil biodegradability of materials is proposed. The 

study determined the preference among different raw materials; wood pulp, hemp, viscose, and 

polypropylene for wet-wipes production. The results showed that wood pulp has the highest 

probability of ranking first 74%, followed by hemp with 19%, viscose with 3%, and 

polypropylene with 5%, respectively. The inclusion of a litter score caused the non-

biodegradable polypropylene to have lower preferability relative to when a litter score was not 

included, as expected. The results from this research shed light on feedstock selection, 

considering all the aspects of sustainability to aid decision-making with multi-variable criteria.    

In summary, the assessment tools applied to cellulose-based materials from this research 

provide an insightful evaluation to effectively quantify environmental impacts at an early stage 

of development, a more robust detailed unit-operation based modeling process for more 

granularity, and overall integrated sustainability analysis that is holistic and objective, providing 

insights that can enhance future decision-making by stakeholders and policymakers. 
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CHAPTER I 

 

1 INTRODUCTION 

The world has reached a ‘tipping point’ as highlighted by the International Panel for 

Climate Change (IPCC) in the 2021 report,1 global temperature will continue to increase and will 

surpass the threshold of 1.5oC to 2oC by the end of the 21st century unless major actions are 

taken.1 Additionally, the IPCC report stated that “it is unequivocal that human influence has 

warmed the atmosphere, ocean, and land.1” Evidently, there is a need for a change in the 

mindset of how products (i.e., food, goods, among others) or decision making (Product A vs. 

Product B) is made; otherwise, life will no longer be sustainable for the generations ahead. 

Further, the United Nations (U.N.), with the mission of “a blueprint to achieve a better and more 

sustainable future for all people and the world by 2030,” proposed the 17 Sustainable 

Development Goals (SDG).2 As shown in Figure 1-1, the 17 SDG goals are pictured as a three-

level pyramid, where the foundation represents the biosphere necessary to live (clean air, clean 

water), followed by society (e.g., no poverty, good health), with the final goal to have people in a 

thriving economy. Under this umbrella, sustainability plays a critical role in daily life, whether a 

customer is trying to make better decisions regarding the products they purchase or at the 

industry level where companies are making efforts to reduce the environmental impacts of their 

processes and supply chain. 
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Figure 1-1. SDG goals for the environment, economic and social. Image retrieved from.3 

 

1.1 Sustainability assessment tools 

Quantifying and communicating the sustainability of a product or process can be 

challenging and oftentimes considered subjective. However, a few approaches can be performed 

to quantify sustainability. For instance, the most robust tool for assessing environmental impacts 

is Life Cycle Assessment (LCA).4,5 LCA follows the International Organization for 

Standardization (ISO) standards series 14040/14044:2006,4,6 the detailed framework for LCA 

can be found in Figure 1-2. In essence, LCA quantifies the environmental impacts of products 

from the extraction of raw materials to the end-of-life.4,5 The LCA framework consists of four 
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stages: the goal and scope, life cycle inventory, life cycle impacts assessment, and interpretation. 

The goal and scope are the first step and must be clearly defined. Next, the life cycle inventory is 

the most critical and time-consuming stage for data collection, and assumptions must be 

documented. Third, the life cycle impact assessment stage uses tools that assign the inputs and 

outputs to specific categories (e.g., global warming potential). Finally, in the interpretation 

phase, the results can be visualized (e.g., hotspots) to determine the most critical stages of a 

process; thus, decisions and suggestions can be made.5  

 

Figure 1-2. ISO Standard. (2006). “ISO 14044:2006 Environmental management- Life cycle 

assessment- Principles and framework.”6 
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However, applying the LCA framework can be time-consuming, expensive, and requires 

expertise.7 For this reason, a full LCA has its limitations/constraints, especially for smaller 

businesses that cannot afford expensive database and software packages.8 In order to simplify 

how the LCA methodology is applied, researchers have proposed an approach called Streamlined 

LCA.7,9 Streamlined LCA has been practiced by many researchers10–12 and also the EPA13 as a 

simplified approach for environmental impacts assessments. It follows the ISO standards 

similarly applied to “full” LCAs.10–12,14 Streamlined LCAs differ from “full” LCA because fewer 

details can be used to run the analysis or a more simplified scope.9,14 For this reason, its use has 

been criticized in the literature15 due to discrepancies that have been found compared to a full 

LCA. Despite this, other studies have shown that streamlined LCAs can provide a good estimate 

in the early development stages of a product,10,14 and decision making.10,12,16 

 

Certainly, streamlined LCAs and fully developed LCAs focus on one area of 

sustainability, yet, sustainability itself entails a multidisciplinary approach that interconnects 

environmental, economic, and social dimensions. The economic aspect can be assessed through 

Techno-Economic Assessment (TEA) or Life Cycle Cost (LCC). Studies focusing on the TEA of 

bio-based materials are widely available in the literature.17–20 Social aspects can be performed 

with a Social-Life Cycle Assessment (S-LCA),21,22 and a few indicators to assess social 

sustainability have been proposed for different systems,23 including bio-based materials.24,25 In 

the case of environmental assessment, LCAs of cellulose-based products are widely available, 

specifically for paper products,26–28 and biofuels.29 
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Furthermore, frameworks and methodologies incorporating the three dimensions of 

sustainability have been proposed in the literature using decision-making tools such as Multi-

Criteria Decision Making (MCDA).30–33 MCDA is a wide tool that allows a comprehensive 

understanding of the advantages or disadvantages when alternatives (Product A vs. Product B) 

are compared based on specific goals.34 Hence, integrating the elements of sustainability through 

MCDA tools allows assessing complex scenarios in different criteria (environment, economic 

and social) by combining indicators (e.g., climate change, cost, technical properties).35 

Specifically, Stochastic Multi-Attribute Analysis (SMAA) is used as an MCDA tool. SMAA is 

used when data gaps/uncertainties are present. SMAA uses preferences and weighting schemes 

to compare different alternatives to each other,36 allowing to rank the most preferred alternative, 

and therefore improving/aiding decision making.  

 

Some authors argue that applying sustainability tools is subjective37 due to the 

methodological choices per case study (i.e., indicator selection, normalization, and weighting).   

However, either selection is specific per case of study and should be well documented for 

transparency purposes. In addition, MCDA can apply stochastic weighting schemes to minimize 

any preference among indicators,36 and reduce the subjectivity among criteria (environment, 

economic and social). A summary of the different tools applied in this study can be found in 

Table 1-1, along with the advantages and disadvantages of each methodology. Finally, when 

using any sustainability assessment tools, whether a robust LCA, streamlined LCA, or MCDA, it 

is important to document and communicate data/results to stakeholders or policymakers to shed 

light-enhancing decision-making towards improving sustainability efforts and supply chain. 
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Table 1-1. Advantages and disadvantages of utilizing the different sustainability assessments evaluated in this study. 

Sustainability 

assessment 
Advantages Disadvantages 

Streamlined 

LCAs 

Quick estimation of early-stage products or products 

under development 

It does not require a high level of details limited by data 

collection 

Identifies the main impacts from a process (i.e., hot spots) 

It can focus on a few environmental impacts ( e.g. global 

warming potential) 

 

Might evaluate a few impact categories (e.g., global 

warming potential) 

Caution advised due to differences reported when 

streamlined LCA and fully LCA assessment are 

compared 

Normalization and weighting can be subjective 

 

 

LCA using 

process 

simulations for 

mass and 

energy balance 

Specific data for process simulation from primary or 

secondary data 

Detail inputs and outputs from process modeling (life 

cycle inventory) data for environmental assessment 

Robust environmental impact assessment that includes 

overall process needs and emissions to diverse systems 

(i.e., air, water, and soil) 

Used for processes comparison and provides critical 

information to mitigate environmental impacts 

Normalization and weighting can be subjective 

Limited application to early stages or processes 

with many data gaps 

Data collection can be time-consuming and 

challenging  

Data availability can be limited 

Requires the utilization of database and a software 

tools often times expensive 

Normalization and weighting can be subjective 

It does not quantify marine pollution; nonetheless, 

efforts are being made 

MCDA using  

SMAA 

integrated 

environment, 

economic and 

social 

Identifies a problem and evaluates multiple alternatives 

and criteria with pairwise comparison 

Stochastic weighting schemes can be applied to minimize 

the subjectivity 

Thorough evaluation that integrates the outcomes from 

environmental, economic, and social aspects 

Enhances decision making of products comparison by 

ranking the preferred alternative 

Easier for stakeholders to achieve consensus among 

critical decisions 

Data collection can be time-consuming  

Criticized due to normalization and weighting that 

could favor one product over another one  

Requires the utilization of database and software 

Indicators, normalization, and weighting can be 

subjective 

 

Life Cycle Assessment, LCA; Multi-Criteria Decision Analysis, (MCDA); Stochastic Multi-Attribute Analysis, (SMAA) 
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1.2 Sustainability of cellulose-based materials 

Cellulose-based materials are derived from wood and non-woody biomass, with several 

applications in many industries.38 Some examples of cellulose-based materials, which are a 

necessity for society, are clothing and paper products. In fact, cellulose-based materials and their 

research have gained much attention in the last years due to their sustainability.39–41 Furthermore, 

studies have shown that customers are leaning more towards sustainable products and are willing 

to pay a higher price for greener options.42–44 Hence companies are moving away from non-

renewable sources or incorporating biomass-derived raw materials to improve/ reduce their 

impact on the environment.45 For these reasons, quantifying the environmental impacts of 

cellulose-based materials/products is critical.39,46,47 

 

However, since cellulose-based materials have a wide range of applications, as 

mentioned before, the main industries considered in this study are cellulose fibers in textiles and 

nonwovens applications. The main fibers from these sectors are synthetic or natural fibers. 

Moreover, a natural, manmade fiber widely used in the textiles industry is viscose fibers.48 

Viscose is produced from dissolving pulp (from wood or cotton), a specialty pulp with a high 

cellulose content.49 The production of dissolving pulp was estimated at 8 million tons as of 

2018,50 and over 70% of the dissolving pulp produced worldwide is used for viscose 

production.51 In addition, the textiles industry has seen a growth in clothing sales and a decline in 

clothing utilization due to the fast-fashion concept (quicker turnarounds of new styles due to 

lower prices) as reported by the Ellen MacArthur Foundation.52  
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Further, increasing demand for more products means unintended consequences, such as 

higher streams going to landfills.53,54 Indeed, the Municipal Solid Waste (MSW) reported a total 

of 292 million tons of materials generated in the U.S. in 2018;55 among these materials, paper 

and paperboard products represented 23.1%, and textiles 5.8%.55 Whereas, the recycling rate for 

textiles reported by the EPA was 6.05%, as shown in Figure 1-3 (recycling rate is aggregated 

with leather and rubber).55 These cellulose-waste streams can be provided from different stages 

in their life cycle during processing, supply chain, or post-consumer textiles waste.54  

 
Figure 1-3. Total MSW recycling by material in 2018 reported by the EPA. The total amount of 

recycling material was 69.1 million tons.55 

 

The recycling rate might not seem significant; nonetheless, when considering the amount 

of worldwide textiles waste (11.6 million tons of waste cotton estimated, globally),56 it seems 

necessary to consider, and in fact, recycling techniques have been developed for waste streams. 

On the other hand, innovative efforts where the main focus is the use of cellulose-based materials 

are made by companies such as LenzingTM (a fiber producer from biomass applications in sectors 

such as textiles and nonwoven),57 which has developed a cellulose spinning technology called 

Lenzing Web Technology for biodegradable single-use nonwoven applications.58 Unfortunately, 

not much information is available from an environmental impact point of view for early-stage 
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products from waste cotton streams, detailed LCA data for upstream specialty pulp production, 

neither environmental assessments of single-use nonwoven materials. Hence, this study 

navigates through the utilization of sustainability tools to address these gaps. 

 

1.3 Summary 

The present work addresses these gaps by applying sustainability tools to assess 

cellulose-based materials produced from cellulose virgin sources (wood and nonwood biomass) 

and waste streams. This dissertation herein applies the three sustainability tools as follows: 

 The first part is a literature review of cotton waste and the applications of streamlined LCA 

for potential waste cotton applications. 

 The next section is a process-based simulation for dissolving pulp to quantify detailed life 

cycle inventory (mass and energy balance) critical to carrying an LCA. 

 Finally, a methodology integrating the three pillars of sustainability using multi-criteria 

decision analysis (MCDA) to understand the preference of products/alternatives (bio-based 

and non-bio-based) for decision making. 

 

The technical foundation of this work is structured in six chapters. The First Chapter 

(current chapter), Chapter 1, presents an overview of sustainability, sustainability assessment 

tools with advantages and disadvantages of each methodology, a brief overview of the 

sustainability of cellulose-based materials stating the current problem and gaps, and the overall 

structure of this dissertation. Chapter 2 focuses on a literature review to understand the supply 

chain of cellulose-based waste, specifically cotton waste, and evaluate different recycling options 

(i.e., mechanical and chemical recycling). A wide range of applications from both recycling 
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technologies was identified. Hence, it is important to assess the environmental impacts of the 

potential applications/products from waste cotton. Additionally, cellulose-based materials from 

waste cotton have not been evaluated/commercialized, and those potential applications were 

compared to their virgin counterparts in terms of technical properties that should be evaluated in 

order to make those potential products competitive in the market; finally, further efforts were 

proposed to promote the sustainability of waste streams for recycling and reuse. 

 

The review for cotton waste applications allowed the identification of three products as 

major potential products from cotton waste: dissolving pulp, succinic acid, and insulation 

materials. As a result, Chapter 3 focuses on assessing streamlined LCAs to understand the 

environmental impacts of such applications identified in the literature. Thus, evaluating how 

potential waste cotton products are positioned compared to their virgin counterparts is critical. 

Therefore, the importance of understanding whether or not there could be reductions or 

improvements to mitigate processes’ climate change can help decision-making towards 

enhancing a circular economy. Additionally, a better understanding of the feasibility of such a 

product and further efforts are recommended. Clearly, streamlined LCAs are applied to estimate 

environmental impacts at an early stage of development; however, when it comes to a big-scale 

production, a robust LCA can provide an understanding of the life cycle stages of the process. 

Hence, Chapter 4 evaluates a process simulation based on producing dissolving pulp to generate 

the life cycle inventory data that is further used to assess the environmental impacts of specialty 

pulps (dissolving pulp) from different types of biomass (hardwoods and softwoods). Dissolving 

pulps has a wide range of end applications (e.g., viscose fibers, cellophane, acetates, etc.). 
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Therefore, understanding its sustainability is critical to assess the environmental impacts of those 

end products in the supply chain. 

 

As mentioned earlier, a more robust sustainability assessment integrates the three pillars 

of sustainability; thus, Chapter 5 evaluates a synergistic sustainability methodology that includes 

environmental, economic and social criteria for wet wipes production. Four processes for wet 

wipes production were built in OpenLCA using The Tool for the Reduction and Assessment of 

Chemical (TRACI) developed by the EPA; the indicators selected were acidification, 

eutrophication, ecotoxicity, fossil fuels, global warming potential, photochemical ozone 

depletion, smog were used. In the case of the economic criteria, the indicator was cost 

estimation. Further, social criteria indicators used are toxicity, which directly affects human 

health (the values were calculated using the tool ReCiPe59); additionally, health and safety were 

evaluated with the estimation of the number of injuries and an indicator for litter consumption 

was proposed. Uncertainty factors were assigned using the Pedigree Matrix from Ecoinvent data 

quality, and running Monte Carlo Simulation (MCS) generating 2,000 sets of data per each 

environmental impact assessment indicator, the uncertainty of +/- 25% was assigned to the 

economic and social indicators. The results from the MCS are used in the SMAA model within 

Excel; pairwise normalization and stochastic weighting are processed into an overall ranking 

score. Finally, the results from this study ranked the most preferred alternatives among wet wipes 

production, fostering better decision-making on sustainable practices for stakeholders and policy 

makers. The overall conclusions summarizing how to apply different sustainability tools are 

presented in Chapter 6 and suggestions for future research.  
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CHAPTER II 

 

2 SUPPLY CHAIN OF WASTE COTTON RECYCLING AND REUSE: A REVIEW1 

 

2.1 Abstract 

 A comprehensive understanding of the waste cotton supply chain and different end-of-

life options is essential to promote cotton recycling and reuse. This study analyzed global and US 

data to understand the quantity, current sources, and destinations of waste cotton. Globally, 11.6 

million metric tons of waste cotton are generated per year during cotton garment production. 

This study also reviewed different options for recycling both pre-consumer and post-consumer 

cotton waste via chemical and mechanical processes. Different applications of waste cotton were 

compared to their virgin counterparts from technical, environmental, and economic perspectives. 

Unlike most previous studies, this research included applications that are not traditional textile 

products (e.g., biofuels and composites), shedding light on potential new markets for waste 

cotton that will not compete with virgin cotton. 

 

 

 

 

 

 

 

 

 

 

 

 

_____________________________ 
1 The material in this chapter has been published as: 
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Johnson, S.; Echeverria, D.; Venditti, R.; Jameel, H.; Yao, Y. Supply Chain of Waste Cotton 

Recycling and Reuse: A Review. AATCC J. Res. 2020, 7 (1), 19–31.  
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2.2 Introduction 

Global cotton production exceeded 26 million metric tons in 2018 to meet the growing 

demand for textile products.60,61 Cotton represents a third of the total textile market60, and the 

production is projected to increase by 6.5% in 2019. Growing cotton production places stress on 

the environment, with respect to land, chemicals, and water. In 2004, cotton production 

accounted for 2.6% of global water use.62 Cotton production also uses significant chemicals, 

including pesticides.63 It was estimated that cotton cultivation accounts for 11% of the world 

pesticide consumption in 2013.64 Virgin cotton is mainly used as the raw material for clothing, 

which is then worn and disposed of. The U.S. Environmental Protection Agency (EPA) 

estimated that 9.5 million metric tons of apparel and textiles end up in landfills each year in the 

U.S65, and less than 1% of the clothing produced is recycled back into new clothing.66 However, 

it was estimated that more than 80% of the cotton wastes are suitable for mechanical recycling 

into new textiles.66 A study estimated that if textile waste is all diverted from landfills, there 

would be sufficient starting material for a viable recycled cotton industry.66 Using recycled 

cotton has the potential to reduce the use of water, energy, pesticides, and dyeing chemicals, and 

reduce landfill waste.67 

 

Some opportunities to enhance waste cotton recycling and reuse have been explored at 

the policy, industry, and academic levels. For example, the 2015 European Union (EU) Circular 

Economy Action Plan launched a three-year effort to transit European economies toward circular 

reuse of materials, especially focusing on textile collection and recycling.68 In the United States, 

the Council for Textile Recycling measured a 40% increase in textile waste between 1998 and 

2009 with only a 2% increase in landfill diversion. In response, the Council set a goal for the 
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United States to produce zero landfill-bound textile waste by 2037.69 In the textile industry, 

several companies are developing industrial-scale technologies to upcycle waste cotton using 

physical and chemical recycling methods. Start-up companies such as Evrnu70 in the United 

States, Re:newcell71 in Sweden, and TeKiDe in Finland have been developing industrial-scale 

chemical recycling of post-consumer cotton in which cotton garment waste is dissolved into and 

extruded as a fiber.72 Another example is Recover, a Spanish company that shreds pre-consumer 

waste while maintaining the staple length of the cotton fiber so it can be respun.73  

 

Established companies such as Lenzing74 are looking to add recycled yarn to their supply 

chain in hallmark products. Lenzing, one of the largest textile companies in the renewable fiber 

business, launched TENCEL™ Lyocell made with REFIBRA™ technology in 2016. The 

company introduced pre-consumer waste cotton, in addition to wood pulp, into their Lyocell 

product with a goal of further including post-consumer waste cotton.74 Large fashion brands such 

as H&M, Levi’s, and The North Face have begun recycling programs that reward their customers 

for bringing back old clothing. H&M increased its annual textile collection from 12,000 to 

21,000 metric tons of garments from 2015 to 2018.75 Given the growing technological interest in 

cotton recycling, significant efforts have been made in academic research to address technical 

barrier in cotton reuse, such as characterizing different types of the mixed textile waste,76 

enhancing separation efficiency of cotton from polyester blends,77,78 and developing value-added 

products from waste cotton that can be used in place of virgin material.79,80 

 

Despite the current movement in the cotton recycling field, there are knowledge gaps that 

hinder the implementation and adoption of cotton recycling and reuse. First, there is a lack of 
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understanding of waste cotton supply chains. The waste cotton supply chain can be complex and 

have large variations across different companies and regions. A confident estimation of quantity 

and quality of waste cotton available at different supply chain stages is essential to inform 

decision making for end-of-life options. Second, although some studies have evaluated the 

technical feasibility and environmental benefits of different waste cotton options, few of them 

have provided a comprehensive review and comparison of different applications from a life-

cycle perspective.  

 

This paper addresses the previous two knowledge gaps by providing a comprehensive 

review of waste cotton supply chains in the U.S. and different waste cotton applications from 

technical and environmental perspectives. Global data and analysis of supply chain and material 

flow for countries other than the United States were also reviewed for comparisons. Both 

mechanical recycling and chemical recycling, and the potential applications of recycled fibers 

were reviewed and compared with virgin counterparts. The data collected and presented in this 

paper will be helpful for further quantitative analysis related to cost and environmental impacts 

of different end-of-life options of waste cotton. The review and discussions could also inform 

future strategic planning and decision making for large-scale promotion and adoption of waste 

cotton recycling and reuse.   
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2.3 Review of Supply Chain of Waste Cotton Streams  

Waste cotton is produced at almost every step in the production of a cotton garment. A 

good understanding of the type, quantity, and quality of the waste cotton alone within the supply 

chain will be helpful to identify hotspots suitable for recycling and reuse. Figure 2-1 is an 

estimation of cotton waste generated in the global supply chain of cotton and garment production 

using standard cotton processing methods. The percentages shown in each box represents the 

ratio of input material that is wasted or does not flow to the following steps. 

Figure 2-1. Annual Fiber waste generated during global cotton garment production in 08/2018-

07/2019.60,65,81–87  

 

Production begins with the cultivation of cotton, where waste is left in the field to 

decompose. Next, in the ginning process, cotton fiber is separated from the lint (~35% of seed 

cotton) is separated from cottonseed and trash, and lint is used in the next spinning process.85 For 

the non-lint fraction, ~85% is the cotton seeds that can be used to make oil or stock feed, and the 

remaining 15% is classified as a waste product.85 However, this waste product is potentially 

usable for ethanol manufacturing, fertilizer, or oil spill clean-up.85 Next, the cotton fiber travels 

in bales to be spun. In preparation for spinning, the bales are opened, blended, cleaned, and 

carded. In the carding process, studies showed that 4.7% of the material is separated as waste, 

and of that waste, in flat and undercard wastes, 65% and 56% of the fiber has the potential to be 
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recovered, respectively.81 Next, in the drawing process, the sliver is blended, straightened, and 

the density is adjusted to the desired level. In the combing process, the final waste is removed to 

obtain fine, strong, smooth, and uniform yarn. The combined yarn is more expensive than carded 

yarn and creates a high-quality product; however, the process removes on average 20% as waste 

82. This waste is largely usable in applications requiring cotton linter quality material, such as 

dissolution and respinning.79  

 

Next, in preparation for spinning, the sliver is condensed and lightly twisted into a finer 

strand or roving. The roving is spun using one of three main systems: ring spinning, rotor 

spinning, or air jet spinning. While waste can vary based on the spinning process and machine, 

yarn waste is about 5%.87 Finally, the yarn is woven into fabric on a loom. Cotton waste depends 

on the weaving pattern and machine choice. In air-jet looms, 5.0 to 7.5% of the cotton is 

removed as waste due to knotting, tying in, selvage, and errors.83 In garment production, the 

fabric is cut and sewn using a variety of patterning and finishing methods. It is estimated that 

conventional pattern cutting creates about 15% wastage of material, even if the pattern layout has 

been optimized by a computer.84,86 Finally, fabric waste is produced during the sewing process 

due to excess yardage, errors, or sample garments. In a study of fabrication of traditional style t-

shirts, ~6.5% of waste was left over from sewing and quality control.84 Both yarn waste from 

weaving and cutting waste from fabric are high-quality sources of cotton for reuse. 

 

Pre-consumer cotton fabric waste includes fabric from the garment fabrication stages as 

well as deadstock, damaged yardage, and samples. This is the most commonly reused cotton 

material for high value-added applications because the yarn type, treatments, dyes, and yarn 
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density are all known and the fibers have no wear. Quantifying pre-consumer waste is difficult 

because many businesses have private waste removal contracts that are not required to report 

tonnages picked up, the destination of the material, or its contents.88 Textile manufacturers may 

sell, donate, or pay for recycling methods, allowing for the recovered materials to be used for 

applications requiring less material or down-cycling into shoddy for insulation or rags. In 

addition, some apparel manufacturers destroy unsold material in order to not compromise the 

brand.89 Often apparel companies and retailers do not report the percent of unsold material for 

strategic business purposes or since it may not reflect well on the brand marketing. 

 

For post-consumer waste textiles, a few studies have analyzed the current end-of-life 

material flows of waste textiles in Europe. A study from the United Kingdom indicated that the 

combined waste from clothing and textiles was about 2.35 million metric tons in 2004, with 13% 

going to material recovery, 13% to incineration and 74% to landfill.90 Approximately 25% of the 

textile waste were collected through donation shops such as Salvation Army.91 The destination of 

discarded textiles varies with market conditions. In 1999 in the United Kingdom, 43% of used 

clothes went to second-hand clothing, 22% to filling materials, 12% to wiping cloths and 7% to 

fiber reclamation.91 The Textile Recycling Association in the United Kingdom estimated that in 

Europe on average about 15–20% of disposed textiles were collected while the rest was 

landfilled or incinerated. Of the collected material, about 50% was down-cycled and 50% was 

reused, mainly through exporting to developing countries.92 However, there are large variations 

within European countries. Germany collected about 70% of disposed of textiles for reuse and 

recycling where only a fraction was separated for incineration.92 Denmark collected 40.5% of 
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used textiles for reuse and recycling via Non-Governmental Organizations (NGOs) and private 

collectors, while 38.5% ended in mixed waste for incineration.93  

 

More end-of-life cotton data could be found in a report developed by multiple research 

institutes in Sweden, Denmark, Norway, Finland, and Iceland to build more robust textile reuse 

infrastructure and implement a new policy.94 Each Nordic country was able to estimate about 

80% of their post-consumer textile flow; however, the study concluded that the market for textile 

waste recycling is limited, due to the lack of recycling technologies available and high cost.94 To 

the best of the authors’ knowledge, few studies have reviewed or analyzed pertaining to the 

destination of textile waste in the United States, nor focused specifically on end-of-life cotton. A 

recent study published by Daystar et al. collected consumer data from more than 6,000 global 

respondents from China, Germany, Italy, Japan, the United Kingdom and the United States 

regarding the use of t-shirt, knit collared shirts, and woven pants. Their results indicated that in 

average, 38% of consumers donated used clothes to charity, 26% throw them away, 15% re-use 

or use them in different purpose, and the rest of consumers gave them to friends, keep in the 

closet, or sell them95.  

 

In the United States, about 98% of apparel sold is imported, 96 so trade data can inform 

the amount of cotton apparel in the U.S. According to the United States Department of 

Agriculture (USDA), 2.7 million metric tons of cotton apparel (5,992 million raw-fiber 

equivalent pounds of cotton textiles) was imported in the U.S. in 2017.87 Usually, not 100% of 

apparel is sold, but retailers rarely disclose the data of unsold inventory. This study estimated 
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that 70% sold and 30% unsold (Figure 2- 2) based on the data from liquidation and salvage firm 

estimates.97 

Figure 2-2. Flow of post-consumer cotton garments in the U.S. per year.60,65,87,97–99 

For cotton garments sold, the U.S. EPA estimates that 15% is recycled, 19% is estimated 

to be combusted with energy recovery, and 66% is sent to landfill.65 According to American 

Textile Recycling Service, 45% of the clothing recycled is sold in second-hand markets, 30% is 

used as rags, 20% is used for upholstery and stuffing, and 3% is donated as disaster relief.98 The 

majority of second-hand garments donated in the U.S. are exported. One study suggests that 71% 

is exported, resulting in a total of 32% of recycled textiles being sold to foreign countries for 

resale or down-cycling.100 According to the United Nations’ Commodity Trade Statistics, around 

790,000 metric tons of worn apparel and textiles are exported from the United States each 

year.101 However, such data is not broken down by fiber types but it can be estimated that if 1/3 

of all textiles is cotton60 that 260,000 metric tons of cotton fiber incorporated in used textiles are 

exported.  
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For the clothing that is not sold, to the best of the authors’ knowledge, there is no known 

citable source that tracks what retailers do with unsold inventory. It is estimated that 

manufacturers recycle or resell in bulk about 75% of the inventory that is not sold.99 The 

remaining 25% is presumably destroyed or thrown away. However, these estimates need to be 

further verified in literature and are represented by question marks in Figure 2-1. Anecdotal 

accounts and reports suggested that retailers destroy inventory and send to landfill, but the 

frequency of the practice is unknown97. Alternatively, retailers may sell their inventory in bulk to 

liquidation companies where it is distributed in stores, online auctions, or overseas. The extra 

inventory may be placed online for sales or sold in an online marketplace when there is a limited 

quantity. In addition, the company may choose to donate or recycle their clothing, a system 

through which recycling companies identify optimal down-cycling or reuse methods.  

 

2.4 End of Life Options and Fiber Property Requirement for Waste Cotton 

Intensive efforts have been made by the industry and academia to promote the circular 

economy in the textile industry. Many opportunities related to the reuse and recycling of textile 

materials have been explored, and they can be grouped into five categories — reuse, fabric 

recycling, fiber recycling, polymer/monomer recycling (usually applied to polymer-based 

materials or polymer/fiber blends), and energy recovery. Those end-of-life options have impacts 

on different stakeholders in the textile supply chains (see Figure 2-3) and usually generate 

products that have a large variation in economic value. For example, burning textile materials for 

heat or electricity is a relatively straightforward process but does not bring much revenue given 

the current low price of energy. Cloth reuse and fabric recycling encourage the second use of 

cloth and textile materials, and previous studies indicated the benefits of reducing life-cycle 
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environmental impacts63,91,102,103. However, such environmental benefits are achieved mostly by 

avoiding the production of fabric, which may hamper the demand for virgin textile materials. In 

the following sections, the two major categories of cotton recycling methods, mechanical 

recycling, and chemical recycling are reviewed.   

 

 
Figure 2-3. Common end-of-life routes for textile (including cotton and other 

materials).63 

 

2.4.1 Mechanical Recycling 

Mechanical recycling begins with cotton material, and cleans and cuts the fabric into 

smaller pieces. The fabric is shredded until it is in a fibrous state that can be used for processes 

such as re-spinning into yarn or for manufacturing into nonwoven textiles.104 Mechanical 

recycling shortens the staple fiber length which lowers the quality by decreasing strength and 

softness. Generally, only pre-consumer waste is used for physical recycling because post-

consumer waste does not produce high-quality fiber after wear. This method limits the source of 
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available material to recycle. Fabrics that include mechanically recycled material can only use 

20-30% of recycled fibers before the quality of the fabric is significantly reduced.80 

 

 

Some companies have begun offering mechanically recycled pre-consumer waste cotton. 

For example, Recover cotton fiberizes pre-consumer waste in a new technology that maintains 

the staple length of the fiber at 15 mm rather than below 10 mm which is typical of waste 

processing.73 Virgin cotton is typically 22-20 mm. The process allows them to blend a higher 

percentage of recycled material. One study applied Life Cycle Assessment (LCA) to evaluate the 

cradle-to-gate environmental impacts of Recover’s cotton production.73 The study showed that 

significant environmental savings can be achieved by including recycled cotton content even at a 

low blending ratio such as 20%. However, the results of this study may not be applied to dyed 

products as the study assumed that the virgin cotton product is dyed and the recycled product is 

not. A few LCA studies evaluated the impacts of mechanically recycled cotton produced by 

other companies. Miljögiraff conducted an LCA of mechanically recycled cotton commissioned 

by H&M and reported that mechanically recycled cotton has lower environmental impacts in all 

impact categories compared to virgin fiber. However, the study does not evaluate the quality 

reduction of recycled cotton fiber that may limit the applications of the final product.67 Another 

LCA study was conducted by Korhonen and Dahlbo in Finland in which cotton and other textile 

waste were mechanically recycled to produce oil absorbent mats to replace mats made from 

polypropylene.105 Although their results indicated that mats made from recycled textile generate 

five times less Greenhouse Gas (GHG) emissions than their counterparts, the economic 

feasibility, and product quality have not been evaluated. To promote the sustainable use of waste 

cotton, it is critical to understand not only the environmental benefits but also product quality 
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and economic competitiveness compared to virgin counterparts. Moreover, Spathas reported 

different blends of virgin cotton fibers and recycled fibers with PET fibers, concluding that 

electricity consumption (i.e. during yarn spinning) was a predominant contributor to the 

environmental impacts. In the cases where recycled cotton fiber was blended with PET the 

upstream production of PET was the major contributor to the environmental impacts.80 

 

 

In addition to yarn and other textile products, a possible high-value application without 

chemical treatment of waste cotton is composites that have increased interest in the automotive, 

building, and construction industries.106 A few papers were published recently to investigate the 

application of recycled cotton fibers in polypropylene reinforcement without further 

treatment.107–109 Using cotton for cement-based composite used in building construction was also 

reported in multiple studies.110,111 Although their results demonstrate feasible mechanical 

properties of applying waste cotton to composites, it is unclear about the environmental impacts 

and economic feasibility of such applications.  

 

Most studies focused on the cost and technical feasibility of incorporating recycled cotton 

into a product in isolation; in reality, if the price/availability/performance is not better than other 

virgin alternatives, it is unlikely that the industry/customers will choose the untested or more 

variable/risky recycled cotton as a raw material. Some studies showed that the pulverized cotton 

(350 micron length and 20-40 micron width) supplied by Solvaira Specialties produced from t-

shirts that were could be incorporated into composites, nanocellulose,112–114 and 3D printing 

materials.115 Recycled cotton has also been used as fiber for paper products, filtration devices, 

and personal care and hygiene products. 
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2.4.2 Chemical Recycling 

Chemical recycling of cotton waste is used to produce new fibers that can be used in a 

variety of products. Table I shows a list of potential applications of chemically recycled products 

from waste cotton compiled by the authors. A variety of chemical recycling processes for cotton 

waste were identified in the literature. For energy applications, conventional processes include 

gasification, pyrolysis, pretreatment and/or enzymatic hydrolysis.116–118 For fiber regeneration, 

many processes have been developed such as waste cotton dissolution in urea solvents systems 

and wet spinning, ionic liquids, and enzymatic saccharification.119–122 The products of these 

processes could be further upgraded to or directly used in different applications. Those 

applications are listed in Table I with the information of virgin products and their key properties. 

The key properties of virgin products are identified given that if the recycled cotton 

price/availability/performance is not better than other virgin alternatives, it is unlikely that the 

industry/customers will choose the untested or more variable/risky recycled cotton as a raw 

material. 

 

For energy applications, previous studies mainly investigated five types of products, 

including bioethanol, pellets, biogas, biofuel such as biodiesel, and biopower. A few studies 

explored the technical feasibility and environmental impacts of bioethanol production from 

cotton-based waste using enzymatic hydrolysis and fermentation,117,118,123,124 but none of them 

have estimated the costs that are critical given the current low prices of oil, nor compared it to 

inexpensive starch or sugar as raw materials. Another example of renewable energy product that 

can be produced from cotton waste, specifically cotton stalk, is fuel pellet with a higher heating 

value (HHV) of 20.9 MJ/kg reported by Sharma-Shivappa and Chen.125 This study compared 
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cotton-based pellets with pellets from wood sources (e.g. hardwood and softwoods) with the 

HHV of 17.6 to 20.8 MJ/kg. They concluded that the cotton-based pellet is comparable with 

wood pellet from an economic/technical/environmental perspective. 

 

Biogas (mostly CH4) is another application that has been explored for waste cotton. 

Biogas can be produced from cotton through anaerobic digestion and further upgraded to bio-

methane that can be used as natural gas using existing gas infrastructure.126,127 Through 

gasification, waste-cotton can be gasified for co-producing heat and power and biochar. Biochar 

is a carbon-rich material and has potential applications in wastewater treatment,128 agriculture 

management (e.g., application to the soil to reduce nutrient leaching),129 bioenergy,130 as well as 

having an indirect benefit on mitigating climate change.131 In addition to heat and power, the 

syngas produced from cotton gasification can also be used for biofuel production.132 Another 

pathway to convert cotton to biofuel is to produce bio-oil through pyrolysis and then upgrade to 

biofuels. Many studies124,126,133–136 have investigated different pretreatment strategies such as 

steam explosion, alkali, acid, pretreatment process among others for biofuels like ethanol 

production, but little information has been reported regarding the economic or environmental 

benefits of cotton-based energy products, which are essential for market adoption, especially 

given the currently low fuel prices. 

 

Compared to energy products, bio-based products may be a high value-added option for 

waste cotton. For example, carbon fibers (CFs) are high-performance materials that have wide 

applications in the composites, military, aerospace, and sports industries.137 Several studies 

performed experiments to evaluate the technical feasibility of converting waste cotton to CFs.137–
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139 Although previous studies indicated high technical feasibility, the potential environmental and 

economic implications of cotton-based CFs are unclear. It may be challenging to evaluate such 

implications because the benefits of cotton-based CFs highly depend on the final applications of 

CFs. Another possible bioproduct from waste cotton is activated carbon (AC), a carbonaceous 

material with high surface area and broad industrial and medical applications.140,141 For example, 

Wanassi B. et al. used the waste cotton as the precursor to produce AC for anionic dye removal 

from textile wastewater.142 Currently, most AC can be produced from a variety of carbonaceous 

sources such as coal, bamboo, coconut husk, wood, and agriculture residues.143 Depending on the 

biomass quality and process operations, the yields and quality of AC could have large 

variations.144 Understanding the quality of cotton-derived AC and its performance in different 

applications is critical to further research, development, and deployment (RD&D) in this area. 

Furthermore, little research has been done to understand the economic/environmental 

implications of using waste cotton to produce AC and how such implications may be different 

for various industrial applications. 

 

Another potential application is the closed-loop recycling of cotton waste, in other words 

using cotton waste as raw material145 to produce regenerated fibers with similar properties as 

viscose from wood pulp that is currently used in the textile industry as a raw material119. Liu, W. 

et al. developed a mild hydrolysis treatment and two solvent systems to dissolve cotton waste 

followed by wet spinning to produce regenerated cellulose fibers.119 Another study146 

investigated the degree of polymerization of regenerated fiber from cotton waste. They found 

that cotton lint waste shows higher mechanical properties compared to regenerated cellulose 
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fibers from wood pulp. However, none of the previous studies have evaluated the feasibility of 

regenerated fibers from an economic or environmental point of view. 

 

An emerging application of waste cotton is cellulose nanocrystals (CNC), that have 

gained a lot of interest in the nanocomposite field because of their unique properties and easy 

modification for a variety of potential applications.147 Milanez M. et al. used a hydrolysis 

treatment with sulfuric acid to produce CNC and evaluated the impacts of different acid 

concentration and reaction time Their results indicated that the properties of CNC from cotton 

waste such as thermal stability are similar to CNC from commercial cotton. However, the final 

applications of CNC will determine the best-operating conditions (time and temperature) for this 

process. In addition to the applications discussed above, Table. I also includes a few interesting 

applications. For example, one study reported the use of medical-grade waste cotton to produce 

self-reinforced composite for supporting materials in medical equipment such as fracture 

plaster.148 Another study reported the use of waste cotton to produce cellulose aerogels via ionic 

liquids technique for thermal applications, additives, and encapsulation materials.120  

 

Compared to mechanical recycling, fewer LCA studies have been done to quantify the 

environmental benefits of using chemical recycling of waste cotton.63,80 Spathas evaluated the 

environmental impacts of a chemically recycled viscose yarn from cotton waste compared to 

viscose yarn from wood pulp. The study indicated that compared to virgin yarn, recycled yarn 

shows lower impacts on eutrophication and acidification and a significant reduction of 

freshwater consumption, but it has higher Global Warming Potential.80 The contribution analysis 

from the same study showed that the upstream production of viscose fiber was the major 
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contributor to the environmental impacts for both cases. In addition, the collection and sorting (a 

step not necessary for the viscose yarn from wood pulp) and electricity for the recycled yarn 

were the other stages contributing to the environmental impacts. Sandin and Peters reviewed 41 

papers that evaluated the environmental impacts of textile reuse and recycling, and 76% of those 

studies are related to cotton.63 Their review indicated that most of the previous studies showed 

environmental benefits of waste cotton reuse and recycling as a result of potential avoidance of 

the production of virgin cotton. However, through chemical recycling, there are many promising 

applications of waste cotton that do not compete with virgin cotton (e.g., composites, bio-based 

products, and biofuels as shown in Table. I). More efforts are needed in developing LCAs for 

different waste cotton applications through chemical recycling to identify the most 

environmentally beneficial applications. 

 

Although economic feasibility is a key performance indicator for waste cotton 

applications, most of the previous studies focused on technical aspects without investigating the 

economic implications. A few studies have applied Techno-Economic Analysis (TEA) to 

evaluate the economic viability of waste cotton applications, but all of them focused on energy-

related products. Ranjithkumar et al. reviewed different pretreatment processes to convert cotton 

waste to bioethanol and found that the pretreatment stage contributes about 30% of the total cost 

of bioethanol production.136 Holt et al., and Nunes et al., evaluated the economic and 

environmental benefits of using textile waste for producing thermal energy; their results 

indicated that compared with fuel-oil, wood pellets and wood chips, briquettes made from cotton 

lead to 80, 75 and 70% of annual fuel cost reduction, respectively.149,150 As discussed previously, 

there are a variety of waste cotton applications other than energy products, more research is 
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needed to better understand the economic implications of different waste cotton applications and 

potential tradeoffs between environmental and economic sustainability. 
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Table 2-1. Chemical processes and products from cotton waste with possible applications and their virgin alternative products. 

Chemical Processes Products Applications Virgin Products Key properties Ref. 

Acid Hydrolysis 
Cellulose 

nanocrystals 

Hydrogels, 

Biomedical applications 

Cellulose 

nanocrystals from 

other biomass 

High crystallinity 

Thermal stability 

Length 

76,147,151 

Anaerobic digestion Biogas Gas fuel Natural gas high heating value 116 

Electrospinning 

method 
Nanofibers 

Nano-membrane filters 

Protective clothing 

Reinforced composites 

Nanofibers from 

fossil 

Tenacity 

Tensile strength 

Elongation 

152 

Enzymatic Hydrolysis Glucose (sugars) 

Bioethanol as fuel,  

Co-producing energy 

on-site, bioethanol as 

feedstock 

Ethanol made from 

corn or other biomass 

Heating value if used 

as fuel. 

Yields and purity 

used as feedstock 

116–118,153 

Enzymatic hydrolysis 
Polyethylene 

terephthalate (PET) 

Plastics 

Synthetic fibers 
Fossil-based PET 

High mechanical 

resistance 

Surface strength and 

chemical resistance 

153 

Enzymatic 

saccharification 
Bacterial cellulose 

Biomedicine 

Cosmetics 

Papermaking 

Food ingredient  

Textile industry 

Bacterial cellulose 

High purity 

High crystallinity 

High degree of 

polymerization 

High wet tensile 

strength, High water-

holding capacity 

121,122,154 

Gasification 
Syngas and other 

by-products 

Heat and/or power, 

biofuel 

Fossil-based energy 

generation; fossil 

fuels 

High heating value 132 
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Table 2-1 (continued). 

Ionic Liquids Cellulose aerogels 

Thermal insulation 

Optical applications 

Electrical applications 

Additives 

Encapsulation 

Silica aerogels 

Hydrophobicity 

Transparency 

Brittleness 

120,155 

Neutralization and 

partial dissolution of 

medical grade cotton 

(MGC) waste 

material 

Self-reinforced 

composite 

Self-reinforced 

composite for 

supporting material in 

fracture plaster 

Fracture plaster 

Interfacial adhesion 

Stress transfer 

capability 

148 

Pre-treatment with 

hydrolysis and urea 

solvents systems 

Regenerated fibers 

(viscose) 

Rayon, 

Cellophane, 

Sausage casing 

Viscose from wood 

pulp 

Tenacity, 

Tensile strength 

Elongation 

119 

Pulping 
Viscose fiber from 

cotton linter 
Garment production 

Dissolving pulp from 

wood– viscose grade 

High cellulose 

content 

Alkali solubility 

Degree of 

polymerization 

Molecular 

distribution 

Reactivity 

156 

Pyrolysis 

Biochar  

Carbon microtubes 

Activated carbon 

Wastewater treatment, 

soil amendment, and 

bioenergy 

BPA removal catalyst  

Industrial purification 

Wastewater treatment 

Charcoal from 

different 

carbonaceous 

resources, 

Carbon nanotubes,  

Activated carbon 

from fossil fuels and 

other biomass 

Depending on 

applications: 

High heating value, 

high surface area, 

high adsorption 

capacity, 

Porosity 

116,157–160 
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Table 2-1 (continued). 

Solid state 

fermentation and 
Fungal cellulase Enzymes 

Celluclast 

(commercial 

cellulase) 

Enzyme activity 161 
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2.5 Property and Quality of Waste Cotton for Recycling  

Possible cotton reuse applications depend on the quality and properties of waste cotton 

sources. This includes quality at the fabric level such as rips, stains, mildew, and coatings, as 

well as quality at the fiber level such as length of fiber and density. Quality of pre-consumer 

waste cotton is often easy to assess because the history of the fiber cultivation and processing is 

known. Post-consumer cotton, however, experiences different wear and treatment conditions, 

may have unknown fiber blends, and ages an unknown amount of time. Post-consumer textiles 

are often graded and sorted into as many as 160 categories by hand by highly-skilled workers.162 

Fiber aging, processing for previous applications, and damage during use or processing are 

common factors that need to be considered for recycling and reusing waste cotton.  

2.5.1 Fiber Ageing  

Although the history, age, and treatment of post-consumer cotton are unknown in many 

cases, the cotton aging mechanism can shed light on some information. Cotton is an organic, 

high molecular weight cellulose polymeric material. Major structural changes occur as it ages, as 

well as complex chemical changes. These changes can be classified into five categories: physical 

aging, photochemical degradation, thermal degradation, chemical attack, and finally mechanical 

stress163. 

 Physical aging of a fiber is the time since the glass transition temperature (Tg) of the 

material was last exceeded. During physical aging amorphous regions relax and densify, 

often creating a stiffer but more brittle material.  

 The exposure of textiles to light contributes to photochemical reactions that involve the 

destruction and formation of covalent bonds.  
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 Thermal effects cause physical and chemical changes in the fiber and penetrate through 

the bulk causing structural changes in the crystalline and non-crystalline regions.  

 The chemical attack generally increases chemical diversity, which generally increases 

reactivity. Cellulosic fibers like cotton are less susceptible to chemical attack than protein 

fibers. Cotton fibers are degradable in normal populations of microorganisms, which 

impact their properties.  

 Mechanical stress affects the mechanical properties and viscoelastic nature of polymers.  

2.5.2 Assessing Fiber Quality and Properties 

In addition to the property changes resulting from aging, the fiber must also be assessed 

for treatments to inform its possible methods of reuse or required treatments. Some major 

principles of consideration for fiber reuse include the following.164 

 Dyes and finishes. 

 Blends: Cotton is often blended with other fibers to increase fabric properties such as 

stretch, strength, and feel. However, fabric blends are difficult to reuse because of 

different fibers having different chemical compositions and properties. Many researchers 

have been working to develop fiber separation technologies to increase recycling and 

reuse via dissolution of cellulose119,124,164,165 or polyester.166 

 Length of staple fiber: As the staple length of fiber decreases the value of the cotton for 

yarn spinning decreases. The fibers of the highest quality have fiber lengths between 25-

65 mm whereas the lower quality cotton has fiber lengths between 10-25 mm.  

 The degree of polymerization is reported to be in the range of 6,000-10,000 but may be 

up to 15,000. 164 The degree of polymerization decreases as the fiber ages. 
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 Water retention decreases: Cotton fiber consists primarily of cellulose, and since there is 

no hemicellulose or lignin working as blockers during drying, the cellulose fibrils 

coalesce during drying. As the fibrils clump together, it partly hinders the future 

rewetting of the fiber and the fabric cannot gain as much water.167  

 Tenacity increases: For a cotton fabric to be functional as a garment, it must balance 

elongation and recovery properties to be comfortable and move with the body. Aging 

causes embrittlement and increases tenacity, thus reused cotton is often combined with 

virgin material to provide sufficient elastic properties.  

 Decreased functionality: Increased cross-linking and decreased the degree of 

polymerization from aging can decrease chemical reactivity. This results in a fiber that 

does not adequately take finishes and dyes. Chemical reactivity in reused cotton can be 

artificially increased by cleaving bonds to increase available functional groups.165  

2.5.3 Quality Requirement by Applications  

Possible reuse applications will depend on quality, property, and treatment assessment. A 

comprehensive understanding of the quality requirements for each reuse method is the 

foundation for identifying the most suitable applications for cotton waste with different qualities.  

 Clothing and fabric: Donated clothing undergoes a manual inspection for fabric type, 

garment size, and condition. Those conditions can include signs of wear, stains, stretch, 

discoloration, and rips. Most donation centers will have designated employees to separate 

donated clothing into designated categories (some have as many as 350 grades).168 Fabric 

quality is assessed similar to a garment. Large fabric pieces that are of post-production 

quality may be used in textile applications as high-value products. If the fabric is of lower 

quality or in small pieces, it can be used in down-cycling applications.  
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 Fiber: Cotton may be chemically or mechanically recycled. For chemical recycling, 

cotton sources must be 100% cotton, but further requirements are lenient and the quality 

of most post-production and post-consumer cotton is acceptable because it can be 

modified before use. For example, cotton waste removal of color is the biggest challenge 

for dyed garment, removed of functional coatings, adjusted for the degree of 

polymerization of cellulose, and increased in chemical reactivity.79 More importantly, 

cotton should have the same quality as cotton linter in order to be dissolved and spun. 

Haule et al. have shown that cotton waste from denim showed very good properties 

compared to Lyocell fibers, presenting an increased in terms of tenacity (22%), modulus 

(45%), higher than Lyocell fibers; nonetheless, the property of elongation at break 

decreased by ~13%.165 The recycled fibers properties will vary depending on the type of 

waste used (pre or post-consumer); in the case of post-consumer waste, better uses are for 

producing non-woven materials or for building materials insulation.104 On the other hand, 

pre-consumer waste can be spun into yarns with good quality fiber; nonetheless, will 

result in shorter fibers lengths.104,169 The highest reported cotton staple fiber being 

fiberized and used in recycled garments is 10-15mm.73 For references, high-quality fiber 

length is considered 25-65 mm.164 Further, recycled yarns must be spun with virgin 

cotton to preserve fabric touch and elasticity properties. The typical blends are 30% 

recycled cotton and 70% virgin materials.73 Such processes can produce a 50 tex mid to 

thick yarn. 

 Down-cycling: Cotton can be down-cycled from garment quality fabric to a variety of 

applications as long as there is no mildew, odor, or hazardous contaminant. Cotton can be 
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aged, stained, ripped, and stretched. Applications include rags, filling, and reinforcement 

for construction, nanofibers, paper, and nonwovens.63,103 

 Energy: Cotton can be burned for energy recovery and heating value is a key property. 

Sharma-Shivappa and Chen reported the heating value for cotton waste ranging from 

18.6 to 20.9 MJ/kg. Cotton waste can be converted to other energy products with higher 

heating contents such as fuel pellets (20.9 MJ/kg), bio-oil (37.2 MJ/kg) and for 

combustible gases (CO + H2 with 14 MJ/m3).125 

 For other applications, the quality requirements depend on the virgin products that waste 

cotton needs to compete with. 

2.6 Directions for Future Research 

Based on the review, to promote sustainable cotton recycling and reuse, there are a few 

areas that need further efforts: 

 A strong need to estimate the current/actual flows of cotton in (1) waste and rejects from 

different industrial sectors, (2) retail wastes, (3) collections at donations centers, and (4) 

end of life stages of cotton after their use to define flows and locations of end of life 

cotton. Many products are unrecyclable from practical standpoints; there simply are not 

large enough volumes of these products concentrated in convenient locations to make 

collection/sorting/transportation and processing into new products even a reasonable 

proposition. Only through the strong understanding of where and how much waste cotton 

exists can an exploration of new markets for this material be successful. Data is needed to 

define where and how available waste cotton is now, in order to explore feasibility 

applications of recycling them. 
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 LCA and cost analysis (e.g., TEA or Life Cycle Cost Analysis) for different end-of-life 

options of waste cotton. Most previous studies focused on the technical feasibility of 

incorporating recycled cotton into a product without investigating potential 

environmental impacts and economic viability.  

 A better understanding of quality requirements and market potential for different 

applications of waste cotton. Many studies have investigated the quality requirement of 

recycling and reusing cotton for garment and fabric applications. However, the quality 

requirement for other applications needs more effort. Furthermore, the market potential 

of different waste cotton applications and the market of their virgin products need to be 

better understood. It may not be reasonable to use recycled cotton if their virgin 

products/competitors are already considered more favorably in the market.  
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CHAPTER III 

 

3 STREAMLINED LCAS FOR COTTON WASTE APPLICATIONS2 

3.1 Abstract 

The previous published paper identified dissolving pulp as a potential application of 

waste cotton in the pulp and paper industry. A brief introduction of dissolving pulp and relevant 

processes is provided in the chapter. A streamlined LCA and cost analysis of current pulp and 

paper mills that use cotton linter as feedstock is presented. These mills can potentially adopt 

waste cotton as a cheaper feedstock and fiber source (compared with cotton linter). Note that 

some mills currently use cotton linters-derived pulp to produce high value-added products, such 

as bond paper and filter, which are also included in this chapter and considered as potential final 

applications of waste cotton. Based on the mill data collected, further analysis was then 

conducted to shed light on the economics and environmental footprints of producing the same 

pulp and paper products using waste cotton. The cost and GHG footprints of three products, 

dissolving pulp, bond paper, and filter paper, made from different feedstocks, including waste 

cotton, were compared. The results showed significant benefits of using waste cotton as a 

feedstock in pulp and paper-related applications from both economic and environmental 

perspectives.  

 

 

 

 

__________________________ 
2 The material in this chapter has been submitted as a technical report to Cotton Incorporated, 

2020. Holistic Assessment of End of Life Options of Cotton for Environmental and Economic 

Sustainability in the Promotion of Cotton Recycling  
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3.2 Introduction 

 

Understanding the amounts of materials and incorporating potential applications are 

important to achieve a circular economy for the textiles industry. For instance, textiles waste 

accumulation in landfills represented 7.7% in 2018.55 Textiles waste can be produced in many 

life cycle stages. The waste streams generated are pre-industrial waste (during manufacturing) 

and post-industrial waste (after the products have left the manufacturing facilities). There are two 

pathways for processing/recycling waste textiles, mechanical recycling and chemical recycling. 

Many studies have documented applications for mechanical recycling,56,63,80, and in fact, there 

are currently companies with products derived from waste streams in the textiles industry and 

other applications such as composites.170 In the case of chemical recycling waste cotton, several 

applications are in early stages and have been very well documented in the literature.56  

To the authors' knowledge, no streamlined LCAs have been developed for the production 

of succinic acid and insulation materials using waste cotton, and one study assessed the 

environmental impacts of dissolving pulp produced from waste textiles, reporting a lower 

environmental impact with the technology SaXCellTM.171 Therefore, this study fills this gap by 

performing streamlined LCAs for three potential industries. The following sections will 

introduce every potential application per industry. First, the pulp and paper by assessing the 

environmental impacts of products that could be produced from waste cotton (i.e., dissolving 

pulp, bond paper, and filter paper). The chemical industry, specifically by providing insights into 

how the environmental impacts of succinic acid would result if produced from cotton waste. 

Finally, the insulation materials industry assesses cellulose-based insulation. These streamlined 

LCAs demonstrate the potential benefits of the reduction of virgin materials (i.e., cotton and 

biomass) and/or their replacement to incorporate cellulose-based streams from waste cotton. In 
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addition, the results provided in this study are insightful information that can be used to propose 

routes for a circular economy beyond the textiles industry. 

 

3.3 Dissolving pulp production from cotton waste 

 

3.3.1 Introduction of Dissolving Pulp and Paper Products from cotton pulp 

Dissolving pulp (DP) acetates grade can be produced from different lignocellulosic 

biomass such as hardwood, softwoods, and cotton linters. Depending on the grade, Dissolving 

Pulp is used by different industries for a broad range of applications such as staple, filament 

yarns, cellophane, acetates filament, nitrocellulose, specialty papers, and absorbent materials 

(e.g. diapers).51,156 The global demand for dissolving pulp has been increasing in the past decades 

(Figure 3-1) and is expected to continue growing.172,173 

A summary of the different dissolving pulp grades by main products and representative 

applications are shown in Table 3-1. The global price for dissolving pulp acetates grade was 

1,300 USD per metric ton174 with the global demand of 7.5 million tons/year as of 2016.172,173 

 
Figure 3-1. World dissolving pulp demand (million tonnes per year).172,173 
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Table 3-1. Dissolving wood pulp (DWP) grades, products, and applications. 

DWP grade Products Applications 

Rayon Grade Viscose 
Cellophane 

Sausage skins 

High alpha cellulose 

specialty 

Cellulose acetate tow 

Cigarette filters 

Paints and coatings 

Films 

Plastics 

Cellulose ethers and MCC 

Construction 

Food additives 

Medicine fillers 

Cosmetics 

Nitro-cellulose and other 

Explosives 

Inks 

Lacquers 

Nail polish 

 

The industrial production of DP from biomass is through two main processes, Pre-

Hydrolysis Kraft (PHK) pulping process and the sulfite pulping process. For both pulping 

processes, DP has low yields between 30 to 35%, and during the production, hemicellulose and 

lignin content are reduced considerably in order to achieve a high purity cellulose content of 

above 90%.51,156 Figure 3-2 is the process flow chart of a typical PHK pulping process. 

 
Figure 3-2. Dissolving pulp production from biomass. 

 

One of the main characteristics of acetate grade dissolving pulp is the high cellulose 

content which is in the range of 92% to 98% depending on biomass source.51 In order to produce 

cellulose acetates, one of the main requirements is the use of very high purity dissolving pulp 
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cellulose.51 When processing wood pulp, the use of NaOH is highly recommended to remove 

xylan content.175,176 This pulp is sent to an acetylation process and treated with sulfuric acid, 

acetic acid, and anhydride acetate.177–179 Figure 3-3 presents the acetylation process, and how the 

dissolution of the reacted chains occurs in the solid and liquid phase when the chemicals are 

added, the acetylation reaction takes place when the hydroxyl groups are added to the cellulose 

chains.180 

 
Figure 3-3. Acetylation process solid and liquid phase.180 

Figure 3.4 presents the process flow diagram for acetylation from biomass with a final 

hydrolysis stage to produce dissolving pulp acetate grades as a product. When using DWP, the 

first unit operation for the acetylation process is a dilution step with NaOH; the next step is 

impregnation with acetic acid, which is used to swell the fibers and activate them180. This 

process involves the use of sulfuric acid as a catalyst. Filtration is followed to remove the excess 

of acetic acid and impurities; the next step is the acetylation process with acetic anhydride to 

produce triacetate cellulose.181 There are washing steps with acetic acid that is mix with water, 

and the remaining excess is filtrated. At this point, the product is cellulose triacetate and a partial 

hydrolysis process is done to make cellulose diacetate, which is then dissolved with a solvent to 

produce cellulose acetates that can be made into filaments or films. 
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Figure 3-4. Process flow for acetylation from biomass with final hydrolysis for a product. 

 

Based on the existing process, we proposed a process, as shown in Figure 8, that uses the 

acetylation process to treat cotton blends. 

 

 
Figure 3-5. Proposed process flow for acetylation of textiles blends. 

 

Another two products included in the analysis in this chapter are bond paper and filter 

paper as shown in Figure 3-6, both of which can be produced from cotton linter derived pulp. 

Bond paper is used for letterheads, stationery, business forms, and many other documents 

involving inkjet and laser printers.182 Filter paper has many applications, from household to 

analytical, and industrial settings, the performance of filter paper depends on the properties such 

as mechanical particulate retention, adsorption, surface properties thickness, and strength.183  
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a)  b)  

Figure 3-6. Photos of two final representative products of waste cotton pulp, a). Bond paper. b). 

Filter paper. 

 
3.3.2 Streamlined LCA and Cost Analysis for Dissolving Pulp, Bond, and Filter Made 

From Waste Cotton  

The cradle-to-gate LCA was conducted to estimate the carbon footprints of dissolving 

pulp, bond paper, and filter paper made from waste cotton. The baselines are the same products 

made entirely from wood. The cradle-to-gate system boundary includes three main stages - raw 

material acquisition (in other words, upstream production of raw materials, fuels, and chemicals 

used by mills), transportation, and production. The data and modeling approaches used to 

estimate the GHG emissions of each life cycle stage are documented as follows.  

 

3.3.2.1 GHG Emissions of Dissolving Pulp, Bond, and Filter Production  

It is expected that mills currently using cotton linters or cotton-based pulp could 

potentially use waste cotton or waste-cotton-derived pulp. Thus the Life Cycle Inventory (LCI) 

data (e.g., input and output data) of mills that currently use cotton linter were firstly collected 

from FisherSolve, a pulp and paper mill database.184  

 

Table 3-2 lists the LCI of producing one metric ton (mt) of dissolving pulp acetate using 

a 100% cotton linter. We assumed that using waste cotton would not lead to significant changes 

in the process and the LCI. Therefore, the same LCI data was used to estimate the carbon 
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footprint of waste cotton-derived dissolving pulp (except that cotton linter was replaced by the 

waste cotton). This assumption was made due to the lack of understanding about the possible 

changes in the dissolving pulp production using waste cotton. As the LCI of waste 

cotton/polyester separation is not available, this part is also excluded in the LCA. It is expected 

that after considering waste cotton/polyester separation and processes changes caused by using 

waste cotton (when such data would be available or could be estimated in the future), the results 

could be higher than our results presented in Section 3.2.3. However, further investigation is 

needed on how large/significant the differences are.  

 

Table 3-2. Life Cycle Inventory for 1 mt of dissolving pulp acetate using 100% cotton linter.184 

 
Amount Unit 

Input 

Cotton Linter 1.36 mt 

Natural Gas 17.81 GJ 

Electricity 0.73 MWh 

NaOH 17.67 kg 

H2O2 3.30 kg 

NaClO 5.26 kg 

Output Product 

Dissolving pulp acetate 1 mt 

 

Table 3-3 presents the LCI data collected for producing bond paper using 60% cotton linter pulp 

and 40% wood pulp (a typical feedstock blend). Three mills were identified in the FisherSolve 

database, and the LCI data shown is the average of the three mills.  
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Table 3-3. Average Life Cycle Inventory for 1 mt of bond paper using 60% cotton linter pulp and 

40% wood pulp (FisherSolve 2019).  

 
Amount Unit 

Input 

Cotton Linter Pulp 0.57 mt 

Wood Pulp 0.36 kg 

Natural Gas 12.24 GJ 

Electricity 0.71 MWh 

Alkaline Size  1.19 kg 

Alum  0.95 kg 

Retention Aid PAM  0.38 kg 

Wet End Starch 7.13 kg 

Paper Dyes 0.05 kg 

Dyes FWA 2.38 kg 

Size Press Starch 57.00 kg 

GCC* 0.04 kg 

PCC* 0.09 kg 

TiO2 0.02 kg 

Output Product 

Bond paper  1 mt 

*GCC – ground calcium carbonate; PCC – precipitated calcium carbonate 

 

 

Table 3-4 lists the LCI data of producing one mt of filter paper using 15% cotton linter 

pulp and 85% wood pulp. When waste cotton-based pulp is used, we assumed that the LCI of 

both bond paper and filter paper would not have significant changes. Similar to the discussions at 

the beginning of this section, such an assumption was made due to the lack of data. 
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Table 3-4. Life Cycle Inventory for 1 mt of filter paper using 15% cotton linter pulp and 85% 

wood pulp (FisherSolve 2019). 

 
Amount Unit 

Input 

Cotton Linter Pulp 0.14 mt 

Wood Pulp 0.88 kg 

Natural Gas 10.01 GJ 

Electricity 0.05 MWh 

Alum 0.94 kg 

Retention Aid PAM 0.26 kg 

Paper Dyes 0.05 kg 

Wet Strength 1.08 kg 

NaOH 107.70 kg 

H2O2 10.09 kg 

NaClO 16.05 kg 

Alkaline Size 1.19 kg 

Alum 0.95 kg 

Retention Aid PAM 0.38 kg 

Wet End Starch 7.13 kg 

Paper Dyes 0.05 kg 

Dyes FWA 2.38 kg 

Size Press Starch 57.00 kg 

GCC 0.04 kg 

PCC 0.09 kg 

TiO2 0.02 kg 

Output Product  

Filter paper 1 mt 

 

The on-site emissions of pulp and paper production are mainly from the combustion of 

fuels.185 Therefore, the combustion emission factors of different fuels used by pulp and paper 

mills were collected and presented in Table 3-5. All these fuels were used by the U.S. pulp and 

paper industry in 2018. However, most of the mills that use cotton linters and cotton pulp 

currently only use natural gas and purchased electricity.  
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Table 3-5. GHG emission factors for fuels used by the U.S. pulp and paper industry in 2018 (data collected from U.S. EPA).186 

Fuel 

Pre-combustion^ 

Emission Factor (kg 

CO2eq/GJ) 

Combustion Emission Factors 

Carbon Dioxide 

(kg CO2/GJ) 

Methane 

(kg CH4/GJ 

Nitrous Oxide 

(kg N2O/GJ) 

Total GHG 

(kgCO2eq / GJ) 

Biodiesel 0.002 70.0* 1.04 × 10-3 1.04 × 10-4 0.06 

Biogas 2.890 49.4* 3.03 × 10-3 5.97 × 10-4 0.25 

Compressed natural gas 

(CNG) 
0.017 50.3 9.48 × 10-4 9.48 ×10-5 50.3 

Coal 6.120 89.7 1.04 × 10-2 1.52 × 10-3 90.4 

Natural gas 0.009 50.3 9.48 × 10-4 9.48 × 10-5 50.3 

Liquefied natural gas (LNG) 0.008 50.3 9.48 × 10-4 9.48 × 10-5 50.3 

Methanol 0.004 67.9* 0.00 0.00 0.00 

Number 2 oil 0.013 70.1 2.84 × 10-3 5.69 × 10-4 70.3 

Number 6 oil 0.013 71.2 2.84 × 10-3 5.69 × 10-4 71.4 

Petcoke 0.034 97.1 2.84 × 10-3 5.69 × 10-4 97.3 

Pulping liquor 0.00 89.1* 1.80 × 10-3 3.98 × 10-4 0.16 

Railroad ties* 0.00 88.9* 6.82 × 10-3 3.41 × 10-3 1.11 

Refuse-derived fuel (RDF) 0.00 86.0 3.03 × 10-3 5.97 × 10-4 86.2 

Recycled fuel oil 0.00 70.1 2.84 × 10-3 5.69 × 10-4 70.3 

Sludge 0.00 88.9* 6.82 × 10-3 3.41 × 10-3 1.11 

Steam purchases 0.086 62.9 1.18 × 10-3 1.18 × 10-4 62.9 

Tires 0.00 81.5 3.03 × 10-2 4.08 × 10-3 83.4 

Waste wood 0.00 88.9* 6.82 × 10-3 3.41 × 10-3 1.11 

*Biogenic carbon dioxide sources are marked and were excluded from the total GHG emission factor. Pre-combustion emission 

factors include GHG emissions associated with the upstream production of fuels (cradle-to-gate). 
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3.3.2.2 GHG Emissions of Upstream Production and Transportation of Raw Materials, 

Chemicals, and Fuels Used by Mills 

In this analysis, waste cotton in the form of waste cotton rags and mixed textile waste 

were included and assumed to be burden-free (a common assumption used in the LCA for waste 

feedstock). However, the GHG emissions for transporting cotton waste to the mill were included. 

The transportation GHG emissions were calculated based on the emission factors of different 

transportation methods shown in Table 3-6 and U.S. average distance distributions for 

transporting different materials to mills, as shown in Table 3-7. All materials were tracked based 

on their weight and what commodity type they fell under. Waste cotton materials were assumed 

to be waste and scrap, as recycled textiles fell under that category based on the U.S. Census 

Bureau classifications. 

 

Table 3-6. GHG emission factors for different transportation methods collected from U.S. 

EPA.187 

Method 
GHG Emission Factor (kg CO2eq / (metric 

ton*km)) 

Truck (medium- and heavy-duty) 0.139 

Rail 0.016 

Water 0.041 

Air 0.903 
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Table 3-7. Distances and percent-by-weight distributions for transportation of materials going to 

the U.S. pulp and paper mills. Data was collected from the U.S. Department of Transportation.188 

Commodity 

Type 

Total 

Average 

Distance 

(km) 

Truck 

(km) 

Truck % 

by 

Weight 

Rail 

(km) 

Rail % 

by 

Weight 

Water 

(km) 

Water % 

by 

Weight 

Air 

(km) 

Air % 

by 

Weight 

Waste and 

scrap 
194 240 60% 502 25% 453 14% 0 0% 

Coal 140 93 18% 922 68% 548 6% 0 0% 

Fuel oils 50 48 54% 1232 1% 0 0% 0 0% 

Other 

petroleum 

fuels 

158 122 68% 1419 13% 288 12% 0 0% 

Chemicals 1065 216 54% 674 26% 562 13% 1034 0.1% 

Logs and 

wood 
296 165 98% 1568 2% 0 0% 0 0% 

Pulp 420 261 78% 1502 22% 0 0% 0 0% 

 

The data shown in Tables 3-6 and 3-7 were also used to estimate the GHG emissions of 

transporting other materials such as chemicals and fuels to mills. In addition to the transportation 

GHG emissions, those materials also have upstream GHG emissions. 

 

 Table 3-8 shows the GHG emissions of producing chemicals used by the U.S. pulp and 

paper industry (cradle-to-gate). While many of these chemicals were not used to create cotton 

linter pulp, bond/filter paper with cotton linters, or dissolving pulp acetate (see LCI in Table 3-

4), they were used when calculating the GHG emissions for the wood counterparts to these 

products (baselines). 
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Table 3-8. Upstream (cradle-to-gate) GHG emissions for producing chemicals used by the U.S. 

pulp and paper industry. 

Chemical 

Type 
Chemical Name 

GHG Emissions (kg CO2eq / kg 

dry basis) 
Reference 

Bleaching 

Chlorine 1.07 

189 

Hydrogen peroxide 1.18 

Methyl alcohol 0.18 

Oxygen 0.11 

Ozone 6.52 

Sodium chlorate 0.40 

Sodium chloride 0.28 

Sodium hydrosulfite 3.85 

Sodium hypochlorite 0.96 

Sulfuric acid 0.16 

Pulping 

Ammonium 2.89 

189 

Calcium carbonate 1.45 

Caustic soda 1.35 

Lime 1.14 

Magnesium sulfate 0.24 

Sodium carbonate 0.52 

Sodium sulfate 0.51 

Sodium sulfite 1.50 

Sodium sulfide 3.04 

Sulfur 0.23 

Pigment Filler 

Clay 0.001 
189 GCC 0.02 

PCC  0.32 

Talc 0.01 187 

Titanium dioxide 4.60 189 

Pigment 

Coating 

Clay 0.001 
189 GCC  0.02 

PCC  0.32 

Synthetic pigments 0.78 190 

Titanium dioxide 4.60 189 

Pulping 

Mineral 
Talc 0.01 187 

Wet End 

Alkaline size 3.50 191 

Alum 0.57 

189 
Retention aid PAM 2.78 

Rosin size 1.63 

Wet-end starch 0.97 
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Table 3-8 (continued). 

Paper Dyes 
Dyes 0.78 190 
Dyes, FWA 0.78 

Paper Other 

Creping aid 2.06 
189 Dry strength 1.84 

Wet strength 2.29 

Paper Coating 

Coating starch 0.97 
189 Latex 2.62 

Size press starch 0.97 

Recycling Deinked chemicals 0.87 189 

* PAM – polyacrylamide; FWA – fluorescent whitening agents 

 

The GHG emission factor used for cotton linters is 2,500 kg CO2eq/metric ton, 189 which 

covers all cradle-to-gate emissions of cotton linter without transportation. For the baseline 

products made from 100% wood, GHG emissions of wood procurement were tracked and shown 

in Table 3-9. Additionally, the GHG emissions related to the upstream production of fuels were 

provided in Table 3-5. 

 

Table 3-9. Upstream emission factors for wood procurement retrieved from National Renewable 

Energy Laboratory.190 

Wood Type 
GHG Emission Factor (kg CO2eq / kg 

dry basis) 

Northern hardwood chips 0.22 

Northern hardwood logs 0.05 

Northern softwood chips 0.22 

Northern softwood logs 0.05 

Northern softwood sawdust 0.12 

Southern hardwood chips 0.09 

 

3.3.2.3 Cost Analysis 

A cost analysis was conducted based on the LCI data presented previously. This analysis 

mainly focused on the cost of raw materials and production, excluding capital cost due to the 

lack of data for individual mills. Costs related to energy, chemicals, labor, and cotton linter were 
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sourced from the FisherSolve database.184 Cost estimates for mixed textile waste and cotton rags 

are from personal communication.192 

 

3.3.3 Results from the Streamlined LCA and Cost Analysis 

The results of the streamlined LCA are presented in Table 3-10 that shows the life cycle 

GHG emissions based on the functional unit (One metric ton of the product) as well as the GHG 

emissions of raw materials alone to highlight the contribution of different cotton sources 

compared with the baseline wood. For bond and filter paper, the cotton pulp is mixed with wood 

pulp at different ratios based on the current blending ratios used by mills identified in the 

FisherSolve database. All results calculated shown in Table 11 and Figure 9-11 use the blends 

described, apart from the 100% wood counterpart shown for comparison purposes. Further 

research is needed on the properties of these papers with a higher recycled cotton blend to 

maximize cost savings and minimize GHG emissions.  

 

There are two observations from Table 3-10 streamlined LCA results. First, compared 

with cotton linter derived products, using waste cotton greatly reduces the life cycle GHG 

emissions and costs of the final products, mainly due to the low environmental burdens and costs 

associated with the raw materials (burden-free waste cotton versus energy- and GHG-emissions-

intensive cotton linter) and production. For mills that currently use cotton linter/cotton linter 

pulp, switching to waste cotton could be beneficial from both economic and carbon emission 

perspectives. Among the three products currently derived from cotton linter, using waste cotton 

to produce dissolving pulp has the largest reduction potential for both cost (63% reduction of 

production cost) and GHG emissions (64% reduction).  
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Second, compared to the baseline – 100% wood-based products, using waste cotton 

reduces the production costs for all three products, but only leads to lower GHG emissions for 

the filter paper, and slightly higher GHG emissions for dissolving pulp (12% higher) and bond 

paper (1% higher). Therefore, for mills that currently rely on wood, switching to waste cotton 

could be economically attractive. Among the three products currently derived from wood, the 

filter paper is the most attractive application of waste cotton with respect to cost reduction 

(21.5% reduction of production cost) and GHG emissions mitigation (23.7% reduction).  
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Table 3-10. Results summary for costs and GHG emissions of waste cotton derived products (mt stands for metric ton). 

Product Raw Material 

Raw 

Material 

Cost, $/mt 

GHG Emissions 

of Raw 

Materials*, kg 

CO2eq/ mt raw 

material 

Estimated 

Production Cost, 

$/mt 

Life Cycle GHG 

Emissions of Product,  

kg CO2eq/ mt finished 

product 

Dissolving 

Pulp Acetate, 

100% cotton 

Cotton 

Sources  

Mixed textile waste 22 0 629 1,387 

Waste cotton rags 48 0 668 1,387 

Cotton Linters 800 2,500 1,696 3887 

Counterpart – dissolving pulp acetate produced 

from 100% wood pulp 
642 855 1,230 1234 

Bond paper 

using 60% 

cotton and 

40% wood 

pulp 

Cotton 

Sources  

Mixed textile waste 270 342 1,059 1,382 

Waste cotton rags 286 342 1,078 1,382 

Cotton linter pulp  1,421 1842 1,619 1,814 

Counterpart – bond paper produced from 100% 

wood pulp 
642 855 1,514 1,368 

Filter paper, 

15% cotton 

and 85% wood 

pulp 

Cotton 

Sources  

Mixed textile waste 549 727 1,196 1,514 

Waste cotton rags 553 727 1,200 1,514 

Cotton linter pulp  837 1,102 1,484 1,693 

Counterpart – filter paper produced from 100% 

wood pulp 
642 855 1523 1,984 

*For bond and filter, the GHG emissions of raw materials are for blended cotton and wood pulp.  
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Figure 3.7 shows the GHG emissions breakdown for three products derived from the 

different feedstocks. Energy (on-site combustion emissions and emissions associated with 

upstream production of fuel and purchased electricity) and raw materials (upstream production) 

are responsible for most emissions. For this reason, an in-depth understanding of how feedstock 

changes, from cotton linter to recycled cotton, will affect the energy demands in a mill setting 

needs to be researched further.  

 

 

Figure 3-7 GHG results of three products by different feedstock. The baselines are 100% wood-

based counterparts. 

 

Figure 3.8 shows the cost breakdown for each product by different raw materials. In 

general, raw materials are responsible for most of the production costs. The exceptions are bond 

paper and dissolving pulp acetate derived from mixed textile waste and waste cotton rags, due to 

the high percentage of low costs materials being used. A further process-based investigation into 
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how these feeds will also affect chemical and energy costs should be conducted to get a more 

accurate estimation. 

 

Figure 3-8. Cost results of three products by different feedstock. The baselines are 100% wood-

based counterparts. 

 

To shed light on potential tradeoffs between the production cost and GHG emissions 

across different applications of waste cotton, Figure 3.9 was plotted as a visualization of cost-

benefit (specifically, potential benefits in reducing GHG emissions) analysis results. Data points 

close to the bottom left corner show products with lower GHG emissions and production costs, 

while points close to the top right corner have higher GHG emissions and costs. In general, 
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mixed textile waste and waste cotton rags have both lower GHG emissions and production costs 

than other blends for the same product 

 

Figure 3-9. A Cost-GHG analysis figure for each product by different raw materials. 

 

3.3.4 Conclusions 

Based on the streamlined LCA and cost analysis conducted in this project, using waste 

cotton to replace raw materials such as cotton linter and wood currently used by pulp and paper 

mills could be economically and environmentally attractive, depending on the counterpart 

materials and products. For mills that currently use cotton linter, waste cotton is an ideal raw 

material with low cost and environmental burdens, especially for dissolving pulp production with 

over 60% reduction of both cost and GHG emissions brought by the waste cotton switch. In 

addition, these products could have marketing advantages based on their higher recycled content. 

For mills that currently use wood, switching to waste cotton, in general, is cost attractive, and 
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filter paper is the best application (among the three included in this report) with the largest cost 

and GHG reductions.  

 

The analysis in this Chapter mainly has two limitations due to the current knowledge 

gaps. One is the lack of understanding of cost and environmental footprints associated with 

cotton/polyester separation for textile blends. The other is the lack of information on potential 

process changes, especially those that may affect the product yields and the usage of energy and 

chemicals. In this section, we included a conceptual process flow chart for dissolving pulp 

production in Figure 8 as an initial first step for a further in-depth process-based investigation to 

address the two limitations.   

 

For future research, two main activities are required to fully address the knowledge gaps. 

First, experimental exploration is needed to identify a useful solvent for cotton/polyester 

separation. Second, process-level investigation and simulation are needed to estimate better the 

environmental benefits and costs of waste cotton-based pulp and paper products, which also 

relies on a good understanding of the chemical interactions with the textiles blend compositions 

in unit operations of mills.  

 

3.4 Enzymatic Hydrolysis Pathway for Waste Cotton 

Enzymatic hydrolysis followed by fermentation can be used to produce a variety of 

different bio-based chemicals and fuels. 
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3.4.1 Succinic Acid Pathway 

3.4.1.1 Succinic Acid Applications and Market 

Succinic acid is a compound that can be produced from petroleum or biomass and can be 

used to produce high-value specialty chemicals, polymers, surfactants, and solvents, as shown in 

Figure 3-10193,194. Figure 3-10 is an important information source to further identify high value-

added end-use applications of succinic acid. The U.S. Department of Energy identified succinic 

acid as one of the most promising chemical building blocks that can be produced commercially 

from bio-based feedstocks.193,195 Traditionally, succinic acid is produced by hydrogenation of 

maleic anhydride to succinic anhydride followed by hydration to succinic acid.196 Bio-based 

methods are sought out to reduce the environmental burdens that fossil fuels present. One report 

showed that bio-based succinic acid had a global market price of $2,860/ton in the year 2018, 

with a projected 2020 market of over 700 kilo-tonnes per annum (ktpa).197,198 A Techno-

Economic Analysis (TEA) of various bio-based succinic acid producers using glucose as a 

feedstock with capacity over 37,500 mt/year was conducted.196 Based on this TEA, the estimated 

cost of the bio-based product was $2.86/kilogram (kg) compared to $6-9/kg for a non-biobased 

product, making bio-based succinic acid a cost-effective and environmentally friendly 

alternative.196 
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Figure 3-10. Products that can be synthesized from succinic acid194 

 

Many end-use applications of succinic acid are sold in the market at very high prices. The 

global market breakdown by applications of succinic acid in 2013 is shown in Figure 3-11.199 

The largest application of succinic acid is to produce 1,4-butanediol (BDO), a widely used 

solvent in industrial applications as well as in the production of plastics, elastic fibers, electronic 

chemicals, and polyurethanes; followed by polybutylene succinate (PBS) which is a 

thermoplastic. Tan et al199 reported that BDO is forecasted to increase with a compounded 

annual growth rate (CAGR) of 35% in the 2014 -2020 period.199 

 
Figure 3-11. Global bio-succinic acid market by application in 2013.199 
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A more thorough literature review for market potential and prices of various applications 

of succinic acid were conducted and summarized in Table 3-11. The main applications and 

counterpart products are also provided in the same table. For example, the main application of 

BDO is tetrahydrofuran (THF). THF can be produced by dehydration from BDO via phosphoric 

acid and high temperatures. THF had a market of 34,000 tonnes in 2006 and is used as a 

performance solvent and feedstock in other specialty chemicals such as thermoplastic urethane 

elastomers and polyurethane fibers.200,201 In 2017, BASF increased the cost of THF by an 

additional $95 per metric tonne due to increased BDO and energy costs, resulting in a final cost 

of $3,307 per metric tonne according to ICIS.202  

 

Another application for succinic acid is itaconic acid. Itaconic acid can be derived from 

succinic acid by first being converted to maleic anhydride. It had a market price of $1,900 per 

tonne, a global market of 41 ktpa, and sales of $79 million in 2015 with uses, such as lubricant 

additives, surface-active agents, dye intermediates, plastics, synthetic rubber and resins, and 

chemical fibers.198,203 According to a 2019 report, itaconic acid has the potential to replace 

acrylic acid, acetone cyanohydrin, maleic anhydride, and sodium tripolyphosphate. Additionally, 

if the price of itaconic acid becomes competitive with acetone cyanohydrin in the production of 

methyl methacrylate, therefore becoming the preferred raw material, then the projected 2020 

market size would increase from 197 to 408 ktpa.198 

 

As mentioned previously, BDO and PBS have the highest market share of succinic acid 

applications. This is true in previous analyses as well as projected analyses for 2020 based on a 

report.204 While BDO and PBS make up the greatest portion of the market share, other 
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applications that have projected markets in 2020 include polyester polyols, plasticizers, food, 

pharmaceutical, alkyd resins, resins/coatings, cosmetics, solvents and lubricants, and de-icer 

solutions.204 Another report from Weastra highlighted current and future applications and 

competitive routes of succinic acid applications.203 PBS was expected to have a Compound 

Annual Growth Rate (CAGR) of 27% by 2020 if PBS is fully bio-based and biodegradable.203 

The report also hypothesized that succinic acid-based BDO, PBS, and polyurethanes could have 

increased markets by replacing non-biobased alternatives including maleic anhydride and adipic 

acid.203 

 

Adipic acid is a counterpart product that can be replaced by bio-based succinic acid. It is 

currently produced from fossil fuels and is a common chemical used in the production of 

plasticizers and polyurethanes.203 A commercial company Covestro currently uses a bio-based 

succinic acid, Biosuccinium, supplied by Reverdia that is a drop-in replacement for succinic acid 

and adipic acid.205 One analysis indicated that Biosuccinium reduces the carbon footprint of 

petrol-based adipic acid by 90% and petrol-based succinic acid by 53%.206 Covestro performed 

another analysis to evaluate Biosuccinium’s potential of reducing the carbon footprints by 

replacing its adipic counterparts from fossil.205 The results showed a carbon footprint reduction 

of ~8 kg CO2 per kg adipic acid, a ~ 5 kg CO2 per kg adipate polyol, and a ~4 kg CO2 per kg 

adipate thermoplastic polyurethane.205 Biosuccinium is produced by a confidential process of 

low pH fermentation of renewable resources such as sugars from biomass.206 Biosuccinium is 

currently held by Reverdia’s parent company Roquette due to the success of the product moving 

beyond the start-up phase. Roquette is a global company in over 100 countries and focuses on 

plant-based ingredients.207 
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A handful of companies have built their business around bio-based succinic acid 

production with collaborations for applications.198,203 Bioamber had an agreement in 2012 with 

INOLEX to produce personal care products, and in 2015 with Turkeys Flokser to produce 

Sertex, an artificial leather fabric with a projected market of 150 ktpa globally.193 Myriant, now 

GC Innovation America, has a 14 ktpa plant in Louisiana with scale-up efforts at that plant and 

one in China to produce bio-based succinic acid. Reverdia has a 10 ktpa plant in Italy that uses 

yeast that is tolerant of low pH to produce bio-based succinic acid with an expectation of 

reducing GHG emissions.198 In 2012, Reverdia collaborated with Proviron to produce a di-

methyl-succinate product for a coalescing agent for emulsion paints in low volatile organic 

compound coating applications.193 A fourth company, Succinity, uses a strain of yeast that was 

engineered to produce high yields of succinic acid in their 10 ktpa plant in Spain. While outdated 

(2014 projections), a report from National Renewable Energy Lab (NREL) summarized the 

current and planned succinic acid production capacity with feedstocks and organisms,193 and 

Figure 3-12 highlight companies that comprise various sectors of the succinic acid pipeline from 

access to feedstocks to market.203   

 

These companies use sugars for succinic acid production, which will require additional 

processes to pretreat waste cotton such as enzymatic hydrolysis to produce sugars. An LCA of 

different production processes could be used as a comparison and starting point.208 This LCA 

study investigated three different processes in Europe, including (1) low pH yeast fermentation 

with downstream processing (DSP) by direct crystallization, (2) an anaerobic fermentation to 

succinate salt at neutral pH and subsequent DSP by electrodialysis, and (3) a similar process 

producing ammonium sulfate as co-product in DSP produced succinic acid using dextrose from 
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corn as the input. The authors conducted cradle-to-gate LCAs for all three processes with a focus 

on non-renewable energy use and GHG emissions. Furthermore, the results were compared to 

petrochemical-based processes such as the production of maleic anhydride, succinic acid, and 

adipic acid. The results showed that the low pH yeast fermentation with direct crystallization 

outperformed all other methods, both bio-based and petrol-based.  

 

 



69 

Table 3-11. Succinic acid applications by market size, prices and potential product to replace.  

End products of 

succinic acid 
Applications 

Potential product to 

replace 

Price 

(USD/mt) 

Market size (1000 metric 

tonnes/year, global)  
Ref 

1,4-butanediol 

(BDO) 

Solvent and in the 

production of plastics, 

elastic fibers, electronic 

chemicals and 

polyurethanes 

Adipic acid 

1,600 in 2016 

and 1,677 in 

2018 

316 in 2020 
203, 204, 
205, 209 

Tetrahdydrofuran 

(THF) 

Performance solvent and 

feedstock in specialty 

chemicals such as 

thermoplastic urethane 

elastomers and polyurethane 

fibers 

 
3,307 in 2017 

by BASF 
342 in 2006 

200, 201, 
202 

Itaconic Acid 

Lubricant additive, surface 

active agents, dye 

intermediates, plastics, 

synthetic rubber and resins, 

and chemical fibers 

Acrylic acid, acetone 

cyanohydrin, maleic 

anhydride, sodium 

tripolyphosphate, and 

methyl methacrylate 

1,900 in 2015 
41 in 2015, 197 in 2019 

and projected 408 in 2020 

198, 203, 
210 

Fumaric acid 
Unsaturated polyester resin 

and alkyd resins 

Synthetic organic acids 

such as citric acid and 

tartaric acid 

1,294 in 2018 254 in 2014 210, 211 

Polybutylene 

succinate (PBS) 
   82 in 2020 

204 

 

Polyester polyols    51 in 2020 

Plasticizers    37 in 2020 

Food    26 in 2020 

Pharmaceutical    21 in 2020 

Alkyd resins    21 in 2020 

Resins, coatings    12 in 2020 

Cosmetics    12 in 2020 
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Figure 3-12. Succinic acid market mechanism.203   

 

3.4.2 Streamlined LCA of Succinic Acid Produced from Waste Cotton 

3.4.2.1 Succinic Acid Production Using Waste Cotton 

Figure 3-13 presents the major unit operations involved in the production of succinic acid 

from biomass. During the milling step, the biomass feedstock is treated to reduce the particle size 

and to modify the structure of the layers protecting the cellulose. These layers of biomass that 

including hemicellulose and lignin, are challenging to remove. Pretreatment can be done using 

steam explosion, dilute acids, or alkali treatment.212 Another stage is enzymatic hydrolysis, used 

to depolymerize the biomass carbohydrates to reduce the chains into sugars.213 The sugars are 

fed to the fermentation stage, where the glucose is converted into succinic acid using 

microorganisms, and once completed, the biomass is separated from the broth by 

ultrafiltration.195 Recovery and purification are made in a vacuum distillation column (to remove 

volatile by-products and concentrated dissolved solids) and a crystallization stage at lower 
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temperatures. The crystals are sent to washers and to the drying stage, where succinic acid is 

obtained as a powder. 

 
Figure 3-13. Process flow diagram of succinic acid production. 

 

One of the challenges for the production of succinic acid is the development of a 

fermentation process with low cost and robust operations. Song and Lee (2005) have investigated 

different microorganisms that can be used for the fermentation process, as presented in Table 3-

12.194 According to their study, these are the most effective candidates for the production of 

succinic acid.194 

Table 3-12. Different microorganisms used in and the yields of the fermentation for succinic acid 

from hardwood biomass.194,195 

Process Substrate Yield (%) Microorganism/chemical 

Fermentation Glucose 86 Actinobacillus. succinogenes 

Fermentation Glucose 70 Mannheimia succiniproducens 

Fermentation Glucose 93-97 Anaerobiospirillum succiniproducens 

 



72 

 

3.4.2.2 Life Cycle Inventory of Succinic Acid Production 

Previous LCA studies indicated that bio-based succinic acid has much lower life-cycle 

energy (44-76%) and GHG emissions (66%-86%) than fossil-based succinic acid.208,214,215 For 

bio-based succinic acid, the most common feedstocks in previous LCA studies are corn and 

sugarcane that are food-based feedstock and thus not favorable due to competition with food 

supply. Previous LCA studies also indicated that the cultivation, production, and transportation 

of crops dominate the environmental impact results.208 The high environmental footprints 

associated with feedstock are expected to be significantly reduced if using a waste stream such as 

waste cotton.  

 

Culbertson C. et al.216 studied different production pathways for succinic acid using 

lignocellulosic biomass.217 The LCI of previous LCA studies that used other types of biomass to 

convert it into sugars were collected and presented in Table 3-14. Although these are not 

specifically for waste cotton, they can be useful information for (1) baseline comparison; (2) 

reference information to estimate the mass and energy balance for waste cotton to succinic acid. 

Succinic acid production requires the use of many chemicals as shown in Table 3-13. Ammonia 

is used for pH adjustment during fermentation, corn steep liquor is added as a nutrient to support 

cell growth.217 Table 3-14 also presents inputs and outputs LCI data for succinic acid production, 

however in this case the biomass used is sorghum grains.218 
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Table 3-13. Life cycle inventory for succinic acid production from lignocellulosic biomass.217 

Inputs Amount Units 

Sugar 1.25 mt 

Ammonia 0.29 mt 

Hydrochloric acid 0.29 mt 

Corn steep liquor 0.19 mt 

Natural gas 37.62 MMBtu 

Power 0.08 MWh 

Water 0.60 mt 

Carbon dioxide (gas) 0.22 mt 

Outputs 

Succinic acid 1 Mt 

 

Table 3-14. Inputs and outputs Life Cycle Inventory (LCI) for succinic acid production from 

sorghum grains.218 

Inputs 

Sorghum Grains 1.66 kg 

Dextrose 0.013 kg 

Process Water 1.67 kg 

Cooling Water 1.29 m3 

Ultrapure Water 25.3 kg 

Electricity 2.67 kWh 

Natural Gas for steam 14.77 MJ 

Ammonium Liquid 0.41 kg 

Sulfuric acid 1.15 kg 

Outputs   

Succinic acid 1 kg 

Co-product   

Ammonium Sulfate 1.49 kg 

Avoided Product   

Vapour Condensate 2.72 kg 

Waste Emissions   

Volatile Organic Compound 2.00E-03 kg 

Carbon Monoxide 1.50E-02 kg 

Nitrogen Oxide 5.00E-03 kg 

Particulates <10 mm 1.00E-03 kg 

Ammonia 1.72E-04 kg 

Lead 5.20E-06 kg 

Sulfuric Acid 8.06E-05 kg 

Waste Water 1.10E-02 m3 

Cell Mass 8.20E-01 kg 

Sorghum Grain Waste 3.95E-01 kg 
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The LCA for succinic acid was conducted based on the LCI provided in Table 3-14. The 

model was built in OpenLCA software. The LCI of background processes (e.g., upstream 

production of chemicals and energy used in the production) was obtained from the Ecoinvent 

database.189 Waste cotton was assumed to be burden-free, and therefore it was not connected 

with any background processes in this LCA. Compared with sorghum-based production, using 

cotton waste would require one additional hydrolysis process to break down the cellulose fibers 

into sugars as mentioned before. In order to account for the energy consumption in this step, an 

increase of 20% of the energy consumption shown in Table 3-15 was assumed due to the lack of 

energy consumption data for the hydrolysis stage. In addition, the charge of sulfuric acid in 

Table 3-14 was estimated based on the theoretical equilibrium equation calculated from 2NH3+ 

H2SO4 --> (NH4)2SO4. The process for sulfuric acid was incorporated into the LCA model. 

Figures 3-14 and 3-15 show the model diagram developed in this research project in OpenLCA. 

 

Figure 3-14. OpenLCA model developed for sorghum-based succinic acid production 



75 

 

 
Figure 3-15. OpenLCA model developed for waste-cotton-based succinic acid production 

 

 

3.4.3 Results of the streamlined LCA 

The comparative results of the life-cycle GHG footprint (characterized as Global 

Warming Potential using TRACI developed by the U.S. EPA219,220) of succinic acid made from 

sorghum, cotton waste, and fossil-based are presented in Figure 3-16. The value reported for 

succinic acid from fossil-fuel was collected from the literature.221 Figure 3-16 shows that waste 

cotton derived succinic acid has the lowest carbon footprint (13% lower than sorghum based and 

16% lower than the fossil-based succinic acid). The main contributors to the overall carbon 

footprints are electricity and natural gas used for heating. 
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Figure 3-16. Comparison of succinic acid from sorghum, waste cotton, and fossil. 

 

This streamlined LCA mainly has two limitations due to the lack of data. One is the 

energy consumption data of hydrolysis is not available in the literature and was roughly 

estimated as 20% of the overall energy consumption in Table 3-14. The other is the LCI data that 

was based on sorghum-based succinic acid production. Such data could have some deviations 

from the waste cotton-based succinic acid production. The two limitations can be addressed in 

the future by conducting lab experiments for waste cotton hydrolysis and developing a process 

simulation using Aspen Plus for the entire production process.  

 

3.4.4 Conclusions 

Bio-based succinic acid is a promising application of waste cotton, given the large market 

potential and high value-added applications. Many companies such as Reverdia, BioAmber, and 

Myriant produce bio-based succinic acid by fermentation of biomass. They have collaborations 

and clients that take their bio-based succinic acid and use it in other applications. Notable 

applications include using bio-based succinic acid to produce BDO, to produce PBS and to 

replace fossil-based adipic acid. Currently, bio-based succinic acid is more expensive than its 
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counterpart maleic anhydride.196 In 2010, the price of maleic anhydride was $1.5/kg, while bio-

based succinic acid was $2.86/kg.196 Switching to waste cotton could potentially reduce the 

feedstock cost, but a more comprehensive understanding of the impacts of using waste cotton on 

the succinic acid production process and its overall economics is needed. 

 

From an environmental perspective, waste cotton derived succinic acid has lower carbon 

footprints than fossil-based and biomass (sorghum) - based counterparts, according to the 

streamlined LCA conducted in this project. However, the streamlined LCA for waste cotton was 

based on the LCI data adapted from sorghum to succinic acid production. Previous studies 

mostly focused on other types of biomass feedstock, and it is unclear how waste cotton, 

especially those blended with polyester, will affect the process configurations and operational 

conditions that will ultimately determine process life cycle inventory. An experimental 

investigation is needed to understand the technical feasibility/attractiveness of converting waste 

cotton to succinic acid, which is the foundation for further process simulations, LCAs, or 

Techno-Economic Analysis (TEA).  

 

3.5 Composites application for cotton waste  

3.5.1 Applications and market of Composites Using Waste Cotton 

One potential application of waste cotton identified in this project is a composite 

material. Composites materials typically combine two or more materials with significantly 

different mechanical/chemical properties for improved functionalities, such as stronger, lighter, 

better insulation, and/or higher durability than conventional materials. Generally, composites 

consist of a matrix (or binder) with a reinforcement material (fibers or fragments). Different 
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applications require distinct composite properties such as high stiffness, strength, and fatigue 

resistance depending on the end product application.222 The reinforcement provides mechanical 

strength and has a high impact on the physical properties of the end product. A common material 

used for reinforcement in composites is glass fiber. Nonetheless, there are other composite 

reinforcement materials, such as polyethylene, polypropylene, polyester, and nylon. Table 3-15 

lists different composites that utilize waste cotton as a reinforcement material by applications, 

such as reinforced material insulation, automobile interiors, panels, waterproof applications, 

fillers, and additives. Different waste cotton was included, such as waste cotton fabrics, textiles 

blends with polyethylene and/or polyesters, and 100% cotton from the manufacturing process. 

Manufacturing composites from waste cotton need processes such as shredding of cotton waste, 

mixing, and extrusion. 
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Table 3-15. The applications of composites using waste cotton.  

Composites Applications Type of waste Ref. 

Polymer concrete 

with textiles waste 

Reinforcement of 

building materials 

(insulation) 

Textiles waste blend and polyesters 223 

Fiber-reinforced 

polymer 

Automobile interior, 

door panels, 

partitioning, etc 

Woven fibers of 100% cotton, 

waste from comber noil waste from 

spinning and the knitting waste 

224 

3D woven fabric 

composites 

Waterproof 

applications 

Waste fabric blended with virgin 

polypropylene (60/40) 
225 

Polylactide 

composites with 

waste cotton fibers 

Filler for PLA 

Mix of fibers treated with typical 

finishing agents (e.g., fatty acid 

derivatives or amino-functional 

silicon elastomeric microemulsions) 

226 

Polyurethane 

composite prepared 

from activated waste 

cotton fabric 

Filler, additive Waste cotton fabric 227 

Waste cotton fabric 

reinforced polymer 

matrix 

Reinforced material Waste cotton fabric 228 

 

Applications for composites using cotton waste for insulation materials are already 

commercially available. Using composites as insulation materials represent a high value-added 

application with a large market. The market for insulation materials is expected to increase at a 

rate of 1.5% in 2019 and at 1% annualized rate until 2024 in the U.S.229 The sale of insulation 

products represents a 14% share of the roofing, siding & insulation wholesaling industry revenue 

which is $47.7 billion as shown in Figure 3-17. The insulation materials are well known for 

building insulation and industrial applications for pipes systems. IBIS World reported new 

residential and commercial construction activities as the main driver of the demand for insulation 

materials as of 2019.229 A few applications for insulation materials using waste cotton waste as 

the raw material are commercially available,170 and organizations such as Cotton Incorporated 

have launched their program “Blue Jeans Go Green”230 creating recycling programs that 



80 

 

encourage customers to return wear-out/old denim jeans to stores. Another example is Bonded 

Logic, a company based in Phoenix. The company takes recycled denim fibers and converts 

them into insulation materials that can be used in houses and buildings, among other soundproof 

applications.170,231  

 

Figure 3-17. Siding, roofing, and insulation wholesaling in the U.S.229 

 

3.5.2 Streamlined LCA of Insulation Materials using Waste Cotton 

 

The goal of this streamlined LCA is to provide a high-level environmental impact 

evaluation for waste cotton used as insulation materials compared with counterpart products 

currently in the market. The functional unit for insulation materials is commonly the amount of 

mass required to achieve a specific thermal resistance (R-value in units of m2*K /W) based on 

previous LCA studies.232–235 However, for waste cotton applications, due to the lack of data, it is 

unclear how much waste cotton-based materials will be needed in order to achieve similar 

thermal resistance of counterpart products (e.g., fiberglass-based insulation). Therefore, in this 

study, the functional unit is chosen to be one kg of final insulation material. Different scenarios 

were developed to explore the uncertainty of waste cotton replacement (e.g., from 1:1 to 1:1.2 
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that may be needed to achieve desirable thermal resistance). Two types of commercial 

insulations were chosen here as counterpart products that could be replaced by waste cotton-

based insulation. One is the cellulose-based insulation that currently uses old newspapers, and 

the other is the fiberglass-based insulation that is widely used in buildings. The LCAs were 

conducted to compare the environmental impacts of insulation materials made from waste cotton 

with these two counterparts.  

3.5.2.1 LCA of Waste Cotton Used to Substitute Cellulose-Based Insulation  

 

The system boundary of this LCA is cradle to gate as presented in Figure 3-18. It was 

assumed that waste cotton is burden-free, and transportation was included The main unit 

processes include mechanical shredding, mixing, molding and drying, and packaging.  

 
Figure 3-18. System boundary for cellulose-based insulation. 

 

The LCI for the production of insulation material using old newspapers as raw material 

was collected from the literature.236 This data was used as the basis to estimate the LCI of waste 

cotton-derived composite. The LCI data were summarized in Table 3-16. Three comparative 

scenarios were developed: 

1. Cellulose-based insulation using old newspapers (baseline). The LCI of scenario 1 is 

shown in the second column of Table 3-16.  

Cotton 
waste 

Chemicals 

Binder 

Recycled 
fibers 

Cellulose-
based 
insulation 
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2. Cellulose-based insulation using waste cotton. The LCI of this scenario is the same as 

scenario 1 except that the feedstock is waste cotton instead of old newspapers.  

3. Cellulose-based insulation using waste cotton with a 20% increase of all LCI. This 

scenario was developed to account for two uncertainties. One is the quantity of waste 

cotton fed into the process. More waste cotton may be needed in order to produce the 

insulation material that achieves the same quality and properties (e.g., thermal resistance) 

of the counterpart product (baseline). Another uncertainty is the process LCI (e.g., energy 

consumption and emissions) that may be higher than the data in Table 3-16 given that the 

process presented in the table is optimized for old newspapers instead of waste cotton. As 

little information is identified in the literature about possible process changes in using 

waste cotton for composite production, we used a 20% increase to account for this 

uncertainty. A further investigation of process details and composite properties will be 

needed to mitigate the two uncertainties and improve the robustness of the results of the 

streamlined LCA in this section.  
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Table 3-16. LCI for insulation material from old newspaper and cotton waste replacement. 

Inputs Scenario 1 and 2  Scenario 3 Units 

 Feedstock 
0.808 (old newspaper in Scenario 

1, waste cotton in Scenario 2) 
0.970 (waste cotton) kg 

Sulfur 0.020 0.024 kg 

Boric acid 0.162 0.194 kg 

Energy 0.006 0.007 MMBtu 

Transportation 80.8 97.0 kg*km 

Outputs    

Cellulose-based 

insulation 
1 1 kg 

Emissions to air    

Particulates 1.52 x10-3 1.82 x10-3 kg 

Nitrogen Oxides 2.00 x10-3 2.40 x10-3 kg 

Hydrocarbons 1.23 x10-3 1.48 x10-3 kg 

Sulfur Oxides 2.57 x10-3 3.08 x10-3 kg 

Carbon Monoxide 

Formaldehyde 
2.84 x10-3 3.41 x10-3 kg 

Methane 5.60 x10-9 6.72 x10-9 kg 

Other Organics 3.60 x10-6 4.32 x10-6 kg 

Solid waste 3.50 x10-4 4.20 x10-4 kg 

Wastewater    

Dissolved Solids 1.70 x10-3 02.04 x10-3 kg 

Suspended Solids 1.10 x10-4 1.32 x10-4 kg 

BOD 1.40 x10-5 1.68 x10-5 kg 

COD 2.70 x10-5 3.24 x10-5 kg 

 

As the LCI collected for composite applications have more emission entries than the LCI 

for the other two pathways presented in the previous chapters, we were able to conduct Life 

Cycle Impact Assessment (LCIA) for environmental impact categories in addition to carbon 

footprints (characterized as Global Warming Potential). TRACI developed by the U.S. EPA was 
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used to perform the LCIA.219,220 The results are shown in Table 3-17. The results of waste cotton 

and old newspapers are exactly the same, which is not surprising as the only differences between 

the two scenarios are raw materials and transportation, while old newspapers and waste cotton 

were assumed to be burden-free as both of them are waste streams.189 Transportation for two 

pathways is different, but the contribution of transportation to the final results is small. After 

considering the uncertainty by an assumed 20% increase of the LCI, the results of Scenario 3 are 

generally higher than Scenario 1 across all environmental impact categories (a visualization of 

the carbon footprint is presented in Figure 3-19).  

 

Table 3-17. LCIA comparison for cotton waste vs. old newspaper insulation. 

Environmental 

Impact category 

Reference 

unit/kg of 

insulation 

material 

Scenario 1 - old 

newspaper 

(baseline)  

Scenario 2 - 

waste 

Cotton 

Scenario 3 - 

waste cotton 

with 

uncertainties 

Ecotoxicity CTUe 1.67 1.67 2.00 

Eutrophication kg N eq 8.00*10-4 8.00*10-4 9.60*10-4 

Global Warming 

Potential (GWP) 
kg CO2 eq 0.17 0.17 0.21 

Human Health - 

carcinogenics 
CTUh 1.11*10-8 1.11*10-8 1.33*10-8 

Human Health - non-

carcinogenics 
CTUh 8.14*10-8 8.14*10-8 9.77*10-8 

Ozone Depletion kg CFC-11 eq 3.23*10-8 3.23*10-8 3.88*10-8 

Photochemical ozone 

formation 
kg O3 eq 7.22*10-2 7.22*10-2 8.67*10-2 

Resource depletion - 

fossil fuels 
MJ surplus 0.32 0.32 0.38 

Respiratory effects kg PM2.5 eq 7.00*10-4 7.00*10-4 8.40*10-4 
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Figure 3-19. Global warming potential comparison for cellulose-based insulation. 

 

Based on the results, the conclusion is that cellulose-based insulation may not be an 

environmentally beneficial application of waste cotton compared to the current product made 

from old newspapers. The environmental impacts could be lower if the process optimized for 

waste cotton generates fewer emissions or requires less energy and other materials. However, 

such changes need further investigations into the process details.   

 

3.5.2.2 Waste Cotton Used to Replace Fiberglass as Insulation Materials   

Fiberglass insulation is another type of commonly used insulation material in buildings. 

The production of fiberglass is very energy-intensive as melting glass is needed.237,238 In this 

study, LCAs were conducted for both waste cotton and fiberglass insulation for a comparison. 

Similar to the LCA presented in the previous section, the system boundary is cradle to gate, and 

the functional unit is one kg of insulation material. 

 

3.5.2.3 Life Cycle Inventory Data of Waste Cotton and Fiberglass Insulation  

Table 3-18 presents the inputs and outputs for the production of fiberglass insulation. 

This LCI was retrieved from the literature237 and was used to estimate the environmental impacts 

of fiberglass insulation.  
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Table 3-18. LCI data of producing fiberglass insulation material. 

Inputs Amount Unit 

Natural gas 11,100 Btu 

Glass cullet 0.34 kg 

Acrylic binder 0.05 kg 

Borax 0.12 kg 

Electricity 9480 Btu 

Soda ash 0.09 kg 

Limestone 0.09 kg 

Transport 423 kg*km 

Outputs Amount Unit 

Fiberglass insulation 1 kg 

Nitrogen oxides 0.00088 kg 

Carbon dioxide, biogenic 0.11 kg 

Sulfur dioxide 0.0046 kg 

Carbon dioxide, fossil 0.2 kg 

 

The LCI data of upstream production of materials used in the fiberglass production were 

collected from Ecoinvent using OpenLCA software (see Figure 3-20 for the OpenLCA model 

graph). The raw materials for glass production are sand (silica), limestone (CaCO3), soda ash 

(Na2CO3), feldspar, and cullet that is a waste or broken glass recycled for remelting. Those raw 

materials were included in the model and connected with background production processes in the 

Ecoinvent database. 
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Figure 3-20. OpenLCA model for fiberglass insulation. 

 

The LCI data of producing insulation materials using waste cotton was estimated based 

on the data for fiberglass in Table 3-19. Specifically, two estimations were made. One is the raw 

material, changing from glass to waste cotton. The other is energy consumption that is expected 

to be much lower for waste cotton, given that energy-intensive glass melting is not needed. Thus, 

the energy consumption of glass melting, based on the previous study,238 was deducted from the 

value in Table 3-19. For all other LCI that are not related to raw materials or energy, we assumed 

that they are the same for the production of fiberglass and waste cotton insulation materials. The 

LCI data of upstream production of all materials used in the production were collected from 

Ecoinvent using OpenLCA software (see Figure 3-21 for the OpenLCA model graph). Waste 

cotton was assumed to be burden-free.  

 



88 

 

Table 3-19. Inputs and outputs life cycle inventory for insulation materials using waste cotton 

(estimated based on the references).237,238 

Inputs Amount Unit 

Natural gas 4940 Btu 

Binder 0.05 kg 

Borax 0.12 kg 

Electricity 1213 Btu 

Transportation 423 kg*km 

Waste cotton 0.52 kg 

Outputs Amount Unit 

Cotton waste, insulation 1 kg 

Nitrogen oxides 0.00088 kg 

Carbon dioxide, biogenic 0.11 kg 

Sulfur dioxide 0.0046 kg 

Carbon dioxide, fossil 0.2 kg 

 

 
Figure 3-21. OpenLCA model for cotton waste insulation. 

 

3.5.2.4 LCA Results of Waste Cotton Compared with Fiberglass Insulation  

The results of different environmental impact categories are shown in Table 3-20. For 

fiberglass, in addition to the results of this study, the environmental impacts of fiberglass 

insulation from an Environmental Product (EPD) were included as a reference for 

benchmarking239. The results of waste cotton insulation are shown in the fifth column of      

Table 3-20. In order to account for uncertainties, two scenarios with 20% and 50% increase in all 
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inputs were developed and their results are shown in Table 3-20. Such assumptions were made to 

quantify the impacts of uncertainties in the quantity of waste cotton needed (to achieve similar 

performance with fiberglass insulation) and the LCI related to process. As the process 

information is not available in the literature, 20% (moderate estimation) and 50% (a more 

extreme estimation) increases of inputs were used to account for those uncertainties.  

 

The main conclusion made from Table 3-20 is that waste cotton insulation has much 

lower environmental impacts than the fiberglass insulation across all environmental impact 

categories, even in the case of a more extreme estimation with a 50% increase of all inputs of 

waste cotton. Although the environmental impacts of fiberglass insulation from the EPD are 

much lower than the results of this LCA for fiberglass, their values are still much higher than the 

waste cotton insulation in most of the environmental categories; even the EPD considered 

fiberglass from recycled sources (e.g., ~65% of recycled glass content). Such results demonstrate 

the environmental benefits of using waste cotton to replace fiberglass as insulation materials.  
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Table 3-20. Environmental impact comparisons for insulation materials made from fiberglass and waste cotton.  

Environmental 

impact categories 
Units/kg 

Fiberglass (this 

LCA) 

Fiberglass (from 

a EPD)239 
Waste cotton  

Waste cotton 

+20%  

Waste cotton 

+50%  

Acidification kg SO2 eq 1.58 ×10-2 6.58 ×10-3 8.83 ×10-3 1.06 ×10-2 1.32 ×10-2 

Ecotoxicity CTUe 12.3 - 2.97 3.57 4.46 

Eutrophication kg N eq 1.56 ×10-2 6.52 ×10-3 2.94 ×10-3 3.53 ×10-3 4.42 ×10-3 

Global Warming 

Potential 
kg CO2 eq 3.16 1.47 1.22 1.46 1.83 

Human Health - 

carcinogenics 
CTUh 1.7 ×10-7 - 3.61 ×10-8 4.33 ×10-8 5.41 ×10-8 

Human Health - non-

carcinogenics 
CTUh 5.0 ×10-7 - 1.23 ×10-7 1.48 ×10-7 1.85 ×10-7 

Ozone Depletion kg CFC-11 eq 2.8 ×10-7 2.12 ×10-7 8.73 ×10-8 1.05 ×10-7 1.31 ×10-7 

Photochemical ozone 

formation 
kg O3 eq 0.11 7.97 ×10-2 5.69 ×10-2 6.84 ×10-2 0.09 

Resource depletion - 

fossil fuels 
MJ surplus 3.4 2.29 1.58 1.90 2.38 

Respiratory effects kg PM2.5 eq 6.3 ×10-3 - 0.00 1.77 ×10-3 2.21 ×10-3 
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As this project has a particular interest in the carbon footprint (characterized as GWP), 

the GWP results only are plotted in Figure 3-22. Fiberglass insulation has a much higher GWP 

than waste cotton insulation. We added additional conceptual increases of inputs higher than 

50% to shed light on the upper bound for the waste cotton insulation to have the same GWP with 

fiberglass insulation (although the chances of higher than 50% increases are low). The crosspoint 

is a 260% increase where waste cotton insulation has similar GWP (3.17 kg CO2/kg) with 

fiberglass (3.17 kg CO2/kg), indicating the large room for waste cotton insulation to be carbon 

beneficial. Nonetheless, the EPD239 reported GHGs of 1.47 kg CO2/kg that is similar to waste 

cotton with a 20% (1.46 kg CO2/kg) increase of LCI. This could be explained as the high 

recycled contents of fiberglass used in the EPD. More research is needed to understand better 

whether cotton waste is technically feasible and economically attractive to replace fiberglass 

insulation. 

 
Figure 3-22. Global warming potential comparison for fiberglass versus cotton waste. 

 

3.5.3 Conclusions 

Two LCAs were conducted to understand the potential of waste cotton in reducing the 

environmental impacts of insulation materials. The results indicated that the reduction potential 
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of waste cotton depends on specific applications; in other words, the counterpart materials that 

waste cotton will replace. For cellulose-based insulation made from old newspapers, waste 

cotton insulation does not show significant environmental benefits. For fiberglass insulation, 

waste cotton is very promising, particularly for carbon footprint reduction. The main challenge is 

to estimate the quantity of waste cotton and other inputs needed to produce the insulation 

materials with the same thermal performance as the counterpart products. As such information is 

not available in the literature, we estimated those data by starting from 1:1 replacement and then 

exploring scenarios with 20-50% increases of inputs to consider uncertainties. Replacing 

fiberglass with waste cotton for building insulation shows substantial reductions across almost all 

environmental impact categories, even with 50% increases of inputs. Further in-depth 

investigations on the production processes and thermal performance of waste cotton-based 

insulation will be needed to improve the LCAs and quantify the economic competitiveness of 

such applications 

 

3.6 Concluding remarks streamline LCAs analysis for cotton waste applications 

In this chapter, streamlined LCAs were developed for three main potential applications 

for waste cotton. This applications selected were dissolving pulp, succinic acid and insulation 

materials. The environmental impacts were estimated and compared to their virgin counter parts. 

Additionally, process diagrams were proposed to produce dissolving pulp and succinic acid from 

waste cotton. The results show a reduction of the environmental impacts across the materials 

compared to their virgin counterparts. The benefits of replacing virgin raw materials was 

highlighted with the highest reduction potential observed when replacing virgin cotton for waste 

cotton in the production of dissolving pulp, followed for insulations materials, and further 
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processing modeling efforts are advised for potentially producing succinic acid from waste 

cotton since no data is currently available. 
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CHAPTER IV 

 

4 PROCESS-SIMULATION-BASED LIFE CYCLE ASSESSMENT OF SPECIALTY 

PULPS3 

4.1 Abstract 

Dissolving pulp (DP) is a specialty pulp product from a variety of lignocellulosic biomass (i.e., 

hardwoods (HW) and softwoods (SW)) with a broad range of applications. Conducting life cycle 

assessment (LCA) for DP end applications (e.g., textile products, specialty plastics) is 

challenging due to the lack of life cycle inventory (LCI) data and environmental information 

associated with different grades. This research addresses this challenge using process simulation 

to generate LCI for different DP grades (e.g., acetates and viscose) made from HW and SW, 

respectively. The LCA results show that biomass feedstock directly affects the environmental 

impacts of DP. For instance, HW acetate grade has higher global warming potential than SW 

acetate, but lower environmental impacts in other categories related to ecosystems and human 

health. This HW versus SW comparison has similar results for viscose DP in all impact 

categories except eutrophication. Additionally, a hotspot analysis identifies that on-site emissions 

and chemicals are the main contributors to the environmental impacts across the grades in this 

study. The results and LCI data generated in this work provide critical information to support 

future LCA and sustainability assessment for end-products derived from DP.  

 

 

 

__________________________ 
3 The material in this chapter has been submitted for review in the journal of Environmental Science 

&Technology. 
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4.2 Introduction 

Wood, paper, and textiles are common valuable bio-based materials used for centuries 

and found in many consumer products. An important bio-based material used for many specialty 

cellulose end products is dissolving pulp (DP). The global consumption of DP was estimated at 

9.4 million tonnes per year in 2018172,240. Dissolving pulp is produced from different 

lignocellulosic biomass (i.e., hardwood (HW), softwoods (SW), and cotton linters), and 

manufactured by two main pathways, sulfite pulp and pre-hydrolysis kraft (PHK) pulping.241–243 

Dissolving pulp is classified depending on the alpha-cellulose content as 'high grades' and 'low 

grades.' 51,244–246 Dissolving pulp 'high grades' are acetate, ether, and nitrates,244,245 used to 

produce acetate filaments, nitrocellulose, and cellophane. Dissolving pulp 'low grades' are 

viscose used as filament yarns broadly in the textile industry.51,156 

 

Life Cycle Assessment(LCA) has been used to evaluate the environmental footprints of 

wood pulps production; however, the LCAs for dissolving pulp are very limited.26,216 A few 

publications assess the environmental impacts of wood pulps using LCA.,216,247,248 Though some 

studies focus on experimental analysis and process improvement for dissolving pulp.243,249–251 

Other studies have focused on the conversion and profitability of kraft pulp mills into dissolving 

pulp mills.252,253 Gonzalez-Garcia et al. (2011) performed a cradle-to-gate LCA for a Nordic 

integrated bio-refinery mill, whose main products are dissolving pulp, lignosulfonates, and 

ethanol.254 The mill utilizes a mix of softwoods as raw materials and uses a Total Chlorine Free 

(TCF) closed-loop bleach plant using hydrogen peroxide as a bleaching agent. Additionally, 

Modahl et al. (2015) investigated the environmental impacts of a bio-refinery in Norway, which 

produces acetates, lignin, vanillin, and ethanol; nonetheless, the author's research was mainly 
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focused on bioenergy generation.248 Furthermore, most of the previous pulp LCAs have used 

either generic process data or data for specific mills without considering the significant 

variations across different biomass sources and product grades.28,254,255 To the best knowledge of 

the authors, no study has conducted LCA for different dissolving pulp grades in North America 

or explored the impacts of different wood sources, mainly due to the lack of transparent Life 

Cycle Inventory (LCI) data.  

 

This work addresses these knowledge gaps by combining process simulation and LCA 

and exploring the impacts of variations of wood sources and pulp grades. Process simulations 

have been used to generate LCI data for biofuel256 and bio-based materials.257 One study also 

used this approach to estimate the LCI for different pulp bleaching processes.258 This study first 

builds four process-based models to simulate primary dissolving pulp grades (i.e., acetates and 

viscose) using the PHK pulping process and additionally includes a conventional SW Pulp model 

as a baseline since it is a type of pulp used for many paper products applications.246 PHK process 

was selected since it accommodates both HW and SW and it is one of the most widely used 

pulping process for DP production worldwide.50 The models were simulated in the WinGEMS 

software259 (a tool for the pulp and paper industry) to generate accurate LCI data and explore 

different scenarios for process and biomass feedstock. Further, the LCI data generated by 

process-based simulation were used to build LCA models in the open-source software 

OpenLCA260 to assess and compare the environmental impacts of different DP grades with 

diverse wood sources and process configurations.156 The assessment tool used is the Tool for the 

Reduction and Assessment of Chemical and other Environmental Impacts (TRACI).220 A hotspot 

analysis was conducted to identify the major contributors to the environmental impacts. The 
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environmental implications of producing DP grades will support and enhance future LCAs of 

bio-based end-products made from DP (e.g., films, high-quality plastics, cellophane, viscose 

staple fibers, among others246,253), which is critical to support sustainability-informed decision 

making in industries for materials selection, technology development, and product design.  

 

4.3 Materials and Methods 

The LCA conducted in this study follows the International Standards Organization for 

Standardization ISO 14044 series261 to assess the environmental impacts of DP acetates and 

viscose. The system boundary is cradle to gate, and the functional unit is one ADmt of pulp.  

This study includes three parts. First, process simulation models were built in WinGEMS to 

simulate the DP mass and energy balance for each DP grade. Process simulation models were 

used to generate LCI for DP grades using different biomass sources along different operating 

conditions/configurations collected from peer-reviewed literature and commercial databases 

FisherSolve184 and RISI262 for wood pulp mills. A baseline using SW pulp was chosen given that 

it is produced using the kraft pulping process, and the main difference compared to DP is that it 

does not have a hydrolysis stage nor a cold caustic extraction (CCE) stage. In total, five process 

simulations were developed for different combinations of wood source and DP grades, including 

HW acetates, HW viscose, SW acetates, and SW viscose, and a model for SW pulp. The 

differences between the acetates and viscose grades include different yields, and depending on 

the final grade requirements the DP acetates have a CCE stage in the bleaching plant, which DP 

viscose does not. In addition to different bleaching requirements (refer to SI table SI-2 to review 

for the differences in yields and table SI-4-SI-6 to review the bleaching stages), other production 

steps are similar. The data of capacity and operational conditions were simulated at steady-state 
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conditions, and on-site mill steam and energy generation were considered. Life Cycle Impact 

Assessment (LCIA) was then conducted using TRACI for DP with different biomass sources and 

upstream processes. The following sections have detailed information from the steps above.  

 

4.4 2.1. Process-based simulation for DP production  

The production of DP has many stages, as shown in the simplified process flow in Figure 

4-1. The stages are PHK, bleach plant, chemical recovery, powerhouse, and pulp dyer. Modeling 

the pulping process was performed using WinGEMS, since this software has been widely used in 

the pulp and paper industry for process simulation,258 it also has process blocks specifically 

designed for pulp and paper operations. 

 

Figure 4-1. System boundary simplified process flow for the production of dissolving pulp 

grades. 

The typical composition for HW and SW are shown in the supplementary Information 

(SI-Table-SI-1) and used as inputs in the WinGEMS simulations. DP requires intensive pulping 

and bleaching processes.246 The difference in the manufacturing processes between the DP 

grades and SW pulp is that SW pulp does not have a PHK stage, and the other areas are similar. 
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In the prehydrolysis stage, the pulp is conditioned with high-pressure steam at 170 oC before the 

pulping process. During pulping, wood chips are cooked with white liquor that is a mixture of 

chemicals (sodium sulfite and sodium hydroxide), and the parameter to dose these chemicals is 

specified as Active Alkali (AA) (i.e., amount of sodium hydroxide charge on pulp).156,263 After 

pulping, the pulp is sent to the countercurrent washers that separate the dissolved solids (black 

liquor) from the suspended solids (pulp).264,265 Bleaching is a process to increase the brightness 

of the pulp.266  

 

Depending on the final product requirements, the % ISO brightness can be as high as 

98% for DP acetate grades.51,242,267–269 Bleaching is usually one of the largest water consumers in 

pulp production. Depending on the pulp quality and final requirements, different process 

configurations of the bleach plant have been used by industries.270 Additionally, an R-10 ClO2 

generator is assumed in this study since most mills have on-site production of chlorine 

dioxide.266 The models for DP acetate grades include a CCE used to remove hemicellulose and 

lignin using an alkali concentration of 8% - 10% and temperatures of 25 oC - 40 oC to obtain a 

higher purity valuable grade.49,246,270  

 

The models for DP viscose grades and SW pulp production do not have a CCE stage. The 

chemical recovery process is critical in the kraft pulping process due to its contribution to the 

economy of pulp manufacturing. Chemicals such as NaOH and Na2SO4 are recovered and thus 

reducing the cost of fresh make-up feedstock. Inorganic compounds are recovered from the 

recovery boiler as molten smelt.271 The smelt is dissolved in water to produce green liquor. The 

lime mud (CaCO3) generated is sent to lime mud filters, where it is washed, separated, and 
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concentrated before it is sent to the lime kiln to regenerate lime. Dregs are undissolved materials 

in the green liquor separated by sedimentation and washed to recover valuable cooking 

chemicals in rotary drum filters. Grits and dregs are removed as waste streams and often sent to 

landfills. Wastewater from the washers is also discharged as effluent.271  

 

Three different types of boilers are used in the pulp and paper industry:272 A recovery 

boiler for processing concentrated pulping liquor up to 80% in modern mills,273 a hog fuel boiler 

for burning wood waste, an auxiliary boiler for other sources of fuel (e.g., natural gas, oil, 

coal).272 The high heating value (HHV) used in the recovery boiler for the DP models has an 

average of 3,333 kcal/kg (6,000 Btu/lb).174 See the operating conditions for each boiler simulated 

in WinGEMS in the SI section, Table SI-6. Additionally, the power consumption for the DP 

models was estimated with the factors shown in Table SI-7 and Table SI-8 for pulp production, 

the pulp dryer, and effluent treatment,174 respectively, in kWh per air-dried metric ton (ADmt).  

 

The yield of each unit operation is key data for running the WinGEMS simulations. The 

overall yield for a DP process ranges from 30% to 35%.246,274 The yield per stage PHK, pulping, 

and bleaching can be found in the SI Table SI-2 for the five models built in WinGEMS. Finally, 

the moisture content for the DP grades is 6.5%,274 and for SW pulp is 10%.156  

 

4.4.1 Life Cycle Assessment  

The scope is to evaluate the environmental impacts of DP production and SW pulp. LCI 

data was generated from the process-based simulation developed in WinGEMS. The LCI data 

include inputs such as raw materials, chemicals (employed for bleaching and make-up), fuel 
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usage, water usage, and electricity consumption (or surplus). The US average electricity mix was 

used as the source of electricity. The results from the simulations (output data in LCI) include 

pulp (main product) and by-products from SW. The by-products from SW are tall oil, assumed to 

displace soap production275, and turpentine, assumed to displace a solvent in the market.276 

Processes from Ecoinvent were used to take credit from these by-products. 

 

Most importantly, this study follows ISO 14044 standards and uses system expansion to 

avoid by-products allocation.277 Hence, credit is taken from the environmental burdens of 

products (i.e., sodium sulfate, soap, and solvent) that the by-products (i.e., sodium sulfate, tall 

oil, and turpentine) are assumed to displace.278 Additionally, process simulation models 

generated LCI data for major air emissions such as fossil and biogenic CO2, and sulfur dioxide. 

However, other greenhouse gases such as methane (CH4) and nitrous oxide (N2O) are not 

reported by the simulations; therefore, emissions factors (CH4 and N2O) from EPA187 were used 

and documented in Table 4-2.   

 

The emissions to water generated from chlorine dioxide in the models were measured as 

Absorbable Organic Halides (AOX).266,279 It is assumed that AOX is reduced in a wastewater 

treatment plant to 80%.279 The Chemical Oxygen Demand (COD) for SW and HW were 

calculated from a correlation found in the literature that depends on the type of biomass to make 

the assessment more comprehensive per grade.279,280 Emissions to waste treatment include mud, 

dregs, grits, and ashes, a process for treatment of municipal solid waste was used from 

Ecoinvent.281 The LCI data of upstream processes (e.g., sodium hydroxide, hydrogen peroxide, 

electricity, among others) were retrieved from the Ecoinvent database.  
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The LCI model for four DP production and one SW pulp production along with the 

upstream processes were built using the open-source LCA software OpenLCA.260 TRACI 2.0 

was used in this study.220 The impact categories included in TRACI are acidification, ecotoxicity, 

eutrophication, global warming, carcinogenic, non-carcinogenic, ozone depletion, fossil fuels 

depletion, respiratory effects, and smog. TRACI 2.0 for global warming potential excluding 

biogenic carbon is used in this study, carbon neutral assumption of biogenic carbon has been 

criticized in literature.282,283 Therefore, this study does not use carbon neutral assumption, 

instead, biogenic carbon emissions are transparently reported in the LCI table (see Table 4-2), 

allowing for maximum use by other researchers who can use different accounting methods 

tailored for their projects.  

 

4.5 Results and discussion  

The following sections present and discuss the model validation for the DP processes 

developed in WinGEMS. Additionally, once the models were validated and data processed, an 

inputs and outputs table was completed to report the LCI. Five models were built to assess and 

compare the environmental assessment of DP production. Finally, the environmental impact 

results across the DP grades, and SW pulp are documented.  

 

4.5.1 Model Validation for energy balance 

The energy balance simulated by the WinGEMs models was validated by comparing the 

results to the data reported by FisherSolve for a dissolving pulp facility in the U.S.184 

FisherSolve is a database and has its own modeling estimations of most mills around the world. 

Table 4-1, presents the energy breakdown per fuel used in the DP models simulated in 
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WinGEMs. The fuel included in the FisherSolve database and the WinGEMs simulations were 

black liquor, natural gas, and waste wood. However, the FisherSolve database reports the usage 

of oil, which was not included in the simulations. Number 6 oil is used to restart the recovery 

boiler when the process has a maintenance turnaround. As shown in Table 4-1, the energy 

generated from burning black liquor is 3% lower than the data reported in FisherSolve. However, 

when looking at the other fuel sources, such as natural gas, the results from the WinGEMs model 

is 43% lower than FisherSolve. Additionally, the use of waste wood is higher than the values 

reported in the databases. Overall, when looking at the total energy usage, the WinGEMs results 

are 3% lower, which is a reasonable range from the data reported by FisherSolve. Nonetheless, 

the closest similitude between both data sets is noticed in the black liquor consumption, the 

primary fuel source in DP production. The discrepancies in the validated results are related to 

each model’s assumptions and robustness modeling. 

 

Table 4-1. Comparison between WinGEMS simulation results for fuel usage compared to 

databases.  

Fuel WinGEMS 

Simulation 

FisherSolve Units 

Black Liquor  20.25 20.85 MMBtu/short ton 

Natural gas 3.20 5.63 MMBtu/short ton 

Waste wood 3.73 0.52 MMBtu/short ton 

Number 6 oil - 0.98 MMBtu/short ton 

Total fuel usage 27.18 27.98 MMBtu/short ton 

 

4.5.2 Life Cycle Assessment 

The results for the LCA of DP grades is presented in the following sections, followed by 

a contribution analysis and hotspots analysis.  
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4.5.2.1 Life Cycle Inventory  

The LCI inputs section includes raw materials such as biomass reported on a dry basis. 

Among the chemicals used during processing, Table 4-2 reports bleaching chemicals, the raw 

materials for chlorine dioxide production on-site, and make-up chemicals for pulping. The 

acetate grades show the highest chemical charge for sodium hydroxide due to the utilization of 

CCE in their manufacture.  

 

Other inputs, such as water consumption, power requirements, and fuel sources used in 

the process, are also documented. The difference in the chemicals charges across the DP grade 

models is related to the bleach plant configuration (see SI Table SI-5 and Table SI-6). 

Additionally, the freshwater consumption is 79% to 85% higher for DP grades production 

compared to SW pulp since the production of DP requires higher amounts of water during 

washing and bleaching.284 One observation across the DP grades is that SW acetate is self-

sufficient and does not depend on natural gas to meet its energy requirements; nonetheless, 

natural gas is used to run the limekiln (chemical recovery area) and therefore less natural gas 

(48% -70 % less compared to SW pulp and HW acetates, respectively) is used for SW acetates. 

 

The outputs section reports the main product for each DP model and a few by-products. 

For example, processing SW pulp produces turpentine and tall oil by-products (SW has higher 

extractive content than HW).246 The amounts of these by-products (i.e., tall oil and turpentine) 

from the WinGEMs simulations are within the range reported in the literature.156,268 Additionally, 

the sodium sulfate surplus is from the chlorine dioxide generator. Furthermore, the emissions to 

air from the boilers are listed, including CO2 fossil and CO2 biogenic, CH4, and N2O.The 
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emissions to water include those specific to effluents such as AOX emissions. The AOX values 

are different per DP grade since AOX produced is dependent on the ClO2 chemical charge on 

pulp, and the values in the LCI table are consistent with typical AOX content in effluents 

reported in the literature (0.05-2.65 kg/mt).279,285 Finally, other emissions to waste solid 

treatment were accounted for, such as dregs, mud, and dust.  
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Table 4-2. LCI for the production of dissolving pulp for 1 ADmt of DP.  

   Units /ADmt HW ace HW vis SW ace SW vis SW pulp 

In
p

u
ts

 

Logs (dry basis ) 3,643 3,498 3935 3,754 2,200 

NaOH (100%)  184 61 191 48 53 

H2O2 (50%) 15 16 30 20 19 

H2SO4 12 24 24 26 17 

Na2SO4 makeup 19 19 21 24 22 

CaO makeup 22 21 31 29 24 

NaClO3(ClO2 gen) 30 33 57 59 50 

H2SO4 (ClO2 gen) 15 16 28 29 24 

CH4 (ClO2 gen) 3 3 5 5 5 

Natural Gas (m3)/mt) 128 130 38 54 74 

Freshwater (m3/mt) 78 76 76 75 42 

Cooling water in (m3/mt) 7 4 4 4 2 

Electricity (MWh/mt) 0.21 0.25 0.21 0.29 0.35 

    
     

O
u

tp
u

ts
 

Bleached pulp AD (mt) 1 1 1 1 1 

Sodium sulfate 10 11 19 19 6.0 

Tall oil - - 100 97 60 

Turpentine - - 11 11 8 

CO2-fossil  288 293 97 129 171 

CO2-biogenic 4,301 4,021 4,435 4,107 2,209 

SO2, HFB 0.57 0.54 0.58 0.58 0.31 

CH4 (mg/mt) 49 45 42 32 28 

N2O (mg/mt) 10 10 9 7 6 

AOX 0.38 0.43 0.71 0.72 0.61 

Total suspended solids 44 44 51 51 41 

Total dissolved solids 433 216 319 395 200 

Water effluent (m3/mt) 74 76 75 49 42 

Cooling water out (m3/mt) 8 7 4 4 2 

COD (kg/mt) 32 36 60 57 51 

Ashes 3 3 3 3 2 

Dregs & grits 25 23 29 27 18 

Mud inert   32 31 46 43 35 

Dust losses 0.45 0.45 0.62 0.58 0.49 
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4.5.2.2 Life Cycle Impact Assessment 

The results for the production of DP grades are somehow hard to compare since not much 

has being published, and some of the results are not comparable due to different product 

specifications or process configurations. For instance, Modahl et al. reported environmental 

impacts for dissolving pulp cellulose248 using mass and economic allocation methods (i.e., 

ethanol, lignin, and vanillin), and the type of cellulose pulp grade is not specified (e.g., acetates, 

viscose, etc.).248 In this study, Table 4-3 presents the TRACI environmental impact categories 

results of different DP grades (i.e., acetates and viscose) and SW pulp. The environmental 

impacts from the SW pulp model are within the ranges found in the literature.185,217  

Table 4-3. The environmental impacts results of different DP grades using diverse wood sources. 

Name Unit 
HW 

acetate 

HW 

viscose 

SW 

acetate 

SW 

viscose 
SW pulp 

Acidification kg SO2 eq 4.5 3.9 4.3 3.6 3.4 

Carcinogenics CTUh 1.1*10-4 9.9*10-5 1.3*10-4 1.2*10-4 1.0*10-4 

Ecotoxicity CTUe 10586 9109 14321 12156 10669 

Eutrophication kg N eq 5.8 5.5 6.9 5.2 6.2 

Fossil fuel 

depletion MJ surplus 1418 1354 990 964 1008 

Global warming kg CO2 eq 1010 901 860 757 786 

Non carcinogenics CTUh 2.7*10-4 2.1*10-4 3.0*10-4 2.3*10-4 2.3*10-4 

Ozone depletion 

kg CFC-11 

eq 1.9*10-4 1.2*10-4 6.1*10-5 -4.3*10-5 3.2*10-6 

Respiratory effects kg PM2.5 eq 7.9 7.5 1.2 1.1 1.2 

Smog kg O3 eq 42.2 34.4 49.9 40.1 32.9 

 

In addition, a bar chart in Figure 4-2 shows the normalized environmental burdens per 

DP grade and SW pulp models. Overall, the trends from Figure 2 show that HW DP grades have 

a higher contribution to the environmental impacts in categories such as global warming, fossil 
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fuels, respiratory effects, and ozone depletion when compared to the SW DP grades. The most 

notorious differences are found between ozone depletion and respiratory effects. In the case of 

ozone depletion, the results show that the environmental impacts of HW acetate grade are 68% 

higher than SW acetate and 123% higher than SW viscose, this is caused by co-products 

displacement, specifically the process for solvent production. In the case of respiratory effects, 

the impact from HW acetate is 85% higher than SW acetates and 86% higher than SW viscose 

due to credits from the system expansion approach applied to SW DP grades, precisely, due to 

soap production. However, categories such as ecotoxicity and carcinogenic illustrate a shift 

displaying that HW DP grades have a lower environmental impact than SW DP grades.  

 
Figure 4-2. Normalized environmental impact results for DP grades and SW pulp  

 

Figure 4-3 shows the contribution analysis breakdown for global warming and fossil fuel 

depletion. These two impacts are specifically shown given the increasing concern on climate 

change and the use of fossil fuels. In the case of global warming, one remark is that on-site 

emissions generated by burning natural gas in the lime kiln and power boiler (CO2) are the 

highest contributors across the pulp models, as shown in Figure 3 (a). Likewise, in the case of 
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fossil fuels, the main contributor (Figure 3(b)) is natural gas. Specifically, HW DP grades have 

higher global warming (15% and 25%) and fossil fuel depletion (30% and 32%) than SW DP 

grades (SW acetates and SW viscose, respectively), as shown in Figure 3. An in-depth 

investigation of the process simulation model indicated that for SW acetate does not require 

external natural gas for steam generation since there was enough black liquor burnt in the 

recovery boiler,271 making this mill self-energy sufficient. Nonetheless, the SW acetate model is 

an example of the use of natural gas in the lime kiln for the recovery of chemicals.  

 

One observation across the DP acetate grades is that HW and SW acetate models require 

higher NaOH charges in the CCE stage than HW and SW viscose models. The NaOH in CCE is 

used to remove hemicelluloses and achieve pulp specifications for high alpha-cellulose (above 

96%).51,268 Therefore, the upstream production of bleaching chemicals (refer to SI Table SI-4 and 

SI-5 to see the chemical charges on the pulp for DP grades) is a significant contributor to global 

warming (i.e., sodium chlorate and sodium hydroxide), which is in agreement with other studies 

that report chemicals as hotspots for pulp production.26,216,258,286 On the other hand, the 

environmental impacts of SW grades and SW pulp are offset by the credits from the by-products 

(i.e., tall oil and turpentine), which are assumed to replace products such as soap and solvent as 

seen in the contribution analysis in Figure 3.  

 

Additionally, electricity is a critical contributor to global warming across the models, as 

observed in Figure 3. The contribution is higher for the SW pulp model (28% to GWP) due to 

the amount of electricity demand required to satisfy SW pulp's internal demand, whereas, in the 

case of the DP grades, the contribution from electricity varies from 15% to 24% depending on 
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DP grade. Also, emissions from wastes (i.e., mud, dirt, and dust losses, as shown in the LCI 

Table 2) generate CH4 and CO2 in landfills which contributes to global warming. Furthermore, 

operating conditions differences during processing such as lower yields for SW grades (6%-12% 

lower) compared to HW mean more biomass consumption and, therefore, higher burdens from 

the upstream process of forestry management for SW pulps (see SI, Table SI-2 for yields data 

across each stage of the process). 
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 1 
Figure 4-3. Contribution analysis for DP grades and SW pulp for the categories of a) Global warming and b) Fossil fuels depletion. 2 

The processes referred to as Other chemicals are the upstream contributions from hydrogen peroxide, sodium sulfate, quicklime, and 3 

sulfuric acid, and Credits from soap and solvent. 4 

 5 

 6 
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Furthermore, a visual representation of the TRACI categories for the HW acetate results 

and SW pulp can be seen in Figure 4-4. The darker the color, the higher the contribution. The 

hotspot analysis for HW acetates shows that the upstream production of chemicals altogether 

contributes the most to the environmental impacts, in many categories, including ozone depletion 

(77%), smog (50%), and acidification (45%). All DP grades show the same trend, and this can be 

seen in the SI. (see Figure SI-6 to Figure SI-9). Finally, another highlight from Figure 4 is the 

contributions to eutrophication from on-site emissions, which are triggered by the chemical 

charges of sodium hydroxide, followed by dregs (waste generated during the chemical recovery 

stage). The waste treatment of dregs is also detrimental to categories such as carcinogenic and 

ecotoxicity 
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Figure 4-4. Hotspot analysis comparison. The darker the color the highest the contribution to 

those categories. (Values are in percentages) 
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4.6 Conclusions 

This study applied a robust process-based simulation to generate LCI and LCIA for 

specialty pulps production. The main outcomes from this research are a fully comprehensive LCI 

for different DP grades (i.e., acetates and viscose) from two sources of biomass (HW and SW). 

The LCI includes the main raw materials, chemicals and utilities required during the production 

of DP grades, as well as the major sources of emission to air, water and land. The differences 

between the DP grade models include those related to chemicals charges, for instance it was 

shown that DP acetates require higher NaOH consumption due to CCE during bleaching, which 

is reflected by the higher environmental impact due to the upstream production of NaOH. When 

comparing HW and SW the biomass selection has a direct impact on the DP environmental 

impacts. Specifically, in the case of acetates grades, using SW biomass has a lower 

environmental impact in categories such as global warming potential, fossil fuel depletion, ozone 

depletion, acidification, and respiratory effects; however, a higher impact was observed in those 

categories related to human health (e.g., carcinogenic and non-carcinogenic) and different 

ecosystems (e.g., ecotoxicity, and eutrophication). In general, acetates grades have a higher 

environmental impact in the categories of acidification, eutrophication, non-carcinogenic, and 

smog than viscose grades, mainly due to on-site emissions and higher chemical charges, as 

explained before. Additionally, this work highlights that the environmental impacts of producing 

SW pulp are higher than SW viscose which is interesting since viscose is a specialty pulp used in 

many higher-value products (viscose staple fibers) compared to SW pulp. Furthermore, 

contribution analysis and hotspots analysis showed that the primary sources contributing to the 

environmental impacts are on-site emissions and the upstream production of chemicals, 

predominantly sodium hydroxide and sodium chlorate. Thus, directions towards optimizing 
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operations could be further applied. Finally, the importance of understanding the life cycle of 

producing specialty pulps is to provide reliable data that can be used in downstream processing 

when these pulps are used (e.g., viscose for textiles, specialty plastics, among others). 
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CHAPTER V 

5 STOCHASTIC MULTI-ATTRIBUTE ANALYSIS (SMAA) TO ASSESS THE 

OVERALL SUSTAINABILITY INCORPORATING 

ENVIRONMENTAL, ECONOMIC, AND SOCIAL DIMENSIONS FOR 

NONWOVEN PRODUCTS FROM WOOD FIBER, AGRICULTURAL FIBER, SEMI 

SYNTHETIC CELLULOSIC, AND PLASTIC FIBERS 

 

5.1 Abstract 

The global production of nonwovens reached 10.1 million tons in 2019; being the U.S. 

the second-biggest consumer of nonwoven products, undoubtedly, the COVID-19 pandemic has 

caused an increased demand for single-use wipes in the last year, and therefore disposal of such 

products. Additionally, wipes are produced from materials that persist in the environment, 

causing a rise in blockage in wastewater systems; hence, recent studies are demanding more 

sustainable nonwoven products from renewable materials. Only a few studies have evaluated the 

environmental impacts of wipes; however, they were applied to one of the three areas of 

sustainability. Thus, the importance of evaluating wet wipes production considering 

environmental, economic, and social criteria. This study applied the SMAA outranking 

normalization with stochastic weighting to evaluate the overall sustainability of single-use wet 

wipes from four feedstock (viscose, wood pulp, hemp, and polypropylene). Environmental 

indicators were selected from the assessment Tool for the Reduction and Assessment of 

Chemicals and other Environmental Impacts (TRACI). The economic indicator was variable 

cost, and the social indicators were human toxicity, workplace injuries, and a proposed litter 

score based on biodegradability. The general trend shows that wood pulp and hemp-based wet 
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wipes are the most favorable options in the overall integrated sustainability assessment, followed 

by viscose and the least favorable alternative polypropylene. The advantage of applying SMAA 

is that it processes data uncertainty distributions and stochastic weighting without assigning a 

preference for any alternative. This research demonstrates the applicability of the SMAA method 

for wet wipes production and thus sheds light on feedstock selection, considering all the aspects 

of sustainability to aid decision-making when multiple alternatives are evaluated towards more 

sustainable practices. 

 

Keywords: Sustainability assessment, decision-making, SMAA, outranking comparison, 

nonwovens, wipes production,  
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5.2 Introduction 

An increase in awareness for greener options to manufacture single-use nonwoven wipes 

has been reported due to environmental and human health concerns.287 Additionally, the demand 

for single-use wipes has increased dramatically in the last year due to the COVID-19 worldwide 

pandemic.288 Consequently, new challenges have arisen for the wipes industry, embedded in 

demand for nonwoven products (product consumption of 46.8 billion in 2019)289 and thus 

dispose of them. Moreover, there have been reports of increasing local sewage systems damage 

due to inappropriate wipes disposal disrupting wastewater treatment facilities.290–292 In the U.S., 

the Environmental Protection Agency (EPA) has urged people not to flush any type of wipes.293 

Furthermore, non-governmental organizations (NGO) and wastewater treatment facilities are 

pushing nonwovens manufacturers to specify whether or not their product is flushable.294 The 

EPA released a list of acceptable cleaning wipes for healthcare, institutional and residential;295 

nevertheless, little is known about their composition. Efforts to characterize the components of 

flushable and non-flushable wet wipes have been investigated.291,296 Thus, the importance of 

producing sustainable single-use wipes that are not detrimental to society and the environment. 

 

Wipes are considered single-use items produced from different blends of feedstock, 

including bio-based and fossil-based sources.297 Further, wipes are used for many applications, 

including hygiene, personal care, food service, industrial, and household cleaning products.298 

Not many studies have reported the environmental consequences of producing wipes. For 

instance, Van Hoof et al.299 conducted a sustainability assessment for wipes innovation, 

demonstrating that technology improvements reduced feedstock consumption without 

compromising products’ performance.299 The European Disposables and Nonwoven Association 
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(EDANA) documented a Life Cycle Assessment study (LCA) for wet wipes and compared its 

performance to reusable options, such as washcloth and wool balls.300 Reporting the main 

contributors to the environmental impacts as the raw materials for wet wipes and the washing 

stage for the reusable options (since a washing cycle switch from warm to cold water makes a 

huge difference in energy consumption).300 Meanwhile, the European Commission prepared a 

collection of life cycle inventories (LCI) for single-use items, including wet wipes from plastics, 

non-plastics, and multiple-use wet wipes (i.e., washcloths),300 no environmental impacts results 

were assessed. 301 In general, fossil-based single-use products are controversial due to the 

generation and release of microplastics in the environment.302,303 A few articles have quantified 

concerns about the environmental impacts of wipes, precisely due to its lack of flushability 

causing blockage on piping systems,290,291,296 Hence, a more recent study by Zhang et al.,304 

highlighted that renewable wet wipes are the best alternative compared to fossil-based wipes in a 

study using field data from China.304  

 

Certainly, one would agree that renewable options are better from an environmental point 

of view. However, when including other economic criteria, decisions could lean towards the 

option that generates the lowest production cost. Thus selecting the best product alternative 

cannot be taken for granted without analyzing sustainability as a whole. Many studies apply 

Multi-Criteria Decision Analysis (MCDA) when multiple products are compared.33,34,297 MCDA 

is widely applied to financial decisions, energy, and design, in addition to sustainability 

development (i.e., socio-economic, technical, and ethical aspects).30,34,35 MCDA relies on 

objectives and decision-makers’ judgments that often can be considered subjective.305 There are 

many MCDA methods,34,35 of which one is the outranking method called Preference Ranking 
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Organization Method of Enrichment Evaluation (PROMETHEE) introduced by B. Roy.306,307 

PROMETHEE can be supplemented using stochastic multi-attribute analysis (SMAA) in 

assessments when comparisons across categories are similar, and decision-making of products 

performance (e.g., environmental) is not intuitive.308–312 Thus, SMAA uses a partially 

compensatory evaluation to normalize characterized inventory data using pairwise comparison 

per alternatives on each indicator/category.308 Additionally, in order to minimize subjectivity, 

weighting schemes such as stochastic weighting can be evaluated to reflect the importance of all 

indicators.313 This approach simulates and addresses the uncertainty associated with 

stakeholders’ diverse opinions on sustainability preference.  

 

The application of MCDA to frameworks that integrate the sustainability criteria 

environmentally, economically, and socially has been reported in the literature.30,33,312,314 For 

instance, applying SMAA has been reported for bio-based products, biofuels,311,315 chemicals,30 

and recycled cotton fiber.316 Nevertheless, to the knowledge of the authors, no application of 

MCDA with SMAA methodology incorporating the three areas of sustainability for wet wipes 

has been found in the literature. Moreover, data collection for nonwovens applications is 

challenging,304 and therefore using SMAA due to its ability to manage data uncertainty/gaps310 is 

critical to address this constraint.316 Nevertheless, to the knowledge of the authors, no application 

of MCDA with SMAA methodology incorporating the three areas of sustainability for wet wipes 

has been found in the literature. 

 

This study fills the gap by integrating MCDA and SMAA to evaluate the sustainability of 

single-use disposable items with a reasonable case study of cleaning wet wipes from four fibers 
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(i.e., wood pulp, regenerated cellulose, hemp, and polypropylene) using multidisciplinary 

environmental, economic, and social criteria. The methodology should be very important to 

those considering different materials for disposable, single-use items, as this is one of the first 

models to so robustly explore three dimensions of sustainability and incorporate a “litter” score 

in the analysis.  It is especially important if one wants to simply communicate results objectively 

weighted with a single score.  

 

Furthermore, the indicators for the environmental criteria are selected from the Tool for 

the Reduction and Assessment of Chemical and other Environmental Impacts (TRACI).220 The 

indicators are acidification, eutrophication, ecotoxicity, fossil fuels, global warming potential, 

photochemical ozone depletion, and smog. Additionally, the indicator for the economic criteria is 

variable cost. On the other hand, the indicators for social criteria are: toxicity (directly affects 

human health carcinogenic and non-carcinogenic) and is evaluated using the assessment tool 

ReCiPe; next, health and safety are estimated with the number of injuries per alternative, and an 

indicator for litter accumulation is proposed since litter represents a social problem.  

 

Additionally, four models for wipes production were built-in OpenLCA317 (open-source 

software for sustainability assessment) utilizing process data from the Ecoinvent189 database. 

Uncertainty was assigned using the Pedigree Matrix and running Monte Carlo Simulation 

(MCS). The MCS data is included in the SMAA tool built within Excel, where the pairwise 

normalization and random weighting with probabilistic data are processed into an overall ranking 

score. Finally, the results from this study rank the most preferred alternative for wet wipes 
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production to improve better decision-making and shed light on practices for producing more 

sustainable wipes creating business opportunities within the supply chain. 

 

5.3 Methodology 

This study evaluates the application of MCDA, specifically the SMAA methodology to 

an integrated sustainability assessment of wet wipes produced from four types of fibers, wood 

pulp, viscose fibers, hemp, and polypropylene (alternatives). However, a few steps must be taken 

first to have the proper data to run an SMAA. The overall methodology applied to wipes 

production is found in Figure 5-1. The methodology is divided into four areas, the system, 

sustainability criteria, data collection & processing, and finally, MCDA. In the system, the goal 

and scope are defined, in this case, the evaluation of production pathways for wet wipes 

production, representing the different alternatives. In this study, wet wipes are produced from 

100% fibers, such as wood pulp, viscose, hemp, and polypropylene. Further, the system 

boundary is cradle-to-gate, including the stages of raw material production, processing, and 

wipes manufacturing, as presented in Figure 5-2. Additionally, the functional unit used as a 

measure of comparing each alternative is one single-use wet wipe. 

 

 A brief description of wipes manufacturing and technology selection is presented in 

section 2.1. Moreover, the sustainability for each wet wipe alternative is presented from the 

environmental, economic, and social criteria, respectively. In the case of the environmental 

criteria, uncertainty factors are assigned using the Pedigree Matrix318 from the Ecoinvent data 

quality in OpenLCA,317 and MCS runs the processes to generate probabilistic distribution data 

per each environmental indicator using the assessment tool TRACI. Furthermore, in the case of 
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the economic and social criterion, since rigorous data were lacking, this study followed the 

approach by Matos S. and Hall J.319 assigning a 25% to express limited data for particular 

scenarios, other sources have applied uncertainty ranging from 5% to 50% depending on 

accuracy.320 Therefore, this study generates outcomes from two sources. First, the overall results 

from the SMAA applied to the different alternatives per criteria (environment, economic and 

social). Secondly, the SMAA applied to the integrated data from the first SMAA outcomes 

(environment, economic and social). Finally, the results are an overall ranking with the most 

preferred wet wipe alternative from a synergistic sustainability approach.  
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Figure 5-1. Steps to apply MCDA for wipes production from diverse sources. 
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5.3.1 A brief explanation of wipes production and selected materials 

The global production of nonwovens reached 10.1 million tons321 (consumption of 46.8 

million)289 in 2019, and the U.S. was the second-biggest consumer with 22%. In addition, the 

Association of the Nonwoven Fabrics Industry in Noth America (INDA) reported that the 

nonwoven share to produce wipes is 10% in the U.S. (in 2019).322 Wipes are produced from 

different technologies and blends of raw materials depending on the final application.298 The 

wipes sector includes industrial, home, and personal applications. The typical lotion used in 

wipes has a liquid to dry wipe ratio of 2:1.323 The composition is mainly water with 95.9%, 

thickeners such as propyleneglycol 1.5%, emulgator: castor oil 0.8% and silicone polyether 

0.45%, a buffer citric acid solution of 0.5% among other preservations agents.323 Additionally to 

avoid bacterial and fungal decay, the bags with wet wipes are stored at low temperature ~4 oC.323 

Wipes are not produced in integrated facilities; often, the raw materials (i.e., synthetic, man-

made, or natural in the form of pellets/fibers/rolls) are transported to the wipes manufacturer, 

where different processes for web formation, web forming, and web finishing take place.  

 

In addition, the raw materials used for wipes production include fossil-based and bio-

based materials and often a mixture of them with polyester and polypropylene as the leading raw 

materials (36% and 11%, respectively).324 However, increasing demand for sustainable products 

has increased the use of renewable materials in the nonwoven industry, with natural fibers 

representing 32% of the raw materials as of 2019,324 (natural fibers such as cotton fibers, wood 

pulp, and viscose). The alternatives for wipes production in this study are viscose, wood pulp, 

hemp, and polypropylene. Wood pulp is a renewable source from biomass produced from the 

kraft pulping process.263 Moreover, viscose or regenerated cellulose is produced from biomass 
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through an intense pulping process from dissolving pulp production.51 Dissolving pulp viscose 

grade is processed into viscose fiber using different spinning technologies and solvent systems 

(i.e., C2S or NMMO).325 Moreover, hemp is an annual plant; there are two types of fibers. Wood 

fibers with shorter lengths called hurds or shivs (around 2mm),326 and longer fibers are referred 

to as bast fiber (average length of 20-28 mm).327 Hemp bast fibers are used in textiles and 

nonwoven applications.327 Additionally, polypropylene is a non-renewable material produced 

from processing polymer-grade monomers through a series of reactions, catalyst deactivation, 

condensation, and polymerization.328 

 

Furthermore, the production of nonwovens has three steps; a web formation consists of 

converting the fibers into a web through airlay, wetlay, spun-laid processes. Next, web bonding, 

using a thermal (heat and pressure), chemical (applying adhesives binders), or mechanical 

(needle-punching, stitch-bonding, and hydroentangling) methods, and the last stage is finishing 

(coating, laminating).298 The selection of the steps depends on the raw materials and ultimately 

the nonwoven products' final application.  

 

5.3.2 Environment criteria- Life Cycle Assessment 

As mentioned in the previous section, the environmental assessments for wipes 

production are limited or specific to product improvement, in addition to lack of data which is 

specific to a manufacturing site.299,300,304 To address this gap, this study applies LCA to the four 

alternatives for producing wipes following the ISO standards 14040/14044:2006.6 The goal of 

this study is to assess the environmental impacts of wipes production. The functional unit 

selected is the number of single-use wet wipes produced (items) per feedstock. Information such 
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as wet wipes mass, basis weight, and surface area are found in Table 5-1.  Since the properties of 

these different wipes from different materials are unknown, it was deemed safe to use one weight 

of wet wipes within the range commonly found in products.296,329  This ignores any inherent 

issues with the different fiber materials and possible different packing densities and therefore 

density and thicknesses of products. The life cycle stages include raw material acquisition, 

manufacturing, and wipes production, as shown in the system boundary in Figure 5-2.  

 

In addition, data collection is critical to running any LCA analysis.330,331 For this study, 

the life cycle inventory (LCI) was retrieved from the literature, patents, and databases. Detailed 

inputs processes from the database can be found in Table 5-2 to Table 5-5 with specific data 

sources and assumptions. Four models were built in the OpenLCA tool using background data 

from Ecoinvent (chemical upstream processes, electricity mix process, etc.),189 and 

AGRIBALYSE.332 AGRIBALYSE is a French database with wide data for agricultural 

processes, including hemp production. The flows and processes in the French database (the life 

cycle inventory) were inserted into Ecoinvent but utilized U.S. processes, such as the electricity 

mix or global processes, allowing for a reasonable comparison with the other fiber sources. The 

indicators selected to assess the environmental impacts were selected from TRACI.  

 

Table 5-1. Characteristics for single-use wet wipes. Raw materials are wood pulp, viscose, hemp, 

or polypropylene. For simplicity in comparison, without knowledge of performance, all wet 

wipes were assumed to have the following properties.296,329 

Material Mass (g) Basis weight (g/m2) Surface area (cm2) 

Raw material* 1.4 45 247 

Lotion weight 2.7 - - 
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5.3.2.1 Assumptions to perform the LCA comparison are detailed as follows;  

 The functional unit is single-use wet wipes produced with the specifications from Table 1. 

Additionally, the wipe substrate (dry basis) is produced from 100% viscose, wood pulp, 

viscose, and polypropylene. 

 The wipes production technology was assumed depending on the raw material of choice as 

shown in the system boundary in Figure 5-2. This study assumes that wood pulp wipes are 

produced using airlay and chemical bonding. Viscose and hemp are produced using carding 

and hydroentangling and polypropylene via meltblown and thermal bonding. 

 Electricity consumption for wipes production varies depending on the type of raw material. 

For instance, for polypropylene, it was assumed the same energy consumption from the spun-

bond nonwovens process report333 from Ecoinvent, and within the range reported by Muthu 

et al.334 In the case of processing biomass fibers, the energy consumption for carding and 

hydroentangled was assumed from the Ecoinvent report for nonwoven needle-punched 

process335 which was in the same range as the hydroentangled energy consumption reported 

by Gahide, S.336 Due to lack of data for processing wood pulp into wipes, the energy 

consumption used for viscose and hemp was assumed.335 

 Modelling the environmental impacts of hemp fiber process and its applications in nonwoven 

was challenging due to the lack of production data in the U.S. Nonetheless, a process for 

harvesting hemp straw and upstream production was retrieved from,337 such process was 

found in a French database called AGRYBALYSE,332 and therefore retrieved and adapted to 

a U.S. process. For this study, one assumption was to use the hemp straw process and to 

replace the French electricity process for the U.S. electricity mix process. In addition, hemp 

fiber production (mass and energy) for nonwoven applications was retrieved from.332,337 The 
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processing of hemp involves the steps of harvesting, decortication, cleaning, and it has three 

outputs, bast fibers, hurds, and seeds.327,337 The model built in OpenLCA for hemp bast fibers 

uses mass allocation, and hence no credits are taken for the byproducts (hurds and seeds). 

Hemp hurds can be used in tissue and towel applications proposed by Naithani et al.326 and 

seed for oil production.327 

 Polyamide epichlorohydrin (PEA) was used as a wet strength agent for wipes produced from 

biomass.338,339 This chemical was not found in the Ecoinvent database. Nonetheless, a 

process for PEA was built in openLCA using data from the European patent No 0 515 750 

A2.340 The upstream processes for raw materials were found in the Ecoinvent database. Other 

Chemicals’ upstream production was found in Ecoinvent. 

 The results for the environmental impacts are based on 1,000 wipes produced (items).  
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Figure 5-2. Systems in study to assess wipes production from diverse sources. 
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Table 5-2. Life cycle inventory for the production of wet wipes produced from viscose. 

Input flow Amount Unit Database Comment/assumption 

Citric acid |citric acid 

production - row 
0.0135 g Ecoinvent v.3.6 

Patent 

U.S.2016/0089314 

A1341 

Electricity, low voltage | 

market group for electricity, 

low voltage - U.S. 

5.74E-04 kWh Ecoinvent v.3.6 

Value from ecoinvent 

report for nonwoven 

needle punch335 and 

Gahide.336 

Viscose fibre |viscose 

production - GLO 
1.3 g Ecoinvent v.3.6 

viscose fibre |viscose 

production - GLO 

Propylene glycol, liquid | 

propylene glycol production, 

liquid - row 

0.0405 g Ecoinvent v.3.6 

Patent 

U.S.2016/0089314 

A1341 

Surfactant 0.0122 g Ecoinvent v.3.6 

Patent 

U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

silicone polyether 

Vegetable oil, refined | 

soybean oil, refined, to 

generic market for vegetable 

oil, refined - GLO 

0.0216 g Ecoinvent v.3.6 

Patent 

U.S.2016/0089314 

A1341 Assumption, 

surrogate for castor oil 

Water, deionised, from tap 

water, at user | water 

production, deionised, from 

tap water, at user - row 

2.5893 g Ecoinvent v.3.6 

Patent 

U.S.2016/0089314 

A1341 

PAE (polyamide-

epichlorihydrih), resin 

product 

0.07 g 
Built in 

Ecoinvent v.3.6 

Value from a patent No 

EU/0 515 750 A2.340 

Wet strength agent 

represents 5-1.3% by 

weight 

Output flow Amount Unit   

Wipes production 1 item   
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Table 5-3. Life cycle inventory for the production of wet wipes produced from wood pulp.  

Input flow Amount Unit Database Comments/assumption 

Citric acid | citric acid 

production - row 
0.0135 g 

Ecoinvent 

v.3.6 

Patent 

U.S.2016/0089314 

A1341 

Electricity, low voltage | 

market group for 

electricity, low voltage - 

U.S. 

5.74E-

04 
kWh 

Ecoinvent 

v.3.6 

Value from ecoinvent 

report for nonwoven 

needle punch335 and 

Gahide.336 

Propylene glycol, liquid | 

propylene glycol 

production, liquid - row 

0.0405 g 
Ecoinvent 

v.3.6 

Patent 

U.S.2016/0089314 

A1341 

Sulfate pulp | sulfate pulp 

production, elementary 

chlorine free bleached - 

row 

1.33 g 
Ecoinvent 

v.3.6 

Used for pulp 

production 

Surfactants 0.0122 g 
Ecoinvent 

v.3.6 

Patent 

U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

silicone polyether 

Vegetable oil, refined | 

soybean oil, refined, to 

generic market for 

vegetable oil, refined - 

GLO 

0.0216 g 
Ecoinvent 

v.3.6 

Patent 

U.S.2016/0089314 

A1341 Vegetable oil 

replaces castor oil.  

Water, deionized, from tap 

water, at user | water 

production, deionized, from 

tap water, at user - row 

2.5893 g 
Ecoinvent 

v.3.6 

Patent 

U.S.2016/0089314 

A1341 

PAE (polyamide-

epichlorihydrih), resin 

product 

0.07 g 

Buit in 

Ecoinvent 

v.3.6 from 

patents data 

Value from a patent No 

EU/0 515 750 A2.340 

Wet strength agent 

represents 5-1.3% by 

weight 

Output flow Amount Unit   

Wipes production 1 Item(s)    
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Table 5-4. Life cycle inventory for the production of wet wipes produced from hemp pulp. 

Input flow Amount Unit Database Comments/assumption 

Citric acid | citric acid 

production - RoW 
0.0135 g Ecoinvent v.3.6 

Patent U.S.2016/0089314 

A1341 

Electricity, low voltage 

| market group for 

electricity, low voltage 

- U.S. 

5.74E-04 kWh Ecoinvent v.3.6 

Value from ecoinvent 

report for nonwoven needle 

punch335 and Gahide.336 

Hemp technical fiber 1.3 g AGRIBALYSE  
Hemp technical fiber 

production - v3  

Propylene glycol, 

liquid | propylene 

glycol production, 

liquid - RoW 

0.0405 g Ecoinvent v.3.6 
Patent U.S.2016/0089314 

A1341 

Surfactants 0.0122 g Ecoinvent v.3.6 

Patent U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

silicone polyether 

Vegetable oil, refined | 

soybean oil, refined, to 

generic market for 

vegetable oil, refined - 

GLO 

0.0216 g Ecoinvent v.3.6 

Patent U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

castor oil 

Water, deionized, from 

tap water, at user | 

water production, 

deionized, from tap 

water, at user - RoW 

2.5893 g Ecoinvent v.3.6 
Patent U.S.2016/0089314 

A1341 

PAE (polyamide-

epichlorihydrih), resin 

product 

0.07 g 

Buit in 

Ecoinvent v.3.6 

from patents 

data 

Value from a patent No 

EU/0 515 750 A2.340 Wet 

strength agent represents 5-

1.3% by weight 

Output flow Amount Unit    

Wipes production 1 Item(s)    
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Table 5-5. Life cycle inventory for the production of wet wipes produced polypropylene.  

Input flow Amount Unit Database Comments/assumption 

Citric acid | citric acid 

production - row 
0.0135 g Ecoinvent v.3.6  

Patent 

U.S.2016/0089314 A1341 

Nonwoven polypropylene, 

spunbond - GLO new 

process 

1.4 g Ecoinvent v.3.6 

Nonwoven 

polypropylene, 

spunbond - GLO new 

process (ecoinvent 

3.7)333  

Propylene glycol, liquid | 

propylene glycol 

production, liquid - row 

0.0405 g Ecoinvent v.3.6 

propylene glycol 

production, liquid | 

propylene glycol, liquid | 

cut-off, U - RoW 

Surfactants 0.0122 g Ecoinvent v.3.6 

Patent 

U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

silicone polyether 

Vegetable oil, refined | 

soybean oil, refined, to 

generic market for 

vegetable oil, refined - 

GLO 

0.0216 g Ecoinvent v.3.6 

Patent 

U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

castor oil 

Water, deionized, from tap 

water, at user | water 

production, deionized, 

from tap water, at user - 

row 

2.5893 g Ecoinvent v.3.6 
Patent 

U.S.2016/0089314 A1341 

Output flow Amount Unit   

Wipes production 1 Item(s)    

 

5.3.3 Economic criteria 

5.3.3.1 Cost estimation 

The indicator evaluated for the economic aspect was a cost estimation. Raw materials are 

the highest sources of expenditure in manufacturing.17 Thus, other manufacturing costs, such as 

capital, overhead, etc., were not included due to the lack of data per production site. In addition, 

this study assumes +/- 25% uncertainty carried out by the COVID-19 pandemic and assumes that 
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future prices will stabilize or will be close to pre-pandemic times. (Another approach would be to 

gather historical price data on the raw materials and then create a distribution of prices and 

uncertainty; this was outside of the scope of this study.)  Raw materials acquisition cost is found 

in Table 5-6. Market fluctuations were found, and therefore, median prices were assumed for 

wood pulp, viscose, and hemp, in the case of polypropylene, and an average price was retrieved 

from the Independent Commodity Intelligence service (ICIS).342 Chemical and utility prices are 

reported in Table 5-7 from diverse sources for the current year 2021.  

Table 5-6. Raw materials price per ton of product and cost estimate per wipes produced. 

Raw materials 
Price 

$/ton 
$/kg Value Year Source 

Southern bleached 

softwood Kraft 
872 0.872 Median price 2021 FisherSolve184 

Viscose fiber 1601 1.601 Median price  2019-2021 RISI50 

Hemp fiber 2075 2.075 
Median 

value* 
2021 Alibaba343 

Polypropylene 

pellets 
1078 1.078 Average 2019-2020 ICIS342 

*Price for hemp is a median value between three quotes. ICIS: independent commodity 

intelligence service 

 

 

Table 5-7. Chemicals and utility price and cost estimate per wipes production. 

Chemicals  Price $/ton $/kg Source 

Propylenglycol 550 0.55 344 

Castor oil* 5,300 5.9 345 

Silicone polyether 6000 6.0 346 

Citric acid 5000 5.0 347 

Polyamide epichlorihydrin 909 0.91 348    
 

Utilities cents/kWh $/kWh  

Electricity(industrial use) 7.27 0.0727 349 

*Prices presented in this table are for the year 2021, e.g., electricity is from June 2021. 
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5.3.4 Social criteria 

Three indicators were chosen to assess the social aspect of wet wipes production. The 

first indicator was the incidence and safety rates per sector, followed by two indicators that affect 

human health toxicity, such as carcinogenic and non-carcinogenic. A proposed indicator 

accounts for the social impact generated by litter accumulation in the environment. Thus, a litter 

score was proposed based on the biodegradability of the materials used to produce wet wipes 

(i.e., viscose, wood pulp, hemp fiber, and polypropylene). The biodegradability data was 

retrieved from experiments performed in water and soil systems.350,351  

 

In the case of incidence and safety, the indicator was represented as the number of 

injuries per each processing stage. The index of injuries per employee was retrieved from the 

Bureau of Labor and Statistics.352 Further, for assessing human toxicity, the assessment tool 

ReCiPe59 was used to estimate the effects on carcinogenic and non-carcinogenic. Depending on 

the raw material, each injury indicator per stage was estimated. The assumptions and explanation 

are the following: 

 

5.3.4.1 Safety and health measured as injuries index 

1. Wet wipes produced from viscose include the following stages to estimate the injury index 

per activity: forestry operations, pulp processing, viscose processing, and wipes conversion. 

In the case of viscose processing, since there was no specific sector accounting for the 

number of injuries in this stage, the chemical sector was used for estimation. The U.S. 

production of viscose was retrieved from the database RISI.50 
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2. Wet wipes produced from wood pulp include the following steps to estimate the injury index 

per stage forestry operations, pulp processing, and wipes conversion. The amount of pulp and 

paper production was retrieved from the database RISI.50 

3. Wet wipes from hemp fibers are assumed to include the following steps to estimate the injury 

index per stage, agricultural operations, pulp processing, wipes conversion. Hemp is one of 

the oldest crops in the world, banned in the U.S. 45 years ago. There is currently no 

infrastructure to process this type of biomass to produce fibers in the US.353 Industrial hemp 

production saw its restart in 2014 when the Senate approved the Agricultural Act known as 

the 2014 Farm Bill.354 Mark et al., reported an increase in industrial hemp harvest from 0 

acres in 2013 to 90,000 acres in 2018.355 Hemp could produce high yields of biomass 

Favvero et al. report a range of 7 to 10 tons per hectare.356 The conservative yield assumed 

for this case study was 10 t/ha as reported by353 to estimate the hemp production in the U.S. 

The amount of cropland available for harvesting was retrieved from the USDA.357 

4. Wet wipes produced from polypropylene include the following stages/sectors, crude and oil 

operations, resin manufacturing, and wipes conversion. The ratio used to estimate the amount 

of polypropylene in one barrel of crude used was 0.147 (BBL to P.P.), retrieved from.358–360 

∑
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠𝑖
𝑠𝑒𝑐𝑡𝑜𝑟𝑗

𝑠𝑛

𝑖=𝑚
𝑗=𝑠1

 Eq. 5-1 

Where i and j represent the following; 

i=1…,m; the index of injuries per 100 people per year 

j=s1,…sn; the different sectors/stages 

 

Data used to estimate the number of injuries per each sector in every stage is found in   

 

Table 5-8.  

 



138 

 

Table 5-8. Data for estimating injuries per amount of employees per sector per raw material.  

Industry # Employees Year data 
Injuries 

indexa 

U.S. national 

production 
Unit 

Pulp and paper:  352,700 2015-2020 2.2 83,932,36450 mtc/year 

Forestry and 

Logging:  
34,180 2020 2.8 167,864,72850 mtc/year 

Agriculture 29,610 2020 5.2 250,000,000357 acres 

Oil and Gas 

Extraction:  
154,000 2015-2020 1.2 10.96358–360 MMbpdd 

Plastics and 

Rubber Products 

Manufacturing 

713,700 2015-2020 1.9 103,360,000361 mtc/year 

Chemical sectore 186,000 2020 1.9 - - 

Nonwovens  16,330 2021 2.7 394,240289,321 mt c/year 

aIndex [=] # injuries per 100 people per year; bused for processing viscose to staple fibers; 
cmt = metric ton; dMMbpd million barrels per day; ethis sector assumes as an estimate for 

processing viscose into viscose staple fiber 

5.3.4.2 Human Health Toxicity  

This indicator included human health carcinogenic and non carcinogenics, a previous 

study used both indicators to assess social aspects.30  The indicators were estimated using the 

assessment tool for characterization ReCiPe59  from each scenario built in the software 

OpenLCA. The values can be found in the results Table 5-16. 

5.3.4.3 Litter accumulation 

A few studies have made awareness that litter accumulation has a social impact,351,362,363 

since it affects humans directly and is caused intentionally or not by humans. Many studies have 

reported the accumulation of litter; in fact, one study estimated that the 47% of litter found in a 

wastewater treatment were wet wipes.364 Synthetic wet wipes were the most predominant 

material in the sewer systems samples identified by O Briain et al. in Ireland.365 The study aimed 

to analyze microplastics release wet wipes.365 A few studies have demonstrated that synthetic 
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fibers persist in the environment and do not biodegrade.350,351 In addition, Table 5-9 presents 

information such as biodegradability percentages for synthetics and natural fibers in aquatic 

environment350 and weight loss in soil environments351. Furthermore, Table 5-9 presents the litter 

scores proposed for the different wet wipes produced from viscose, wood pulp, hemp, and 

polypropylene.  

 

Biodegradation for hemp fibers was not found in the literature; therefore, it is assumed 

that it would degrade similar to wood pulp, both being essentially entirely cellulosic.  This 

assumption is based on several studies that show lignocellulosic materials are shown to 

biodegrade rapidly if they have similar lignin contents.350,362,366 Additionally, Nam et al.,351 

report no weight loss data for polypropylene in soil environments, and thus, this study assumes a 

similar behavior in aquatic environments. Thus, the ranking scores were proposed and based on 

the work developed by Zambrano et al.303,350 and shown in Table 5-10. Hence, the proposed 

scores in Table 5-10 are interpreted as follows: the lower the number (0-20), it is assumed that 

the less likely it is for the product to remain in the environment; thus, it will biodegrade, and the 

higher the number (80-100) it will be very likely that the material will remain in the environment 

as litter. Biodegradation for hemp fibers was not found in the literature; therefore, it is assumed 

that it would degrade similar to wood pulp. Additionally, Nam et al.,351 report no weight loss 

data for polypropylene in soil environments, and thus, this study assumes a similar behavior in 

aquatic environments. Thus, the ranking scores were proposed and based on the work developed 

by Zambrano et al.303,350 and shown in Table 5-10. Hence, the proposed scores in Table 5-10 are 

interpreted as follows: the lower the number (0-20), it is assumed that the less likely it is for the 
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product to remain in the environment; thus, it will biodegrade, and the higher the number (80-

100) it will be very likely that the material will remain in the environment as litter. 

Table 5-9. Biodegradability of the raw materials and proposed litter scores to measure litter 

accumulation. 

Raw 

material 

Relative aquatic 

biodegradability (%)* 

Weight loss 

(%)** 
Rank Proposed Score 

Viscose 83 90 Highly 

biodegradable 

10 

Wood pulp 73 80 Highly 

biodegradable 

20 

Hemp 73 80 Highly 

biodegradable 

20 

PP 0 0 No biodegradable 100 

*Biodegradability in water (Zambrano et al. 2019). **Weight loss in soil (Nam et al. 2016) 

 

Table 5-10. Ranking assigned to each biodegradability range. 

Rank 
Proposed score for litter 

accumulation 
 Comment/ assumption 

High biodegradation >80% 20-0 
Material will not remain in 

the environment as littler 

Biodegradation 60% to 80% 40-20  

Resistance to biodegradation 

20%-60% 
60-40  

Resistance to biodegradation 

<20% 
80-60  

No biodegradable 0% 100-80 
Material will remain in the 

environment as litter 

 

5.4 Multi-Criteria Decision Analysis  

Once the system was defined and the sustainability indicators selected per criteria, the 

next step is to use MCDA to evaluate the overall performance of wet wipes produced from the 

alternatives in the study. SMAA uses PROMETHEE outranking stochastic method. 

PROMETHEE method is based on a pairwise comparison of the different alternatives and 

criteria.307,314 SMAA is used to support, and it is able to handle uncertainty data/gaps and 
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generate probability distributions. SMAA was proposed by Rogers and Seager308 and later 

utilized in many studies.309–312 This study follows the SMAA methodology described by Prado 

and Heijungs310 and includes stochastic weighting as proposed by Tervoken et at.36 Stochastic 

weightings are applied to verify the sensitivity of the results without selecting a preferred 

alternative over another one, and it is used to rank the alternatives.  

 

Further, the application of uncertainty to the environmental indicators was applied using 

the pedigree matric approach.311 Pedigree matrix is applied to calculate uncertainties for single 

parameters.311A general example of the data quality and indicators from the Pedigree Matrix 

using uncertainty factors can be found in Table 5-11. The uncertainty factors are calculated using 

the Ecoinvent data quality pedigree matrix.367 However, the data quality selection, evaluation, 

and reasoning/assumptions per input flow per category (reliability, completeness, temporal 

correlation, geographical correlation, and technological correlation) were assigned to the 

different wet wipes alternatives and can be seen in Table 5-12 to Table 5-15. Based on the data 

quality selection, a geometric standard deviation (GDS)367 is calculated in the OpenLCA source, 

and the Ecoinvent database assumes a lognormal distribution by default for all inputs.367 Once 

each uncertainty factor is calculated per each wet wipe process, and Monte Carlo simulations run 

2,000 iterations to generate probabilistic distribution data per each environmental indicator, 

which are used as inputs to run the SMAA tool.  

 

Additionally, it is acknowledged that this approach of approximated uncertainty with the 

pedigree model is not very specific to the actual manufacturing processes entailed by the 

materials of interest.  However, one of the main objectives of the study was to demonstrate the 
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methodology within the very complex umbrella of quantitative measures of sustainability 

incorporating environmental, economic, and social dimensions. With respect to some of the other 

impact categories within economic and social aspects, which by their own nature are often vague 

and not widely agreed upon, this type of uncertainty within the uncertainty factors carried by the 

pedigree matrix of the environmental impacts is very reasonable. Finally, an integration of the 

three sustainability criteria (environment, economic and social) is evaluated herein as proposed 

by Van Schoubroeck S. et al.30 

 

Table 5-11. Example of data quality selection using the Pedigree matrix uncertainty factors. 

Data quality indicator Score 
Uncertainty 

factor 
Comment/assumption 

Reliability 3 1.1 
Data has not been verified and is based 

on the literature  

Completeness 4 1.05 
Data are determined for the U.S. within 

the last three years 

Temporal correlation 3 1.0 
Some data flows are from the past ten 

years (e.g., energy data is 1999) 

Geographical 

correlation 
4 1.05 Generic area of study 

Technological 

correlation 
5 2.0 

Data used from similar processes and 

some assumptions from different 

technologies (e.g., energy consumption) 

Base uncertainty - 1.0 
Default value from the OpenLCA 

software tool 

Total uncertainty  2.03 Calculated in openLCA 
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Table 5-12. Data quality assessment for the production of 1,000 viscose wipes using the Pedigree 

Matrix. 

Input flow Uncertainty Data quality 

entry 

Comment/assumption 

citric acid | citric acid 

production - RoW 

lognormal: 

gmean=0.0135000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 

electricity, low voltage 

| market group for 

electricity, low voltage 

- US 

lognormal: 

gmean=0.000574000 

gsigma=1.53309 

(1; 4;3; 4; 4) Value from ecoinvent 

report for nonwoven needle 

punch and thesis 

viscose fibre | viscose 

production - GLO 

lognormal: 

gmean=1.40000 

gsigma=1.52688 

(2; 4; 2; 4; 4) viscose fibre |viscose 

production - GLO 

propylene glycol, 

liquid | propylene 

glycol production, 

liquid - RoW 

lognormal: 

gmean=0.0405000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 

Surfactants lognormal: 

gmean=0.0122000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

silicone polyether 

vegetable oil, refined | 

soybean oil, refined, to 

generic market for 

vegetable oil, refined - 

GLO 

lognormal: 

gmean=0.0216000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 Assumption, 

surrogate for castor oil 

water, deionised, from 

tap water, at user | 

water production, 

deionised, from tap 

water, at user - RoW 

lognormal: 

gmean=2.58930 

gsigma=2.01029 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 

PAE (polyamide-

epichlorihydrih), resin 

product 

lognormal: 

gmean=0.0700000 

gsigma=1.87875 

(4; 4; 5; 4; 4) value from a patent, states 

that wet strength agent 

represents 5-1.3% by 

weight 
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Table 5-13.Data quality assessment for the production of 1,000 wood pulp wipes using the 

Pedigree Matrix. 

Input flow Uncertainty Data quality 

entry 

Comments/assumption 

citric acid | citric acid 

production - RoW 

lognormal: 

gmean=0.0135000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 

electricity, low voltage | 

market group for 

electricity, low voltage - 

US 

lognormal: 

gmean=0.410000 

gsigma=1.14430 

(1; 4; 3; 4; 4) Electricity from needle 

punch process and thesis  

propylene glycol, liquid | 

propylene glycol 

production, liquid - RoW 

lognormal: 

gmean=0.0405000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 

sulfate pulp | sulfate pulp 

production, elementary 

chlorine free bleached - 

RoW 

lognormal: 

gmean=1.40000 

gsigma=1.52171 

(2; 4; 2; 4; 4) Used for pulp production 

Surfactants lognormal: 

gmean=0.0122000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

silicone polyether 

vegetable oil, refined | 

soybean oil, refined, to 

generic market for 

vegetable oil, refined - 

GLO 

lognormal: 

gmean=0.0216000 

gsigma=1.52688 

(2; 4; 2; 4; 4) replaces castor oil. 

Assumption from paper 

water, deionised, from 

tap water, at user | water 

production, deionised, 

from tap water, at user - 

RoW 

lognormal: 

gmean=2.12000 

gsigma=2.01029 

(2; 4; 2; 4; 4) Assumption from paper 

PAE (polyamide-

epichlorihydrih), resin 

product 

lognormal: 

gmean=0.0700000 

gsigma=1.87875 

(4; 4; 5; 4; 4) value from a patent, 

states that wet strength 

agent represents 5-1.3% 

by weight 
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Table 5-14. Data quality assessment for the production of 1,000 hemp pulp wipes using the 

Pedigree Matrix. 

Input flow Uncertainty Data quality 

entry 

Comments/assumption 

citric acid | citric 

acid production - 

RoW 

lognormal: 

gmean=0.0135000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 

electricity, low 

voltage | market 

group for 

electricity, low 

voltage - US 

lognormal: 

gmean=0.000574000 

gsigma=1.53309 

(1; 4;3; 4; 4) Value from ecoinvent 

report for nonwoven needle 

punch and a literature 

value (thesis) 

Hemp technical 

fiber 

lognormal: 

gmean=1.30000 

gsigma=1.13970 

(2; 4; 2; 4; 2) Hemp technical fiber 

production - v3  

propylene glycol, 

liquid | propylene 

glycol production, 

liquid - RoW 

lognormal: 

gmean=0.0405000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 

Surfactants lognormal: 

gmean=0.0122000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

silicone polyether 

vegetable oil, 

refined | soybean 

oil, refined, to 

generic market for 

vegetable oil, 

refined - GLO 

lognormal: 

gmean=0.0216000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

castor oil 

water, deionised, 

from tap water, at 

user | water 

production, 

deionised, from tap 

water, at user - 

RoW 

lognormal: 

gmean=2.58930 

gsigma=2.01029 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 

PAE (polyamide-

epichlorihydrih), 

resin product 

lognormal: 

gmean=0.0700000 

gsigma=1.87875 

(4; 4; 5; 4; 4) value from a patent, states 

that wet strength agent 

represents 5-1.3% by 

weight 
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Table 5-15.Data quality assessment for the production of 1,000 polypropylene wipes using the 

Pedigree Matrix. 

Input flow Uncertainty Data quality 

entry 

Comments/assumption 

citric acid | citric acid 

production - RoW 

lognormal: 

gmean=0.0135000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341 

Nonwoven polypropylene, 

spunbond - GLO new 

process 

lognormal: 

gmean=1.40000 

gsigma=1.52688 

(2; 1; 2; 4; 4) Nonwoven polypropylene, 

spunbond - GLO new 

process (ecoinvent 3.7)333  

propylene glycol, liquid | 

propylene glycol 

production, liquid - RoW 

lognormal: 

gmean=0.0405000 

gsigma=1.52688 

(2; 4; 2; 4; 4) propylene glycol 

production, liquid | 

propylene glycol, liquid | 

cut-off, U - RoW 

Surfactants lognormal: 

gmean=0.0122000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

silicone polyether 

vegetable oil, refined | 

soybean oil, refined, to 

generic market for 

vegetable oil, refined - 

GLO 

lognormal: 

gmean=0.0216000 

gsigma=1.52688 

(2; 4; 2; 4; 4) Patent U.S.2016/0089314 

A1341. Assumption 

surrogate flow replaces 

castor oil 

water, deionised, from tap 

water, at user | water 

production, deionised, 

from tap water, at user - 

RoW 

lognormal: 

gmean=2.58930 

gsigma=1.52688 

(2; 4; 2; 4; 4) water production, 

deionised, from tap water, 

at user | water, deionised, 

from tap water, at user | 

cut-off, U - RoW 

 

Furthermore, the SMAA follows the next steps. First, it calculates the differences 

between the pairs. For instance, if one indicator from the environmental criteria is assessed (e.g., 

global warming potential), then the differences between alternatives are calculated in pairs 

(alternatives as in viscose and wood pulp, viscose and hemp, viscose and polypropylene, and 

such). Hence, a total of 12 pairs are obtained per environmental indicator and compared against 

each other. This difference between the alternatives is then used to calculate the outranking 
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scores (outranking normalization) with respect to a threshold which is defined as a preference 

(P), an indifferent (Q) or partial preference. Thus the level of preference or indifference is 

indicated by the scale 0 to 1, as shown in Eq. 2, where 1 means a complete preference, and 0 

means no difference between the two alternatives. Additionally, a partial preference is 

calculated, meaning that there is a weak preference between one alternative over the other one.308 

Thus, as explained by Rogers and Seager (2009), the advantage of using outranking methods is 

to provide a balanced evaluation of different criteria to create opportunities or compromises 

when facing decision-making.308 

𝜃𝑖𝑗𝑘𝑟 =

{
 
 

 
        0                          𝑖𝑓 𝑑𝑖𝑗𝑘𝑟 ≥ 𝑄𝑖 (𝑖𝑛𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒)

       1                 𝑖𝑓 𝑑𝑖𝑗𝑘𝑟 ≤  𝑝 (𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑝𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)

    
𝑞 − 𝑑

𝑑 − 𝑝
       𝑖𝑓 𝑃 <  𝑑𝑖𝑗𝑘𝑟 <  𝑞 (𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

 Eq. 5-2 

d: pairwise difference between indicators 

i: environmental indicator (global warming potential, ecotoxitiy, etc) 

j: alternative (viscose, wood pulp, hemp or polypropylene) 

r: monte carlo runs, r =1….2,000 

 

Moreover, weighting is generally avoided during LCA studies due to subjectivity, 

unobjective perspectives, and lack of information from stakeholders; nonetheless, panels from 

experts have developed and applied weighting schemes in the past.313,368 Additionally, many 

MCDA and LCA studies have applied weighting factors to assess different options in their 

studies.30,46,311,312 Hence, this study applies a stochastic weighting scheme proposed by Tervonen 

and Lahdemma (2008).36 Stochastics weighting explores the different alternatives without 

including any preference to any specific indicator, and it has been used in MCDA studies.30,309 

The result from the stochastic weighting is an acceptability rank, where the likelihood of 

preference between alternatives is achieved, and a preferred option can be estimated.36,310 
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Prior to continuing with the discussion, a summary of how the SMAA is applied to the 

environment, economic and social criteria for wet wipes production is presented below: 

 Data used was retrieved from the literature and database sources. Four models per wet wipes 

production were built in OpenLCA software tool. 

 Pedigree Matrix is used to evaluate the quality of the data extracted from the literature, in the 

case of the environmental indicators. Uncertainty is assigned to each inputs flow from the 

Ecoinvent database, and a lognormal distribution is assigned by default in OpenLCA. 

Uncertainty of +/- 25% is assigned to the economic and social indicators, and the 

probabilistic distribution for uncertainty propagation is generated running MCS in 

OpenLCA.  

 Outranking stochastic normalization is evaluated; therefore all scenarios are compared 

against each other, including uncertainty 

 Stochastic weighting is applied to reflect the importance of the sustainability aspects 

(environment, economic and social) according to the stakeholders and the decision-maker's 

preferences and values. The range is 0 – 100, and it is used when there is no perspective on 

which category has advantages over another. 

 An overall rank is obtained with the most preferred option 

 Finally, SMAA is also applied to the outputs of each sustainability criteria (environment, 

economic and social) to integrate this data and estimate an overall ranking with the most 

preferred alternatives for wet wipe production. 
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5.5 Results and discussion 

The sustainability criteria (i.e., environmental, economic, and social) for the different wet 

wipes considered in this study applying SMAA are presented in Table 5-16. The environmental 

criteria evaluated eight indicators using TRACI. Overall, it is noticed that two out of three 

biobased products (wood pulp and hemp) reported a lower (60% less) environmental impact 

compared to polypropylene. Nonetheless, in the case of wet wipes produced from viscose, the 

environmental impacts were 28% higher compared to polypropylene, which is associated to the 

upstream production processes since viscose production is chemical and energy-intensive.325,369 

However, a similar trend was reported by Zhang et al.,304 for wet wipes produced from 100% 

viscose against polyester fibers, the environmental impacts for viscose were 10% higher; 

nevertheless, the study shows that including the end of life (wipes disposal) changes this trend,304 

and hence future efforts towards evaluating wipes end-of-life should be assessed.  

 

Furthermore, when analyzing the fossil-fuel indicator, it is clear that polypropylene 

performs the worst among the four wet wipes options (64% to 88% higher). Overall, from the 

environmental impact assessment, two biobased alternatives (wood pulp and hemp pulp) have 

the lowest environmental impacts across the indicators; however, when evaluating the cost of 

production per wipe, it is clear that polypropylene is advantaged. Hence, one can say that from 

an environmental point of view, biobased materials, due to their renewability, are considered a 

better option; nonetheless, the lower cost of polypropylene makes it attractive as well, if 

economics has priority in decision-making. Furthermore, the social indicators assessed show that 

biobased alternatives wood pulp and hemp, respectively, have good performance nonetheless, 
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when comparing viscose versus polypropylene, each has a better performance in two indicators, 

and for this reason, not intuitively which option is better.  
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Table 5-16. Environmental, economic and social indicators result for wet wipes production. The scenarios are wet wipes produced 

from viscose, wood pulp,  hemp, and polypropylene. 

Indicator Measurement Unit Viscose Wood pulp Hemp Polypropylene 

       
Environment       
Acidification TRACI kg SO2 eq 4.37E-02 1.06E-02 1.51E-02 1.43E-02 

Ecotoxicity TRACI CTUe 54.90 21.49 22.71 25.21 

Eutrophication TRACI kg N eq 2.23E-02 1.06E-02 2.03E-02 1.01E-02 

Fossil fuel depletion TRACI MJ surplus 5.50 1.89 1.87 15.29 

Global warming TRACI kg CO2 eq 5.55 1.58 1.59 3.98 

Ozone depletion TRACI kg CFC-11 eq 1.10E-06 2.74E-07 2.10E-07 2.16E-07 

Respiratory effects TRACI kg PM2.5 eq 9.39E-03 3.19E-03 2.86E-03 3.75E-03 

Smog TRACI kg O3 eq 3.32E-01 1.44E-01 1.14E-01 1.81E-01 

       
Economic       
Cost of producing 1000 

wipes ($) Cost calculation $ 2.57 1.54 3.23 1.83 

       
Social       
Toxicity human health-

carcinogenic HHTc - ReCiPe kg 1,4, dichlorobenzene 15.00 6.30 4.60 8.64 

Toxicity human health- 

non carcinogenic HHTNc - ReCiPe kg 1,4, dichlorobenzene 1340 450 448 394 

Health and safety Incident rates #injuries 1.91E-06 3.61E-06 1.68E-06 4.08E-06 

Litter score 

Based on 

biodegradability Scores 1-100% 10 20 20 100 
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Consequently, in order to assist decision-making, outranking normalization for each 

criterion is applied using SMAA. SMAA allows to contrast the results of each criterion and 

enhances decision-making in those cases where two alternatives have good performance in 

different indicators,310 as it happens in the social indicators from this study when evaluating 

viscose and polypropylene. Moreover, the stochastic weighting applied to the outranking 

normalization generates a probabilistic ranking which is the main outcome of the SMAA 

method. Therefore, the results are a probabilistic distribution of data, as shown in Figure 5-4 for 

the integrated sustainability assessment (limited by space, the distribution per criteria is found in 

the supplementary information). Hence, the density dispersion of the 2,000 Monte Carlos runs 

with uncertainty is presented. 

 

In addition, the SMAA generates probabilistic results, and these can be ranked to 

evaluate the preference of the alternatives in study per criteria as shown in Figure 5-3). The 

ranking is evaluated in the range of one to four (four alternatives in study), rank one (1) is the 

most favorable option, and rank four (4) is the least favorable option. For instance, Figure 5-3, 

part a, presents the overall ranking for the environmental criteria; in this case, hemp ranks first 

with 50% probability, and wood pulp ranks second with a probability of 41%. In the case of 

viscose, it ranks very similar to polypropylene; nonetheless, polypropylene ranks four with a 

48% likelihood. Figure 5-3, part b presents the raking for the economic criteria that evaluates the 

cost of producing wet wipes. For this criteria, wood pulp wet wipes rank first with a probability 

of 55%, followed by polypropylene probability to rank second with 40%. Moreover, 

polypropylene is affected by the market fluctuations and price increase in the last year,342 most 

likely due to the COVID-19 pandemic (historical price data trend has been lower.).370 
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Additionally, given the market fluctuations and lack of cost data for hemp fibers, it ranks as the 

fourth favorable option in the economic criteria. 

 

The results for the social criteria ranking are shown in Figure 5-3, parts c and d; the latest 

includes the litter score proposed in this work. In general, without including the proposed score 

(as shown in part c), there is no clear preference between the biobased alternatives viscose, wood 

pulp, and hemp in the first and second rank. However, when considering the proposed litter 

score, this study provides a clear scenario for decision-making. For instance, viscose, a biobased 

product, is presented as the preferred option among the alternatives with a 50% probability to 

rank first, as shown in Figure 5-3, part d. The litter score assigned to hemp fibers is assumed to 

be similar to wood pulp since no data was found specific to hemp biodegradation. 

 

Evidently, from a social aspect (Figure 5-3 part c and d), polypropylene does not seem 

favorable for many reasons, one and the most noticeable is the fact that polypropylene is highly 

resistant to biodegradation, as indicated by Nam et al.,351 and hence it will remain in the 

environment. Whereas, it has been demonstrated that viscose fibers will biodegrade 80% in 

aquatic systems350 and 90% in soil environments.351 Therefore, performing the SMAA tool with 

the proposed litter score shows the benefits to decision-making in situations when there is not a 

clear or obvious preference among products.  
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 5-3. Overall scores for the most preferred alternative, x-axis has ranks from 1 to 4, being 1 the most preferred option and 4 the 

least preferred. Each graph represented by a letter refers to each sustainability criteria; a) environment, b) economic, c)social without 

litter score, d) social with the proposed litter score. 
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Figure 5-4. Distribution of overall weighted scores for the integrated sustainability 

(environmental, economic, and social) assessment of wet wipes alternatives made from viscose, 

wood pulp, hemp, and polypropylene. This distribution includes the litter score as a social 

indicator. 

 

As mentioned in the methodology section, SMAA is applied to each criterion of the 

sustainability of wipes production for the four alternatives in the study. The outputs for each 

SMAA (generated per criteria) were used to evaluate an integrated sustainability assessment as 

proposed by Van Schoubroeck et al.30 Hence, the overall ranking for the integrated sustainability 

assessment for wet wipes from environmental, economic, and social criteria is presented in 

Figure 5-5. In part a) the results are shown without the proposed litter score, and in part b, the 

results include the litter score. The general trend shows that wood pulp wet wipes are the 

favorable option, ranking first 74% of the time, followed by hemp wet wipes ranking second 

53% of the time. However, even if the trend does not change, the proposed indicator (as seen in 

Figure 5-5 part b) adds more insightfulness to the overall SMAA methodology allowing a more 

fair comparison, especially between the biobased alternatives, and therefore, enhancing decision-

making. Finally, the benefits of quantifying scores such as the proposed litter score allow to 
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quantitatively evaluate the sustainability of products and their impacts in the different areas 

(environment, economic and social), especially compared to those products that will remain in 

the environment over time. 

a) 

 
b) 

 
Figure 5-5. Overall ranking for the three aspects of sustainability, environmental, economic, and 

social, for the preferred alternative. Figure a) represents the integrated sustainability scores 

without the litter score. Figure b) presents the integrated results, including the litter score 

proposed. 

 

5.6 Conclusions  

This study evaluates the application of SMAA to assess the sustainability of nonwoven 

products, specifically wet wipes production, synergistically integrating environmental, economic, 

and social criteria. The alternatives for producing wet wipes studied were three cellulose-based 

materials (viscose, wood pulp, and hemp) and one fossil-based (polypropylene). The 

environmental indicators were selected from the TRACI tool. The economic indicator was wet 
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wipes cost. The social indicators are related to human toxicity, workplace injuries, and a 

proposed herein litter score based on the biodegradability of each material. SMAA using 

outranking normalization with a preference and indifference threshold and stochastic weighting 

generated probabilistic distributions, generating an overall ranking that illustrated the most 

favorable product among the alternatives.  

 

The general trends showed that wet wipes produced from wood pulp and hemp are the 

most favorable alternatives for the environmental and social criteria. In the case of the economic 

criteria, wood pulp ranked first (55% probability), closely followed by polypropylene with a 

probability first rank of 40%, most likely due to price increase in polypropylene caused by the 

COVID-19 pandemic (reported by ICIS).342 Additionally, SMAA was applied to the results 

generated from each criterion, integrating the sustainability of wet wipes into one single score.  

The final rank showed that biobased materials are the most preferred alternatives, with wood 

pulp ranking first with a probability of 74%. Interestingly, incorporating the proposed litter score 

in this study caused the biodegradable materials to have a higher preference relative to non-

biodegradable polypropylene for wipes production.   

 

Moreover, assessing the end of life of the wet wipes was out of the scope of this study. 

Nonetheless, some options that have been explored in the literature for wet wipes are landfilling 

and energy recovery with incineration.304 In the case of landfills, it is known that bio-based 

alternatives generate methane in landfills, and therefore increasing the global warming potential 

if there are fugitive methane releases. In contrast, fossil-based materials do not degrade, and 

therefore the emissions in landfilling are considered negligible. In addition, if incineration with 
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energy recovery were applied, it may benefit all bio-based alternatives as reported for other 

woody-based products by Lan et al.371 and also the fossil-based materials as shown by Zhang et 

al.304 

 

Finally, comparing biobased versus fossil-based products is a topic of very high interest, 

and the pressure generated by non-governmental agencies (NGO) and policymakers to ban 

fossil-based single-use items has made this study relevant in its demonstration to show a robust, 

multi-criteria decision-making method to guide towards more sustainable alternatives. 
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CHAPTER VI 

6 CONCLUSIONS AND FUTURE WORK 

This research applied different tools for measuring different aspects of sustainability. The 

applications were focused on evaluating and estimating the environmental impacts of a diverse 

range of cellulose-based materials, immersion into a circular economy, and decision-making 

towards more sustainable products.   

 

First of all, a literature review on waste cotton highlighted potential applications that go 

beyond traditional uses for cellulose materials, using mechanical and chemical recycling 

processes. The potential recycling applications for waste cotton were classified into areas such as 

bioenergy (bioethanol, fuel pellet, and syngas), regenerated cellulose (viscose rayon fibers), 

carbonaceous materials (charcoal, activated carbon), and others that did not fit a specific 

category, such as thermal insulation and composite materials. In addition, this study proposed the 

utilization of waste cotton to produce dissolving pulp, succinic acid using enzymatic hydrolysis 

and insulation materials.  

 

Therefore, three main products were evaluated performing streamlined LCAs to 

understand whether or not there was a reduction/potential improvement in the environmental 

impacts compared to their virgin counterparts, and therefore analyzed its suitability. This study 

found that using waste cotton undoubtedly reduces the environmental impacts of the products 

evaluated. For instance, the results showed that replacing cotton linters with waste cotton for 

dissolving pulp production has the largest reduction (60%) due to no environmental burdens 

from waste cotton as a feedstock.  It was also determined that the upstream process of cotton 
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linters production is one of the drivers impacting the environment. Nonetheless, further process 

improvement and experimental work were suggested to understand the feasibility of the products 

highlighted, specifically if those were expected to go into the market. The applications of 

streamlined LCA showed the versatility of assessing the environmental impacts of products at an 

early stage in processes/modelling efforts when little information regarding the production is 

available or in development.  

 

As a result, this research built a robust process simulation to produce dissolving pulp to 

generate reliable mass and energy data for environmental assessments. As a result, the main 

contribution from the processing modeling efforts was a detailed life cycle inventory (LCI) data 

for the production of dissolving pulp. This study evaluated the production of dissolving pulp 

from hardwoods and softwoods and focused on two pulp grades: acetates and viscose. Dissolving 

pulp has a wide range of applications. Consequently, it is the raw material of several end-

products such as viscose staple fibers, acetates films, binders, detergents, explosives, among 

others. The LCA results for dissolving pulp showed that biomass feedstock directly affected the 

environmental impacts of dissolving pulp. For instance, producing dissolving pulp, hardwoods 

acetate grade reported higher global warming potential than softwoods acetate. However, lower 

environmental impacts in other categories related to ecosystems and human health. The 

production of dissolving pulp viscose grade had a similar trend across all the impact categories 

except eutrophication. Additionally, a hotspot analysis identified on-site emissions, chemicals, 

and electricity as leading contributors to the environmental impacts across the grades.  
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In addition, sustainability involves understanding the environmental impacts of products 

and other aspects such as economic and social. Hence, a methodology integrating the three 

pillars of sustainability was proposed using multi-criteria decision analysis (MCDA). Stochastic 

Multi-Attribute Analysis (SMAA), a type of multi-criteria decision analysis tool, was used in this 

study to quantify/evaluate the preference of products/alternatives (bio-based and non-bio-based) 

for producing wet-wipes for use in supporting decision making. The overall outcome from this 

research was a probabilistic ranking distribution among the alternatives for producing wet wipes. 

In general, it was concluded based on the scope of this study that biobased materials were the 

most preferred alternatives, with wood pulp ranking first with a probability of 74%.  

Additionally, incorporating the proposed litter score for wet-wipes production based on simple 

literature biodegradability studies, wood pulp is still the most preferred option ranking first, 

nonetheless with a probability of being first 57% of the time. Overall, the fossil-based 

polypropylene alternative was the least favorable option for producing wet wipes and ranked 

fourth in the analyses with and without the litter score included. 

 

To summarize, three sustainability tools were applied, streamlined LCAs for early-stage 

waste cotton applications, a full LCA using process-based simulation for dissolving pulp 

production, and multi-criteria decision making for different biobased and fossil-based 

alternatives to produce wet wipes. The tools evaluated in this research are essential for 

sustainability assessments and can be applied to any process or product in the supply chain. In 

addition, depending on the level of data uncertainty, one tool or another one can be selected, 

whether the technology is in an early stage or mature. Finally, the findings of this research have 

demonstrated the applicability of some sustainability assessment tools and how these tools can 
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provide and communicate critical information. The methodologies provide ways to enhance 

process improvements or decision-making tools to inform stakeholders across the industries, 

Non-Governmental Organizations (NGOs) or policymakers aiming to take action towards a more 

sustainable future. 

 

Limitations and suggestions for future research 

Certainly, any study has its limitations; a few that can be named along with the future 

research proposed work are: 

1) The majority of the previous studies found in the literature review for waste cotton 

application focused on the technical aspects of incorporating recycled cotton into a product. 

Therefore streamlined LCA investigated the potential reduction in environmental impacts and 

economic feasibility. Nonetheless, a thorough evaluation of the potential applications from a 

production process-simulation-based is highly recommended. Hence, one suggestion is to build 

process simulations for those potential applications to generate mass and energy balance, related 

to how the potential products from waste cotton could be manufactured. This constraint can be 

approached by making several assumptions and utilizing software tools such as Aspen Plus to 

generate such data, which was the primary constraint of this study. One example is building a 

process simulation for succinic acid production from waste cotton. This chemical has several 

potential end-market applications in many industries (e.g., pharmaceutical, food, etc.) 

 

2) Dissolving can be produced from two different technologies, the pre-hydrolysis kraft 

pulping process (evaluated in this study) and sulfite pulp. Therefore, further assessment is 

suggested to evaluate the environmental impacts of dissolving pulp production using the sulfite 
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process. So far, in this study, the differences in feedstock acquisition were evaluated. However, 

no differences in manufacturing, such as pulping technologies, were assessed. Hence, 

understanding the differences of dissolving pulp production from two different manufacturing 

options can complement further decision-making to those companies that aim to reduce the 

environmental footprints within their supply chain. In addition, this study did not go beyond 

including subsequent processing stages for individual grades since they vary depending on the 

final end-use application (i.e., acetylation stage for acetates grade, xanthate process for viscose, 

to name a few). Nonetheless, the stages for processing dissolving pulp acetates and viscose 

grades are chemical and energy-intensive, which will certainly increase their footprint. Hence, 

further assessing the environmental impacts of dissolving pulp grades, including their processing 

stage, and quantifying these environmental impacts can provide further insights into assessing 

end product applications. 

 

3) In the case of assessing the environmental impacts of nonwoven applications, one 

limitation found was the upstream data for hemp production, specifically hemp bast fibers. 

Therefore, building a process-based simulation that quantifies hemp pulp production, specifically 

hemp bast fibers, is highly suggested since no life cycle inventory data on hemp production is 

available in the U.S. Additionally, evaluating other by-products (i.e., hemp hurds) for pulp and 

paper products is encouraged. Another limitation is assessing the uncertainty of the 

environmental impacts of wet-wipes, improving data collection that oftentimes is challenging. 

One suggestion is to find further data from manufacturing sites directly or modeling efforts with 

the best available data from the literature. Finally, the stakeholders’ preferences or subjectivity 
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can be further evaluated by comparing and analyzing different weighting schemes as reported by 

Van. Schoebroek et al.30 
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APPENDIX A: Supplementary information for Chapter 3 

Streamlined LCAs for cotton waste applications 

Table A-1 indicates large variations across the energy and GHG emissions of recycled 

cotton products. Such variations may be caused by different system boundaries, technologies, 

yields, and technology maturity shown in the same table as well as different modeling choices in 

various studies (e.g., allocations or cut-off criteria). One unique attribute included in Table 1 is 

technology maturity using TRL indicators. TRL was first developed by the National Aeronautics 

and Space Administration (NASA) in the 70s,372 and has been widely used for technology 

assessment, especially for Research and Development (R&D) projects in academia, industry, and 

government.373,374 TRL can go from TRL 1 for conceptual development to the highest level TRL 

9 for full-scale operation.372–375 The lower TRL represents more uncertainty and challenge from a 

technical perspective.374 Even though the scales of the technologies were not reported by most 

studies presented in this report, TRL levels were assigned to some of them based on the technology 

and market status described in the literature. For example, the study from Korhonen and Dahlbo 

reports a commercial scale production for absorbent oil mats of 120 to 200 metric ton/year105; 

therefore it is assigned a technology with a TRL of 6. For studies without TRL, more research and 

evidence are needed to determine the appropriate TRLs.  

 

Among studies identified in this report, to the best knowledge of the authors, Spathas80 is 

the only study that has evaluated the environmental impacts of both chemical and mechanical 

recycling processes. In the case of chemically recycled viscose yarn from cotton waste, the study 

indicated that compared to virgin yarn, recycled yarn shows lower environmental impacts in 

categories such as eutrophication and acidification, however, the process has a higher Global 
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Warming Potential (GWP) compared to viscose virgin yarn from biomass (0.3 kg CO2 eq.).
80 For 

this case, processes during the recycling stage such as collection and sorting (a step not necessary 

for the viscose yarn from wood pulp) and electricity consumption of recycled yarn processing are 

the major contributors to GWP. This study then evaluated the mechanical recycling process using 

denim fabric, and the major contributor is the energy consumption of the mechanical recycling 

process. 

 

Most of the previous LCA studies have cradle-to-gate system boundaries, the only 

exception is Korhonen and Dahlbo.105 This study developed a cradle-to-grave LCA for oil 

absorbent mat from recycled textile waste and considered burning the oil absorbent mat after its 

use phase for energy recovery. This study reports a reduction of almost 80% of GWP compared to 

mats produced from virgin polypropylene. The contribution analysis shows that most emissions 

come from the manufacturing process, concluding that a significant reduction in GWP could be 

achieved at a large scale if polypropylene oil absorbent mats were replaced by textile waste mats.105 

Nonetheless, the oil absorbent mats from textile waste is 70% biogenic (wool, cotton, and viscose) 

and 30% from synthetic fibers.  

 

On the other hand, the functional units of most studies are 1 kg of product except the study 

by Yousef et al. that uses 1 kg of waste input as the functional unit.62 The study evaluated the 

environmental impacts of recover cotton and polyester from denim textiles waste blended with 

cotton/polyester at an 80/20 blending ratio. This process was performed in a laboratory small pilot-

scale plant. This study also recovered the solvents used in the process and reported profitability of 

different strategies for the textile waste at 1,466 $ per ton in addition to a potential reduction in 
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their environmental impacts compared to the process without solvents recovery. An interesting 

observation for this work is that they reported a negative GWP result -1.53 CO2eq./kg. However, 

little explanation or documentation is provided by the authors, making it hard to interpret the 

negative results. Transparent documentation and well-reasoned result interpretation are needed for 

future LCA studies of waste cotton recycling and reuse.   

 

In addition, some studies evaluated the product 100% from recycled cotton73,376 while the 

others evaluated the blended products with both recycled and virgin materials.62,67,80,105 

Furthermore, several studies compared the environmental impacts of cotton waste applications 

with their counterparts. A study performed by H&M evaluated recycling cotton from a mechanical 

process, demonstrating the potential to lower GHG emissions compared to polyethylene and virgin 

cotton fibers. The major drivers of the results were transportation and shredding during processing. 

The study also mentioned critical phases to be considered in future works, such as washing and 

drying of clothes.67  

 

Table A-2 reports a few studies that can be used as a baseline for comparison purposes. It 

includes virgin cotton products and an LCA study for dissolving pulp from biomass that evaluated 

the potential use of cotton waste for dissolving pulp production.377 Moreover, Table A-3 reports 

emissions factors for textile waste assuming a cotton polyester 50/50 ratio specific to a case of 

study in the U.K.  

 

Table A-4 shows the environmental impact indicators other than energy and GHG, 

including acidification, eutrophication, and freshwater consumption. Given the limited number of 
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data points, it is difficult to make general conclusions regarding the environmental impacts of 

mechanical and chemical recycling processes. Understanding the potential environmental impacts 

other than energy and GHG of waste cotton applications need more research efforts and could be 

a future direction of this research.  

 

Finally, given the importance of economic competitiveness in terms of new technology 

adoption, some preliminary data of prices and market for virgin products that could be replaced by 

recycled cotton was collected and shown in Table A-5. We will continue collecting market and 

price data for more applications of waste cotton and use them as references to identify applications 

that have high market/value with environmental benefits.  
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Table A-1. Preliminary data collection for cradle-to-gate, energy, and GHG emissions from different recycling processes of waste 

cotton.  

Process Product  
System 

Boundary 

Functional Unit 

(FU) 

GHG kg 

CO2 eq. 

Energy 

consumption 

(MJ) 

Electricity 

(kWh) 

Yield 

(%) 
TRL level 

Mechanical 
Recycled 

cotton67 

cradle-to-

gate 

1 kg  H&M 

Recycled cotton 

fiber 

0.38 - 33.8  - 
Pilot plant  

6 

Mechanical 

Recycled 

fibers. A 

denim case80 

cradle-to-

gate 

1km of recycled 

yarn (30% recycled 

cotton and 70% 

virgin cotton) 

0.12 13.2 - 91 - 

Mechanical Recycled 

textile mat105 

cradle-to-

crave 

1 kg of oil 

absorbent mat 
1.11 - - - 

Full-scale 

production 

9 

Chemical 

Viscose 

fibers, the 

viscose 

case80 

cradle-to-

gate 

1km of recycled 

yarn (100% 

chemical recycled 

post-consumer  

0.40 0.47  - 95 - 

Chemical 
Cotton fiber 

recovery62 

cradle-to-

gate 

1 kg of textile 

waste 
-1.53 0.56 1.44  95 

Laboratory 

4 

Chemical 
Recover 

cotton73 

cradle-to-

gate 

1 kg of colored 

cotton yarn 
0.21 - 0.36 96 - 

Chemical 
Regenerated 

fibers377 

cradle-to-

gate 

1 ton of SaxCell 

dissolving pulp 
0.48 - - - - 
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Table A-2. A baseline for comparison from virgin cotton fibers, blend fibers and dissolving pulp from biomass. 

Product  System Boundary Functional Unit (FU) GHG kg CO2eq.  
Energy 

(MJ) 

Electricity 

(kWh) 

Virgin cotton189 cradle-to-gate 1kg  of virgin cotton 2.90 4.61  2.9 

Virgin cotton378 cradle-to-gate 1 cotton shirt (weight 0.28kg) 8.40 - - 

Virgin cotton379 Cradle-to-gate 1 cotton T-shirt (0.2 kg)  Normalized data 15.3 0.76 

Cellulose 

dissolving pulp254 
cradle-to-gate 1 kg of dissolving pulp 0.415 17.9  1.33 

 

Table A-3. Emissions factors for textiles from different waste management treatment (kg CO2eq./kg of textile waste). Data from the 

U.K.167 

Process  Emission factors in the U.K. 

Mechanical 

recycling of textiles 
0.02 

Energy from burning 

waste 
0.22 

Gasification 0.24 

Landfill 0.17 
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Table A-4. Other environmental impacts found in the literature and freshwater consumption reported. 

Process Product  Functional Unit 
Acidification g 

SO2 eq. 

Eutrophication g 

P eq. 

Freshwater 

consumption (kg) 

Mechanical 

recycling 

Recycled 

cotton67 

1 kg - H&M Recycled cotton 

fiber 
4.00 0.30 - 

Mechanical 

recycling 

Recycled 

fibers80 

1km of recycled (30% recycled 

cotton and 70% virgin cotton) 
0.76 0.13 82.1 

Chemical 

recycling 

Viscose 

fibers80 

1km of recycled (100% chemical 

recycled post-consumer cotton 

garments as raw material) 

3.50 0.69 13.6 

Chemical 

Recover Cotton 

Recycled 

fibers73 
1 kg of colored cotton yarn 2.50 0.21 - 
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Table A-5. Preliminary data collection for selling price and market size of potential products to be replaced.  

Process Product Applications 

Potential 

product to 

replace 

Price 

(USD/mt) 

Market size (million 

mt/year) 
Location Year Ref. 

Mechanical 

Recycling 

Composite 

Composite: 

polypropylene 

reinforcement 

Fiberglass 

935 14.3 Global 

2019 380 

Composite 

Composite: 

Polyester 

concrete 

Fiberglass 2019 380 

Chemical 

Recycling 

Regenerated 

cellulose 

fibers 

Rayon fibers Cotton 1,936 4.4 U.S 2019 60,381 

Dissolving 

pulp 

Dissolving 

pulp acetate 

Acetylated 

products 

Cellulose 

acetates 
1,300 

7.5 Global 2016 174 
Viscose rayon 

fibers 

Garment 

production 

Rayon 

fibers 
950 

Enzymatic 

hydrolysis  

Bioethanol Fuel, feedstock Ethanol 636 95.0 Global 2018 382 

Succinic acid 

from biomass 

Specialty 

chemicals 

Succinic 

acid from 

fossils 

3,480 0.055 U.S. 2016 383 

Anaerobic 

digestion 
Biogas 

Gas fuel - power 

generation 
Natural gas 2.87 $/MMBtu 82.1* U.S. 2018 80 

*Natural gas market size for the US is in billions of cubic feet per day 
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APPENDIX B: Supplementary information for Chapter 4 

Process-simulation-based life cycle assessment of specialty pulps 
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Process Modeling for Dissolving pulp Production 

In this section, information relevant to the operational conditions is shown. 

Prehydolysis Kraft Pulping 

Table SI- 1. Biomass composition for hardwoods and softwoods. 

Component Hardwood (%) Softwood (%) 

Cellulose 46 43 

Hemicellulose 28 23 

Lignin 24 30 

Extractives 1.5 3.5 

Ash 0.5 0.5 

 

Pulping yields for hardwoods were retrieved from384 and softwoods retrieved from385 

Table SI- 2. Yield data for each DP grade used in WinGEMS software. 

Inputs HW acetates HW viscose SW acetates SW viscose SW pulp 

PHK yield % 67.5 67.5 77.8 75.9 100 

Pulping yield % 34.6 36.20 37.3 39.0 45.89 

After bleaching 

yield % 

30.8 32.16 28.8 30.4 43.00 

Overall yield % 30.4 31.66 28.03 29.5 47.7 

 

Bleach Plant 

Bleaching is a process to increase the brightness of the pulp.266 Depending on the final 

product requirements, the %ISO brightness can be as high as 98% for dissolving pulp acetates 

grades.51,242,267–269 Bleaching is usually one of the largest water consumers within a pulp and 

paper mill. Depending on the pulp quality and final requirements, different process 

configurations of the bleaching process have been used by the industry.  
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Table SI-3. Typical bleaching chemicals and stages for the bleach plant.266,386 

Name Stage  Function Operating condition 

Chlorine dioxide D Oxidize, decolorize and 

solubilize lignin 

pH ~ 3 at 60 oC 

Oxygen O Oxidize and solubilize 

lignin 

90 oC to 100 oC 

Hydrogen peroxide P Oxidize and decolorize 

lignin 

pH>10 to 11 at 60 oC to 90 oC 

Ozone Z Oxidize, decolorize and 

solubilize lignin 

pH 2 to pH 3 at  

Sodium hydroxide E Alkaline extraction pH>10 to 11 at 60 oC to 90 oC 

Chelants: EDTA or 

DTPA 

Q Remove metal ions pH 5 to pH 10 at 60 oC to 90 oC 

 

Bleaching sequences used as inputs in the WinGEMS are shown in Table SI- 4 and Table SI- 5 

 

Table SI- 4. Bleaching sequence for high grades DP production models. 

High 

grades 

Stages D0 Eop D1 CCE P 

Chemical 

charge (%) 

on pulp 

Hardwood 

acetates 

ClO2=1 

H2SO4=0.5 

NaOH*=1 

H2O2=1 

ClO2=0.8 

H2SO2=0.8 

NaOH=8 NaOH=1 

H2O2=1 

Softwood 

acetates 

ClO2=2 

H2SO4=1.2 

NaOH*=1.75 

H2O2=1.75 

ClO2=1 

H2SO4=1 

NaOH=8 NaOH=1 

H2O2=1 
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Table SI- 5. Bleaching sequence for low grades DP production and market pulp. 

Low 

grades 

Stages Do Eo D1 Ep D2 

Chemical 

charge (%) 

on pulp 

Hardwood 

viscose 

ClO2=1 

H2SO4=0.5 

NaOH*=2 ClO2=0.8 

H2SO4=0.8 

H2O2=0.8 

NaOH=0.8 

ClO2=0.13 

H2SO4=0.68 

Softwood 

viscose 

ClO2=2 

H2SO4=1 

NaOH*=2 ClO2=1 

H2SO4=1 

H2O2=1 

NaOH=1 

ClO2=0.13 

H2SO4=0.68 

Softwood 

pulp 

ClO2=2 

H2SO4 =1 

NaOH*=2 ClO2=1 

H2SO4=1 

H2O2=1 

NaOH=1 

ClO2=0.13 

H2SO2=0.68 

 

Powerhouse 

The operating conditions for each boiler used in the simulations of the DP models as 

inputs in WingGEMs are shown in Table SI- 6. 

 

Table SI- 6. Operating condition used in the DP simulation for the powerhouse in WinGEMS. 

                     Boiler 

PHK mill 

Recovery 1 Recovery 2 Hog fuel  Power  

Temperature (oF) 900 750 750 937 

Pressure (psig)  1325 650 600 1200 

Efficiency (%) 67.8  73 83 

Steam capacity 

(lb/h) 

850,000 600,000 281,000  

Solids rate (lbs/day) 4,900,000 3,300,000  - 

 

The power consumption assumptions for the DP models are estimated with the factors 

shown in Table SI- 7 and  

Table SI- 8 for the pulp production area, the pulp dryer, and effluent treatment.174 Units 

are in kWh per ton of pulp. 
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Table SI- 7. Power model assumption for the two mills in study.174 

Areas pulp production kWh/ton  

Woodyard 104 

Circulating Batch Digester (DP grades) 156 

Batch Digester (MP) 88 

RDH digester - 

Washing & Screening 36 

Oxygen delignification - 

Deionized Water Preparation 20 

Bleaching 48 

Cleaning 100 

Evaporation 24 

Power Plant 24 

Caustizing & Lime Kiln 16 

Cooling Tower 16 

Raw Water 16 

Chlorine Dioxide Plant 8 

Ozone plant - 

Miscellaneous 24 

 

Table SI- 8. Power model assumption for the pulp dryer and effluent treatment. 

Area pulp dryer kWh/ton 

Stock prep 13 

Pulp dryer for DP grades 468 

Pulp dryer for market pulp  400 

Effluent treatment for DP grades  119 

Effluent treatment for softwood pulp 50 
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Emissions 

Emissions to water 

The emissions to water generated from the use of chlorine dioxide in the models are 

measured as Absorbable Organic Halides (AOX) and calculated with equation 2.266,279 It is 

assumed that AOX is reduced in a wastewater treatment plant to 80%. The ClO2 represents the 

amount of chlorine dioxide per ton of product used during the bleaching process, and 0.2 is the 

kappa factor. 

AOX (kg / ton of bleached pulp) =  0.2* ClO2  Eq. 0-1 

Furthermore, to quantify emissions to water as Biological Organic Demand (BOD), a 

value was retrieved from the sustainability report from the Camacari mill.387 The BOD reported 

was 3.53 kg/ADmt, which was included in the life cycle inventory for the Camacari models. An 

average value for COD for softwoods and hardwoods was used from279  

 

Emissions to air 

The amounts reported in the LCI for carbon dioxide (CO2) biogenic were obtained from 

the WinGEMs simulations since this is an output of the recovery boiler, and CO2 fossil was 

obtained from the power boiler. However, emissions such as methane (CH4) and nitrous oxide 

(N2O) were calculated using the EPA factors for kraft pulping liquor (black liquor)186 as shown 

in.187 
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Table SI- 9.  EPA emissions factor for CH4 and N2O. 

Fuel Type CH4 factor 

(g/mmBtu) 

N2O factor 

(g/mmBtu) 

Biomass fuels solids Wood and wood residuals 0.0072 0.0036 

Biomass fuels  North American softwood 0.0019 0.00042 

(Kraft pulping liquor, by 

wood furnish 

North American hardwood 0.0019 0.00042 

 

Results of LCA of Specialty pulp 

The results for the LCA for DP grades and SW pulp is presented in the following section 

LCA 

This section presents the results for the DP models built in OpenLCA 

Contribution analysis per model  

A detail contribution analysis for DP production can be seen in Table SI- 10 to         

Table SI- 14  
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Table SI- 10. Contribution analysis for HW acetates. 

Category Acidifi-

cation 

Carcino-

genics 

Eco-

toxicity 

Eutro-

phication 

Fossil fuel 

depletion 

Global 

warming 

Non 

carcinogenics 

Ozone 

depletion 

Respiratory 

effects 

Smog 

Total 4 0 10586 6 1418 1010 0 0 8 42 

Electricity 1 0 1242 1 105 151 0 0 0 3 

Sodium 

hydroxide 

1 0 2576 1 159 218 0 0 0 13 

Sodium 

chlorate 

1 0 1567 1 80 121 0 0 0 6 

Biomass 0 0 98 0 111 82 0 0 0 11 

Natural 

gas 

1 0 132 0 779 30 0 0 0 1 

Transport 0 0 326 0 85 39 0 0 7 5 

Solid 

waste 

0 0 4003 1 7 26 0 0 0 1 

Other 

chemicals 

0 0 642 0 91 59 0 0 0 2 

Credits 0 0 0 0 0 0 0 0 0 0 

On-site 

emissions 

1 0 0 2 0 284 0 0 0 0 
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Table SI- 11. Contribution analysis for HW viscose 

Category Acidificati

on 

Carcinogeni

cs 

Ecotoxicit

y 

Eutrophicati

on 

Fossil 

fuel 

depletio

n 

Global 

warmin

g 

Non 

carcinogeni

cs 

Ozone 

depletio

n 

Respirato

ry effects 

Smo

g 

Total 4 0 9109 6 1354 901 0 0 7 34 

Electricity 1 0 1479 2 124 180 0 0 1 4 

Sodium 

hydroxide 

0 0 749 0 46 63 0 0 0 4 

Sodium 

chlorate 

1 0 1699 1 87 132 0 0 0 7 

Biomass 0 0 94 0 107 79 0 0 6 11 

Natural 

gas 

1 0 134 0 790 30 0 0 0 1 

Transport 0 0 313 0 82 37 0 0 0 5 

Solid 

waste 

0 0 3807 1 7 24 0 0 0 0 

Other 

chemicals 

0 0 834 0 110 63 0 0 0 4 

Credits 0 0 0 0 0 0 0 0 0 0 

On-site 

emissions 

1 0 0 2 0 293 0 0 0 0 
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Table SI- 12. Contribution analysis for SW acetates 
Categor

y 

Acidificati

on 

Carcinogeni

cs 

Ecotoxicit

y 

Eutrophicati

on 

Fossil 

fuel 

depletio

n 

Global 

warming 

Non 

carcinogeni

cs 

Ozone 

depletio

n 

Respirator

y effects 

Smo

g 

Total 4 0 14321 7 990 860 0 0 1 50 

Electrici

ty 

0 0 1084 1 100 132 0 0 0 3 

Sodium 

hydroxid

e 

1 0 2935 1 174 237 0 0 0 14 

Sodium 

chlorate 

1 0 1978 1 150 227 0 0 0 11 

Biomass 1 0 352 0 260 130 0 0 0 21 

Natural 

gas 

0 0 40 0 237 9 0 0 0 0 

Transpo

rt 

0 0 4816 0 92 42 0 0 0 5 

Solid 

waste 

0 0 732 1 9 34 0 0 0 1 

Other 

chemical

s 

1 0 3971 0 164 88 0 0 0 4 

Credits -1 0 -1588 -1 -195 -138 0 0 0 -10 

On-site 

emission

s 

1 0 0 3 0 97 0 0 0 0 
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Table SI- 13. Contribution analysis for SW viscose 

Categor

y 

Acidificati

on 

Carcinogeni

cs 

Ecotoxicit

y 

Eutrophicati

on 

Fossil 

fuel 

depletio

n 

Global 

warming 

Non 

carcinogeni

cs 

Ozone 

depletio

n 

Respirator

y effects 

Smo

g 

Total 4 0 12156 5 964 757 0 0 1 40 

Electrici

ty 

1 0 1497 1 138 182 0 0 1 5 

Sodium 

hydroxid

e 

0 0 705 0 44 60 0 0 0 3 

Sodium 

chlorate 

1 0 3038 1 156 235 0 0 0 12 

Biomass 1 0 1887 0 248 124 0 0 0 20 

Natural 

gas 

0 0 55 0 328 13 0 0 0 0 

Transpo

rt 

0 0 336 0 88 40 0 0 0 5 

Solid 

waste 

0 0 5161 1 8 32 0 0 0 1 

Other 

chemical

s 

0 0 1020 0 146 77 0 0 0 4 

Credits -1 0 -1544 -1 -192 -135 0 0 0 -10 

On-site 

emission

s 

1 0 0 2 0 129 0 0 0 0 
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Table SI- 14. Contribution analysis for SW pulp 

Category Acidificatio

n 

Carcinogeni

cs 

Ecotoxicit

y 

Eutrophicati

on 

Fossil 

fuel 

depletio

n 

Global 

warmin

g 

Non 

carcinogeni

cs 

Ozone 

depletio

n 

Respirator

y effects 

Smo

g 

Total 3 0 10669 6 1008 786 0 0 1 33 

Electricit

y 

1 0 1807 2 166 220 0 0 1 6 

Sodium 

hydroxid

e 

0 0 778 0 48 66 0 0 0 4 

Sodium 

chlorate 

1 0 2575 1 132 200 0 0 0 10 

Biomass 0 0 1108 0 145 73 0 0 0 12 

Natural 

gas 

0 0 76 0 450 17 0 0 0 1 

Transpor

t 

0 0 197 0 51 23 0 0 0 3 

Solid 

waste 

0 0 4113 1 6 24 0 0 0 0 

Other 

chemicals 

1 0 979 0 134 77 0 0 0 4 

Credits -1 0 -964 -1 -125 -85.6 0 0 0 -6 

On-site 

emissions 

0 0 0 3 0 171 0 0 0 0 
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Hotspot Analysis for the DP grades and market pulp 

 
Figure SI- 1. Hardwoods viscose 
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Figure SI- 2. Softwoods acetates 
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Figure SI- 3. Softwood viscose 
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Figure SI- 4. Softwood pulp 
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APPENDIX C: Supplementary information for Chapter 5 

STOCHASTIC MULTI-ATTRIBUTE ANALYSIS (SMAA) TO ASSESS THE OVERALL 

SUSTAINABILITY INCORPORATING ENVIRONMENTAL, ECONOMIC, AND 

SOCIAL DIMENSIONS FOR NONWOVEN PRODUCTS FROM WOOD FIBER, 

AGRICULTURAL FIBER, SEMI SYNTHETIC CELLULOSIC, AND PLASTIC FIBER 
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Environmental criteria 

 

The normalized results for the environmental impacts of the four wet wipes alternatives is 

presented below 

 

 
Fig. C-1 Normalized environmental impacts for wipes produced from viscose, wood pulp, hemp 

and polypropylene. F.U. is 1,000 wipes. 
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Table- C1 –Indicators. SMAA tool-threshold calculation, preference and indifference. 
Indicator Unit Viscose Wood 

pulp 

Hemp Poly-

propylene 

Viscose Wood 

pulp 

Hemp Poly-

propylene 

Pre-

ference 

In-

difference 

mean_iA mean_iB mean_iC mean_iD s_XA s_XB s_XC s_XD P_X Q_X 

Environment 

Acidification kg SO2 eq 0.0597 0.0069 0.0193 0.0312 0.0387 0.3410 0.0111 0.0215 -0.1031 -0.0516 

Ecotoxicity CTUe 178.54 -316.27 47.88 134.08 342.37 0.34 104.93 310.6329 -189.5691 -94.7845 

Eutrophication kg N eq 0.0378 0.0116 0.0268 0.0305 0.0288 0.3413 0.0162 0.0271 -0.1033 -0.0517 

Fossil fuel 

depletion 

MJ surplus 7.1356 1.7107 2.5954 20.4641 4.4375 0.3414 1.7449 13.9984 -5.1306 -2.5653 

Global warming kg CO2 eq 7.3052 0.7620 2.1334 7.1999 4.6376 0.3415 1.2792 4.8607 -2.7798 -1.3899 

Ozone depletion kg CFC-11 

eq 

1.57E-06 3.05E-07 2.87E-07 1.71E-06 9.99E-07 3.42E-01 1.60E-07 1.17E-06 -0.0854 -0.0427 

Respiratory 

effects 

kg PM2.5 eq 1.28E-02 2.32E-03 3.62E-03 8.83E-03 8.05E-03 3.42E-01 1.96E-03 6.03E-03 -0.0894 -0.0447 

Smog kg O3 eq 0.4559 0.1224 0.1513 0.3626 0.2988 0.3418 0.0881 0.2442 -0.2432 -0.1216 

  

Economic 

Cost $ 3.65 2.61 4.30 2.91 0.90 0.66 1.06 0.72 -0.83 -0.42 

  

Social 

HHTC 

Carcinogenics 

kg 1,4, 

dichloro-

benzene 

95.17 30.50 22.62 66.59 411.78 301.00 74.44 144.22 -232.86 -116.43 

HHTC Non 

carcinogenics 

kg 1,4, 

dichloro-

benzene 

5520.97 1369.52 1001.31 3127.43 65968.36 6237.27 1080.37 5604.40 -19722.60 -9861.30 

Illness #injuries 3.17E-05 3.60E-06 7.91E-05 4.05E-06 8.11E-06 9.18E-07 4.07E-05 1.00E-06 -1.27E-05 -6.34E-06 

litter Scores 1-

100% 

10.03 20.00 19.95 100.75 2.49 4.92 9.80 25.70 -10.72 -5.36 
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Economic criteria 

 

Table C-2. Summary price search for raw materials 
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Social criteria. 

 

Health and safety indicator 

 

 

a) Production of wet wipes from viscose  

Forestry operations 
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑓𝑜𝑟𝑒𝑠𝑡𝑟𝑦 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
2.8 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒
×

34,180 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

167,864,728 𝑚𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
×

100% 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

30% 𝑣𝑖𝑠𝑐𝑜𝑠𝑒 𝑝𝑢𝑙𝑝
×

1𝑚𝑡

1,000 𝑘𝑔

×
1.4𝑘𝑔

1,000 𝑤𝑖𝑝𝑒𝑠
 

 

 

 

Pulp processing 

 
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑝𝑢𝑙𝑝 𝑎𝑛𝑑 𝑝𝑎𝑝𝑒𝑟 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
2.2 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒
×

352,700 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

167,864,728 𝑚𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
×

100% 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

30% 𝑣𝑖𝑠𝑐𝑜𝑠𝑒 𝑝𝑢𝑝
×

1𝑚𝑡

1,000 𝑘𝑔

×
1.4𝑘𝑔 𝑣𝑖𝑠𝑐𝑜𝑠𝑒

1,000 𝑤𝑖𝑝𝑒𝑠
 

 

Viscose fiber production 

 
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑆𝑝𝑖𝑛𝑛𝑖𝑛𝑔 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
1.9 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒
×

186,600 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

167,864,728 𝑚𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
×
100% 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

30% 𝑡𝑜 𝑣𝑖𝑠𝑐𝑜𝑠𝑒
×

1𝑚𝑡

1,000 𝑘𝑔

×
1.4𝑘𝑔 𝑣𝑖𝑠𝑐𝑜𝑠𝑒

1,000 𝑤𝑖𝑝𝑒𝑠
 

 

b) Production of wet wipes from wood pulp  

 

 Forestry operations 

 
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑓𝑜𝑟𝑒𝑠𝑡𝑟𝑦 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
2.8 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒
×

34,180 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

167,864,728 𝑚𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
×
100% 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

50% 𝑤𝑜𝑜𝑑 𝑝𝑢𝑙𝑝
×

1𝑚𝑡

1,000 𝑘𝑔

×
1.4𝑘𝑔

1,000 𝑤𝑖𝑝𝑒𝑠
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Pulp and paper manufacturing 

 
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑝𝑢𝑙𝑝 𝑎𝑛𝑑 𝑝𝑎𝑝𝑒𝑟 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
2.2 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒
×

352,700 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

167,864,728 𝑚𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
×
100% 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

50% 𝑤𝑜𝑜𝑑 𝑝𝑢𝑙𝑝
×

1𝑚𝑡

1,000 𝑘𝑔

×
1.4𝑘𝑔

1,000 𝑤𝑖𝑝𝑒𝑠
 

 

 

c) Production of wet wipe from hemp fibers 

 

Agricultural operations 
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑎𝑙 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
5.2 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒
×

299,610 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

250,000,000 𝑎𝑐𝑟𝑒𝑠 𝑎𝑔
×

1 𝑎𝑐𝑟𝑒𝑠 

0.40467 ℎ𝑒𝑐𝑡𝑎𝑟𝑒

×
1 ℎ𝑒𝑐𝑡

10 𝑡𝑜𝑛 ℎ𝑒𝑚𝑝 𝑠𝑡𝑟𝑎𝑤
×
1.1023 𝑡𝑜𝑛

1 𝑚𝑡
×
100 % ℎ𝑒𝑚𝑝 𝑠𝑡𝑟𝑎𝑤

30% ℎ𝑒𝑚𝑝 𝑓𝑖𝑏𝑒𝑟
×

1𝑚𝑡

1,000 𝑘𝑔

×
1.4𝑘𝑔 ℎ𝑒𝑚𝑝 𝑓𝑖𝑏𝑒𝑟

1,000 𝑤𝑖𝑝𝑒𝑠
 

 

Hemp pulp production 

 
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑝𝑢𝑙𝑝 𝑎𝑛𝑑 𝑝𝑎𝑝𝑒𝑟 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
2.2 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒
×

352,700 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

167,864,728 𝑚𝑡 ℎ𝑒𝑚𝑝 𝑠𝑡𝑟𝑎𝑤
×
100% ℎ𝑒𝑚𝑝 𝑠𝑡𝑟𝑎𝑤

30% ℎ𝑒𝑚𝑝 𝑓𝑖𝑏𝑒𝑟

×
1𝑚𝑡

1,000 𝑘𝑔
×
1.4𝑘𝑔 ℎ𝑒𝑚𝑝 𝑓𝑖𝑏𝑒𝑟

1,000 𝑤𝑖𝑝𝑒𝑠
 

 

 

d) Production of wet wipe from polypropylene 

 

Oil and Gas Extraction sector 

 
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑜𝑖𝑙 𝑎𝑛𝑑 𝑔𝑎𝑠 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
1.2 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒
×
154,000 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

10.9 ∗ 106 𝑏𝑝𝑑
×
350 𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟

×
0.147 𝐵𝐵𝐿

𝑚𝑡 𝑜𝑓 𝑝𝑜𝑙𝑦𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒
𝑥

1𝑚𝑡

1,000 𝑘𝑔
×
1.4𝑘𝑔 𝑝𝑜𝑙𝑦𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒

1,000 𝑤𝑖𝑝𝑒𝑠
 

 

Plastic manufacturing 
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#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑜𝑖𝑙 𝑎𝑛𝑑 𝑔𝑎𝑠 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
1.9 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒

×
713,700 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

121,600,000 𝑚𝑡 𝑡ℎ𝑒𝑟𝑚𝑜𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑠 

121,600,000 𝑚𝑡 𝑡ℎ𝑒𝑟𝑚𝑜𝑝𝑙𝑎𝑠𝑡.

7,650,000 𝑚𝑡 𝑜𝑓 𝑝𝑜𝑙𝑦𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒
𝑥

1𝑚𝑡

1,000 𝑘𝑔

×
1.4𝑘𝑔 𝑝𝑜𝑙𝑦𝑝𝑟𝑜𝑝𝑦𝑙𝑒𝑛𝑒

1,000 𝑤𝑖𝑝𝑒𝑠
 

 

e) Injuries during nonwoven processing for each type of wipes produced 

 

 

 

 

Nonwoven operations 

 
#𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

𝑛𝑜𝑛𝑤𝑜𝑣𝑒𝑛 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦

=
2.7 𝑖𝑛𝑗𝑢𝑟𝑖𝑒𝑠

100 𝑝𝑒𝑜𝑝𝑙𝑒
×

16,330 𝑒𝑚𝑝𝑙𝑜𝑦𝑒𝑒𝑠

2,646,000 𝑛𝑜𝑛𝑤𝑜𝑣𝑒𝑛𝑠 𝑖𝑛𝑑. 𝑡𝑜𝑛𝑠

×
2,646,000 𝑛𝑜𝑛𝑤𝑜𝑣𝑒𝑛𝑠 𝑖𝑛𝑑. 𝑡𝑜𝑛𝑠

394,240 𝑡𝑜𝑛𝑠 𝑓𝑜𝑟 𝑤𝑖𝑝𝑒𝑠
×

1𝑡𝑜𝑛 𝑤𝑖𝑝𝑒𝑠

1,000 𝑘𝑔 𝑤𝑖𝑝𝑒𝑠
×

1.4 𝑘𝑔

1,000 𝑤𝑖𝑝𝑒𝑠
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Fig. C-2 Road map to apply SMAA to the environmental, economic and social and integrated 

sustainability criteria for decision making 

 

 

 

 

 

Outranking comparison 

 

 
Fig. C-3. Outranking normalization as expressed by Rogers and Seagers.308 
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Fig. C-4. Pedigree Matrix388 
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The overall probabilistic distribution for each alternative can be found below 

 

 

 

 
Fig. C-5. Probabilistic distribution for the environmental criteria 

 

 

 

 

 

 

 
Fig. C-6 Probabilistic distribution for the economic criteria 

 

 



242 

 

 
Fig. C-7. Probabilistic distribution for the social criteria 

 

 

 

 

 
Fig. C-8. Probabilistic distribution for the social criteria including the proposed litter score  
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