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ABSTRACT 

LIFE CYCLE ASSESSMENT OF RICE RESIDUE-BASED BIOCHAR 

PRODUCTION AND APPLICATION IN WASTEWATER TREATMENT 

Ziqi Chen 

University of Guelph, 2019

Advisor(s): 

Dr. Bassim E. Abbassi 

Dr. Ramesh P. Rudra 

Biochar is a carbon-rich material that could be produced through pyrolysis of agricultural residues 

such as rice straw and rice husk. Biochar has been proven to be an efficient adsorbent used in 

wastewater treatment. As the most common way to dispose of agricultural residues is on-field open 

burning, biochar production was considered as a possible method of agricultural residue 

valorization. To investigate the impacts of biochar production and its potential in agricultural 

residue disposal, a life cycle assessment was performed to quantify the impacts of four types of 

rice straw and rice husk biochar in this study. By comparing the impacts between rice straw open 

burning and biochar production, environmental benefits were found in global warming, 

acidification, smog formation and particulate matter formation. This reveals the feasibility of rice 

residue-based biochar production as opposed to open burning. The impacts of biochar application 

in wastewater treatment system were also investigated by implementing life cycle assessment. The 

results showed that substantial mitigations could be achieved by treating wastewater using biochar. 
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Chapter 1. Introduction 

1.1. Biochar Application as Tertiary Wastewater Treatment 

Generation of municipal wastewater (MWW) is a critical sanitation matter as a result of its 

enormous volume and composition. Some of the contaminants in MWW cannot be degraded and 

entirely removed by traditional primary and secondary treatment processes. According to the data 

from the Government of Canada, municipal wastewater effluent is the most significant point-

pollution source to surface water in Canada because of enormous volume (Government of Canada, 

2017). Though collected and treated, wastewater continues to pose a potential threat to the 

environment and public health. In 2006, a daily average of 668 L of wastewater per person was 

collected by sanitary sewers and treated in wastewater treatment plants, whereas 65% was 

contributed by residential wastewater (Statistics Canada, 2012). Generally, municipal wastewater 

is degraded using primary and secondary treatment and then discharged into a wide range of water 

bodies such as lakes, ponds, streams, rivers estuaries and oceans (Statistics Canada, 2012; CCME, 

2006). Although most of the municipal wastewater is collected and treated centrally, there is still 

a substantial amount of residual nitrate, ammonium, phosphorus, heavy metals and some emerging 

contaminants discharged to the receiving water bodies. This is attributed to an enormous amount 

of discharge of municipal wastewater and limited degradation capability of present wastewater 

treatment technologies, which could potentially lead to eutrophication and aquatic environmental 

problems. 

The incomplete elimination of emerging compounds (ECs) is another issue because of trace 

concentration and inefficient degradation in conventional bioprocess-based wastewater treatment 

(Fono & McDonald, 2008; Petrovic et al., 2008). Stasinakis et al. (2013), detected the removal 

efficiency of conventional primary and secondary treatment on multiple kinds of ECs and pointed 
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out that 66% of the selected ECs were degraded to a less extent or existed at higher concentration 

in the effluent. Potential sources of ECs could be a wide range of human activities such as human-

made chemicals synthesized to be disinfectants and industrial production, consumer goods and by-

products (Petrovic et al., 2008). Not only the release of ECs into the environment is of importance, 

but also their effects on the performance of the wastewater treatment plants are of particular 

significance (Gillis et al., 2014; Fairbairn et al., 2016). American Water Works Association (2008) 

classified ECs into seven classes including pharmaceuticals, personal care products (PCPs), 

detergent metabolites, plasticizers, perfluoro octane surfactants, brominated flame retardants and 

disinfection byproducts (Fono & McDonald, 2008). Nowadays, most of the studies have 

centralized on pharmaceuticals since some kinds of drugs, especially endocrine-disrupting 

chemicals, could affect human health at tiny concentration and they can easily enter human bodies 

through bioaccumulation and drinking water (Fono & McDonald, 2008). It is worth noting that the 

toxicity of most of ECs toward human being and ecosystem remains unknown, especially for the 

effects of long-term and low-concentration exposure (Smital, 2008; Fono & McDonald, 2008). 

Heavy metals could exist in the effluent from various industrial processes such mining, 

smelting and nuclear power generation, which threaten human health and ecosystem due to high 

toxicity, accretion and transformation inside the environment for a long-term, bioaccumulation 

and potential radiation. Among all those heavy metal treatment techniques, adsorption is regarded 

as an effective and relatively low-cost method (Park et al., 2016). Various materials have been 

studied and applied to the adsorption of heavy metals such as activated carbon or modified 

activated carbon (Kim et al., 2011; Alhashimi & Aktas, 2017) and Mobil Composition of Matter, 

MCM-41 (Dimos et al., 2009; Martin et al., 2017). However, a considerable effort is still required 

to find a kind of adsorbent with low cost, higher capacity and better sustainability. 
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Biochar is a carbonized material that can be synthesized by thermal decomposition of a wide 

range of biomass under the conditions of limited supply of oxygen and relatively lower 

temperature (Lehmann & Joseph, 2009). Precursors for biochar can be any carbon-rich material 

including crop or plant fibre (Moreira & Feijoo, 2017; Inyang & Dickenson, 2015), algal (Yu et 

al., 2017) and organic solid waste or sludge (Xiao et al., 2017; Godlewska et al., 2017; Moreira & 

Feijoo, 2017; Ho et al., 2017; Abdelhadi et al., 2017). Through thermal decomposition, biomass 

would break down and form biochar with a porous structure, which enables biochar to have the 

capability of adsorbing various organic and inorganic contaminants in soil and wastewater. Recent 

years, with the increasing demand of contaminant elimination level and awareness of sustainable 

development, biochar has caught more and more attention due to its promising competence and 

potential of treating various pollutants including ECs and heavy metals (Inyang et al., 2016; Inyang 

& Dickenson, 2015). Biochar has also been proven to be capable of adsorbing nutrients in the 

wastewater (Li et al., 2016). Porous palm residues derived biochar was used by Li et al. (2016) to 

treat wastewater with high nitrogen and phosphorus level and achieved 80% and 68% removal 

efficiency for ammonium and phosphorus respectively. Other researches explored the 

contaminants removal potential of many types of biochar and got satisfying sorption capacities as 

well (Rajapaksha et al., 2016).  

1.2. Biochar as Potential Alternative of Disposal Agricultural Residues  

Rice is the second largest crop worldwide with a production of 721.4 MT, and 90.48% of the 

total amount of rice is growing in Asian (Singh et al., 2016). After crop harvest, about 330 MMT 

agricultural waste would be left for disposal in India (Singh et al., 2016). However, the most 

common disposal practice for rice straw is open burning, which releases large amounts of 

greenhouse gases, nitrogen oxides, sulphur oxides and particulates into the atmosphere and incurs 
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smog and air pollution. By pyrolyzing biochar using agricultural waste such as rice straw and rice 

husk and applying biochar for wastewater treatment, the resource could be fully circulated and 

reused, so that sustainable development would be achieved in this way. Another advantage for 

biochar is that it has a relatively lower cost compared to other adsorbents such activated carbon, 

and the generation and regeneration of activated carbon are costly and power-intensive (Huggins 

et al., 2016). Overall, promising sorption capacity of various contaminants and lower cost make 

biochar a sustainable and ideal type of adsorbent for treatment of wastewater. 

1.3. Life Cycle Assessment 

Life Cycle Assessment (LCA) is an efficient tool to give a comprehensive evaluation of the 

impacts of all stages, which is a “cradle-to-grave” approach that can be applied to many products 

and systems including wastewater treatment using biochar. Up to now, most of the studies of 

biochar focused primarily in the removal efficiency. However, the generation of biochar could 

consume energy, and there are also some by-products that could have unforeseen potential 

environmental impacts. An in-depth investigation is needed to quantitatively justify the 

environmental benefits and impact of biochar by taking consideration of wastewater treatment 

efficiency and potential negative impact during production, construction and disposal. In many 

traditional analyses, some processes that have environmental impacts potentially may be neglected 

such as raw material extraction, material transportation and ultimate product disposal. In LCA, the 

assessment begins with the collection of raw material to the manufacture and ends up with the 

disposal and return of every single kind of materials, which enables a more comprehensive 

estimation including cumulative environmental impacts. 
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1.4. Study Objectives 

In this research, several objectives are to be achieved by conducting life cycle assessment using 

SimaPro 8.0 software utilizing the data collected from previous experiments, reliable databases 

and literatures. The main research objectives are summarized as follows: 

1). Comprehensive review of the current status of agricultural residues disposal and 

determination of major contaminants released during rice straw open burning. By using life cycle 

assessment and data collected from databases and literatures, the midpoint impacts of rice straw 

open burning are to be revealed. 

2). Compare three different life cycle impact assessment (LCIA) methods based on aspects of 

method structures and included substances. Elaboration on consistency and discrepancy will be 

highlighted. 

3). Quantification of the midpoint impacts of four types of biochar: RH340 and RHA340 

biochar that made from rice husk, RS400 and RS500 biochar that made from rice straw. By 

comparing the impacts between rice straw open burning and biochar production, net environmental 

benefits are to be discovered. 

4). Determination of the environmental impacts of RS500 (rice straw at 500 ℃) biochar 

wastewater treatment system and investigation of the distribution of each phase. Impacts of non-

treated wastewater and biochar wastewater treatment system are to be compared in order to see if 

there are any environmental offsets gained by treating wastewater using biochar.  

1.5. Thesis Arrangement and Contents 

This thesis consists of six chapters and arranged as: 

• Chapter 1. Introduction 
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Significances of this study were discussed above together with objectives and arrangement of 

the thesis as listed here. 

Chapter 2. literature review 

Background of agricultural residue disposal, impacts of rice straw open burning and biochar 

production and previous studies of biochar application are reviewed first. Development and 

framework of life cycle assessment are introduced in the following context together with selected 

impact assessment methods. Previous studies related to life cycle assessment of rice straw open 

burning and LCIA method comparison are also reviewed. Research gaps are discussed in this 

chapter. 

• Chapter 3. Life cycle assessment of rice straw open burning 

The potential environmental impacts of 1 kg dry rice straw on-field open burning are assessed 

using LCA. Results of three LCIA methods: TRACI, ReCiPe (H) and CML-IA baseline are 

compared to get a more comprehensive understanding. Consistency and discrepancy are discussed. 

• Chapter 4. Life cycle assessment of different types of biochar 

Impacts of 1 kg biochar production considering phases of materials, syngas emissions, 

transportation and energy demands are quantified using TRACI and ReCiPe (H) in this chapter. 

Four types of biochar are assessed: RH340 (rice husk biochar at 340 ℃), RHA340 (rice husk 

biochar at 340 ℃ with steam activation), RS400 (rice straw biochar at 400 ℃), and RS500 (rice 

straw biochar at 500 ℃). Impacts of different rice straw disposal methods (open burning vs biochar 

production) are compared to investigate if there is any net benefit would be gained by turning rice 

straw into biochar instead of directly open burning. 

• Chapter 5. Life cycle assessment of biochar wastewater treatment system 

The potential impacts of treating 1 m3 wastewater containing some typical contaminants, heavy 
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metals and hormones using a small scale RS500 biochar wastewater treatment system are studies 

by conducting life cycle assessment. Two operation conditions with different flow rate are assessed 

in this chapter. To investigate the mitigation effect, the impacts of biochar wastewater treatment 

system are compared with the impacts of non-treated wastewater.  

• Chapter 6. Conclusion and recommendation 

Conclusions were summarized from previous results. Some recommendations would be given.  
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Chapter 2. Literature Review 

2.1.  Background 

2.1.1. Disposal of Agricultural Residue 

Disposal of agricultural residues is a global concern that has a broad horizon for research 

development. Rice production, which is a main agricultural activity in Asia, generates loads of rice 

straw in the field. It is reported that 112 MMT rice straw and 22.4 MMT rice husk are produced in 

India by rice products. This poses a severe challenge to handle this waste properly (Singh et al., 

2016). However, most of the rice straw was treated crudely and inappropriately. Open burning 

infield is the most common disposal methods in many areas (Chang et al., 2013). The reasons for 

this situation could vary. The primary reason is that open burning on field is a convenient and 

time-saving method to remove the agricultural residues, so that next crop can be prepared and 

planted on time (Chang et al., 2013). This is an illegal activity (Soam et al., 2017). Another reason 

is that the nutrients contained in the straw could be released to the field with rice straw burning 

ash to promote the yield of next crop. Also, it is an effective way to control weeds (Gadde et al., 

2009). 

Agricultural residues open burning without control will cause hosts of emissions of hazardous 

and greenhouse gases as a result of improper and insufficient control of the burning process. It was 

estimated that 0.37, 2.8, 1100, 67, 3.1, and 12 Tg of SO2, NOX, CO2, CO, CH4 and NMVOC, 

respectively, are discharged to the air due to biomass open burning in Asia (Streets et al., 2003). 

This represents a key factor of air pollution in that region. Moreover, open burning of biomass is 

an unfavourable approach to valorize crop residues by generating energy or producing other 

chemical substances such as ethanol (Diep et al., 2015; Helwig et al., 2002), bio-oil (Bridgewater, 

2012) or biochar (Moreira & Feijoo, 2017). Multiple measurements have been taken to help deal 
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with agricultural biomass in a more sustainable way including producing combustion, anaerobic 

digestion and pyrolysis and gasification. Gadde et al. (2009) reported about 14 MJ/kg of energy to 

be generated from rice straw and rice husk incineration, however, with high ash content (about 

20%), which could be an obstacle for further up-scale (Ministry of Economic Affairs of 

Netherland, 2013). Pyrolysis is another advanced technique that turns the agricultural residue into 

resources with productions of bio-oil, syngas and biochar in different ratios depending on the 

pyrolysis conditions and feedstock. Among these, bio-oil and syngas could be utilized as fuels and 

biochar could be a right material for many purposes such as soil amendment, water treatment and 

co-firing with coal (Huang et al., 2013). 

2.1.2. Applications and environmental offsets of rice husk and rice straw biochar 

Over centuries, multiple rice husk and straw disposal methods are proposed to achieve the goal 

of agricultural sustainability and the main processes include incorporation in the field (Soam et al., 

2017), electricity generation (Soam et al., 2017; Park et al., 2014), methanol production (Gullu & 

Demirbas, 2001), biofuel production (Song et al., 2012) and pyrolysis for bio-oil, syngas and 

biochar. As a porous carbon-rich material, biochar caught researchers’ attention recently since it 

can be used for various purposes. It was reported that biochar was found to be a suitable sorbent 

that can be used to treat wastewater and also has been proved to be a soil conditioner through 

which greenhouse gases emission could be mitigated (Zhang et al., 2013). Also, syngas and bio-

oil, as co-products of biochar, can be utilized as biofuels to replace fossil fuels on energy and heat 

generation. 

Rice husk and rice straw were ideal biomass to produce biochar because of high contents of 

hemicellulose, cellulose and lignin, which were essential components of thermochemical 

decomposition. Rice husk and rice straw derived biochar was intensively studied and applied 
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mainly as soil amendment and to adsorb heavy metals and organic contaminants such as 17-

Estradiol, an endocrine-disrupting compound existing in water bodies (Wang et al., 2017). In the 

meantime, it has been proved to be a potent greenhouse gases mitigation that reduces the release 

of CO2 and CH4 from soil. With rice husk and rice straw biochar addition, researchers found 

significant improvements of soil porosity, available water retention and saturated hydraulic 

conductivity (Masulili et al., 2010), which lead to an increase of shoot height of rice in paddy soil 

(Pratiwi & Shinogi, 2016) and seed germination in sand-based soil (Li et al., 2018). Also, a 

considerable reduction of CH4 was observed by applying rice husk biochar into paddy soil (Pratiwi 

& Shinogi, 2016). A similar result was found by Ly et al. (2015). Recently, biochar is also 

considered as an effective material utilized on soil and sediment in-site remediation. Lou et al. 

experimented to explore the feasibility of adsorbing pentachlorophenol in sediment by applying 

rice straw biochar, and they revealed that biochar could be an effective material for soil organic 

pollution remediation (Lou et al., 2011). Further research was reported by Lu et al. (2012). By 

adding rice straw biochar pyrolyzed under 350 ℃ to the soil, sustained release of two types of 

herbicides (acetochlor and 2,4-D) could be achieved to maximize their efficacy and reduce 

environmental impacts at the same time (Lu et al., 2012). The effects of rice straw biochar 

application on heavy metal polluted soil remediation were studied by Jang et al. (2012) in southern 

China. However, the potential role of biochar on soil and sediment remediation still needs full 

understanding (Ghosh et al., 2011). Rice husk and rice straw biochar was also used to treat various 

organic and inorganic pollutant in wastewater found in previous studies (Bahrami et al., 2018; 

Goswami & Kumar, 2018; Lingamdinne et al., 2015; Tan et al., 2018; Dong et al., 2017; Wang et 

al., 2017; Wu et al., 2018). Some researchers investigated the effects of rice husk and rice straw 

biochar addition on dewatering sludge combined with aluminum chloride (Guo et al., 2019) and 
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ferric chloride (Wu et al., 2016). Significantly better dewaterability could be achieved by using 

biochar together with AlCl3 and FeCl3 (Guo et al., 2019; Wu et al., 2016). Other applications of 

rice husk and rice straw biochar include: enhance CH4 yield during municipal solid waste 

anaerobic digestion process (Qin et al., 2017) and strengthen high-density polyethylene 

composited (Zhang et al., 2018). 

Life Cycle Assessment (LCA) is an efficient tool to give a comprehensive evaluation of the 

impacts of all stages, which is a “cradle-to-grave” approach that can apply to many products and 

some researchers studied the environmental offsets obtained by rice straw and rice husk pyrolysis 

instead of biomass combustion using LCA approach. A comparative LCA was conducted between 

different rice straw disposal methods and compared with the impacts of open burning in India by 

Soam et al. (2017) under the framework defined by ISO 14040/44, and the environmental impacts 

of 1-ton dry rice straw process were quantified. By using baseline version of CML method, four 

environmental impacts were considered based on previous studies and current problems, 

including: (1) Global warming potential converted as kg CO2 equivalent (2) Eutrophication 

potential converted as kg PO4 equivalent (3) Acidification potential converted as kg SO2 equivalent 

(4) Photochemical oxidants creation potential converted as kg C2H4 equivalent. Although many 

emissions could be detected during open burning of rice straw, only the emissions of CO2, CO, 

NOx, SO2 and particles were used as their indicators. After the study, the researchers found net 

reductions of all the four environmental categories as a result of using electricity generation and 

biogas production to replace straw open burning disposal, with 1471 and 1023 kg CO2 eq. 

reduction in terms of global warming, 15 and 3.4 kg SO2 eq. reduction in terms of acidification, 

6.7 and 7.1 kg C2H4 eq. reduction in terms of photochemical oxidation creation potential 

respectively. Also, Soam et al. (2017) pointed out that those rice straw utilization could be good 
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alternatives to avert rice straw open burning. Peters et al. (2015) conducted a life cycle assessment 

to compare the environmental impacts of biomass direct combustion and that of biomass pyrolysis 

to produce biochar and apply into the soil. A conclusion was drawn that a significant global 

warming potential reduction could be achieved compared with biomass direct burning by using 

biochar as a soil amendment in a given biomass pyrolysis system (Peters et al., 2015).  

Although significant efforts have been made in this area, a more comprehensive assessment is 

needed to identify the true offsets to be achieved through rice husk and rice straw pyrolysis and 

pay attention to many other potential environmental impacts instead of only considering 

greenhouse gasses effect. 

2.1.3. Introduction of Biochar Production 

Biochar could be produced through thermochemical processes using many kinds of biomass as 

feedstock, which includes woods, municipal solid waste and agricultural waste. Although biomass 

combustion to make use of heat directly has been well-known for decades, some shortcomings still 

remain. Compared with coal and other fossil fuels, the heat value of biomass is lower due to high 

moisture. Also, the low density of biomass restricts transportation process. For these reasons, 

people turn to another method trying to find a way to dispose of biomass more appropriately. 

Torrefaction, gasification and pyrolysis of biomass are the most commonly thermochemical 

decomposition processes, and the product of gasification is mainly combustible gas while the 

products of torrefaction are mainly solid. For pyrolysis, the product yields depend on reaction 

conditions severely. As this study mainly focuses on impacts of biochar production and its 

application, two thermochemical decomposition processes with relatively higher biochar yield are 

introduced below, which are torrefaction and pyrolysis. 
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Torrefaction is a kind of thermochemical decomposition process which aims to maximize the 

energy density in the solid properties instead of obtaining liquid and gaseous products. It occurs 

typically at a relatively lower temperature range between 200 and 300 ℃ and under limited oxygen 

environment. A definition for torrefaction can be found in a publication of Prabir Basu: a 

thermochemical process in an inert or limited oxygen environment there biomass is slowly heated 

to within a specified temperature range and retained there for a stipulated time such as that it 

results in near complete degradation of its hemicellulose content while maximizing mass and yield 

of solid product (Basu, 2013). Mass yield of solid product of torrefaction is about 70% yet the 

energy yield of solid is around 90% (van der Stelt et al., 2011). To differentiate torrefaction from 

other related processes such as carbonization and pyrolysis, the main characters should be 

expounded. Unlike other processes that all the properties in biomass involve in the chemical 

reaction, the dominant process of torrefaction is hemicellulose degradation without affecting 

cellulose and lignin (Ciolkosz & Wallace, 2010). During the torrefaction process, the O/C and H/C 

will decrease, and energy will be enriched in solid product. Low heating rate with less than 

50℃/min is another vital factor of torrefaction for a high heating rate will result in a high yield of 

liquid product, which is not desirable in this process. Rather than use the torrefied biomass directly, 

torrefaction is usually a pretreatment in order to make the biomass more grindable and add the heat 

value in solid products for further combustion (Deng et al., 2009). Some researchers investigated 

the effects of torrefaction on the bio-oil production from fast pyrolysis, and results showed that 

heat value and pH of fuel were improved by using torrefaction as a pretreatment process (Zheng 

et al., 2013). It also increases the bulk density so that it could be easier to transport. 

Pyrolysis is a thermochemical decomposition process occurring under limited oxygen supply 

environment (Jahirul et al., 2012). Three types of pyrolysis are classified as slow pyrolysis, fast 
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pyrolysis and intermediate pyrolysis depending on reaction conditions and desired products (Roy 

& Dias, 2017). The temperature range is quite wide from 300 ℃ to 1000 ℃ and heating rate varies 

from 0.01 K/s to 1000 K/s as reviewed by Roy and Dias (2017) and Demirbas and Arin (2002). 

The earliest pyrolysis application could be traced back to ancient Egypt period (Balat et al., 2009) 

and it is now getting more and more attention for its capability of turning biomass into fuel and 

resources. The major components involved in decomposition are hemicellulose, cellulose and 

lignin, which widely exist in lignocellulosic biomass (Wang et al., 2017). Different decomposition 

temperatures were found for three components. Hemicelluloses would be decompounded from 470 

K to 530 K while cellulose is broken down between 510 K and 620 K. Lignin needs a higher 

temperature for decomposition falling in the range of 550 K to 770 K (Demirbas & Arin, 2002). 

Also, the contents of three components differ a lot (Wang et al., 2017). Products of biomass 

pyrolysis could be biochar, bio-oil and syngas. The yield of each product depends mostly on the 

pyrolysis conditions, especially relying on heat rate and temperature. Slow pyrolysis occurs under 

relatively longer holding time and lower heat rate from 0.1 to 2  ℃/s. The predominant product 

yields to the solid phase, which is biochar. On the contrary, fast pyrolysis is conducting under 

higher temperature and heating rate. The holding time for fast pyrolysis is typically from 0.1 to 0.5 

s giving a higher yield of bio-oil in the end (Fahmy et al., 2018; Uddin et al., 2018). 

2.2. Life Cycle Assessment 

2.2.1. Introduction of Life Cycle Assessment 

The concept “life cycle”, which is defined as “the series of stages in form and functional 

activities through which an organism passes between successive recurrences of a specified primary 

stage” in dictionary, was borrowed and applied to the comprehensive environmental impact 

analysis of a system, which could be a product or a kind of service (Matthews et al., 2015). The 
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most important two key elements of LCA are “functional unit” and “system boundary” so that they 

enable LCA to take a comprehensive and close look at all the stages and to quantify the amounts 

of emissions for a system and their environmental impacts, which is also called “cradle-to-grave.” 

To achieve this goal, system-wide kind of thinking is required. Before people realized it was 

extremely costly and strenuous to tackle the unwanted emissions from a system, the production 

line was always designed independently and the wastes would not be considered before it had been 

created, which means every single process was created first and put together to form the production 

line (Matthews et al., 2015). At that time, waste would only be treated at the terminal end of a 

system after it had been produced, which is “end-of-pipe treatment” (Matthews et al., 2015). 

However, end-of-pipe treatment and remediation could be time-consuming, and the ideal treatment 

effect is hard to achieve even if a great effort has been exerted. Under this circumstance, pollution 

prevention made its debut in the 1980s as a measure of avoiding end-of-pipe treatment and creating 

fewer emissions (Matthews et al., 2015). Sustainability, as defined by the World Commission on 

Environment and Development in 1987, is “an activity that meets the needs of the present without 

compromising the ability of future generation,” consisting of three elements including economy, 

equity and environment (Portney, 2015). By doing LCA, hot spots and all kinds of emissions of a 

system could be identified and their impacts would be assessed. Remarkably, by comparing the 

emissions and environmental impacts in the same functional unit, a system with fewer impacts and 

wastes could be selected so that end-of-pipe treatment could be avoided and sustainability could 

be attained better in this way. 
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Table 2.1. Milestones of LCA development 
Time/Event Group Structure of LCA Reports or 

Publication(s) 

Remarks 

1969 Coca-Cola No official structure to apply Assessment of glass 

or plastic bottles 

(not a publication) 

First “LCA” case 

implemented in 

North America. 

Aug. of 1990, “a 

technical framework 

for life cycle 

assessments” 

workshop 

SETAC -Inventory  

-Impact Analysis 

-Improvement Analysis 

SETAC workshop 

report: a technical 

framework for life 

cycle assessments 

First attempt to find 

a proper structure 

of LCA. 

March/April of 1993, 

Sesimbra workshop 

SETAC -Goal Definition and Scoping 

-Inventory  

-Impact Analysis 

-Improvement Analysis 

Guidelines for Life-

Cycle Assessment: 

A Code of Practice 

Add the very 

important 

component. 

Focus more on 

Impact Analysis. 

1997 ISO -Goal and Scope definition 

-Inventory analysis 

-Impact Analysis 

-Interpretation 

ISO 14040: 1997 First international 

standard of LCA 

2006 ISO -Goal and Scope definition 

-Inventory analysis 

-Impact Analysis 

-Interpretation 

ISO 14040: 2006 

ISO 14044: 2006 

Most acceptable 

structure of LCA 

recently. 

Change 

Improvement 

Analysis into 

Interpretation to 

serve more 

purposes. 

Material from: Klopffer, 2014; EPA, 1993. 

To systemize LCA process and make it more universal, ISO firstly issued several standards 

including ISO 14040-14043 in 1997 and further renewed the standards in 2006 merging them into 

ISO 14040 and ISO 14044 (Pryshlakivsky & Searcy, 2013). Phases and key elements are 

schematically defined in ISO 14040 as shown in Figure 2.1. 
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Figure 2.1. Framework of LCA (ISO 14040: 2006) 

Figure 2.1. summarizes LCA framework in a very compact and sequential way. Four phases 

are of LCA defined as: 

• Goal and scope definition 

LCA begins with “goal and scope.” In this phase, the reasons and the intended audience should 

be stated. System boundary and functional unit should be clarified including a well-organized unit 

processes of the study system. If a comparative LCA is to be carried out, reference flow of each 

system needs to be explained. Potential environmental impacts should be considered, and also 

multiple assumptions and model limitations should be expounded. 

• Inventory analysis 

Inventory analysis is data collection and calculation stage which demands an intensive work to 

investigate all the inputs and outputs of unit processes stated in the scoping section. Most inputs 

that should be paid attention to include raw materials and energy consumed during production. 

Outputs, besides product, could be co-products, waste and other emissions released to water, air 

and soil. It is the most time-consuming stage in LCA. 

Goal and 

scope 

definition 

Inventory  

analysis 

Impact 

assessment 

Interpretation 

Direct 

application: 

 

-Product 

development    

and improvement. 

-Strategic 

planning. 

-Public policy 

making 

-Marketing. 

-Other 
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• Impact analysis 

Impact analysis is to estimate the environmental impacts caused by the inputs and outputs 

collected in the inventory analysis stage from a life span point of view. By using SimaPro, 

algorithms of each kind of impacts are embedded in software, so the user can pick the most suitable 

method according to the requirements of LCA and specific goal and scope. Naturally, it will bring 

uncertainties due to data reliability, spatial differences and assumptions and limitations that model 

contains inherently. 

• Interpretation 

Interpretation is the last phase that draws conclusions and gives accommodations by the 

assessment results from inventory and impact analysis. It is worth noticing that the conclusions 

should be in accordance with the objectives as stated in goal and scope section. 

Another critical component is the “double arrow” between each phase. It means the previous 

phase could be revised when new phase emerged due to many reasons. For example, some specific 

data could be missing due to unavailability of monitoring which would change the system 

boundary in scoping section. Also, a new environmental impact category may need more accurate 

data (Kloepffer, 2014). It enables LCA to do a more flexible assessment and shows the inner links 

between phases. 

During the last two decades, since LCA structure has been polished and applied extensively, 

tasks fall on the establishment of inventory database of various areas and expanding to other fields 

to see how LCA could serve. Although LCA has been used since the 1970s, database is still a 

concern for many areas, especially in the developing countries. Difficulties of data collection and 

update could be the reason behind this reality. Recent years, researchers began to expand LCA to 

other lifecycle-based assessment such as life cycle management (Kloepffer, 2014) and life cycle 
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sustainability assessment (Kloepffer, 2014; Kloepffer, 2008). According to the triangle 

architecture of sustainability, life cycle sustainability assessment was developed via adding life 

cycle cost assessment and societal life cycle assessment to LCA (Kloepffer, 2008), which could 

better attain sustainability goal more comprehensively. With the substantially increasing 

requirements of environmental protection, LCA is predicted to play an essential role in the future 

world. 

2.2.2. Life Cycle Impact Assessment Methods 

It is a universal acquaintance that choosing appropriate impact assessment methods is important 

to get an accurate and informative result for better supporting decision making. However, 

discrepancies could be caused due to multiple reasons. Matthews et al. (2015) compared 18 LCIA 

methods embedded in SimaPro 8.3 software and took global warming as an example to discuss the 

inconsistent results obtained from chosen models by implementing a life cycle assessment of a 

gate-to-gate process in the software. They found the deviations were mainly caused by the 

differences of: 1). the total emissions for characterized pollutants; 2). the numbers of pollutant 

species covered into each method algorithm and 3). characterization factors for some substances 

(Matthews et al., 2015). For better understanding and canvassing of three selected LCIA methods, 

detailed information of selected impact assessment methods was reviewed in the following section. 

• TRACI 

TRACI (the Tool for the Reduction and Assessment of Chemicals and other environmental 

Impacts) was designed by National Risk Management Research Laboratory under the US 

Environmental Protection Agency (US EPA) to better meet the requirements of LCA application 

in United States region (US EPA, 2012). The first version of TRACI was released in 2002 (Bare 
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et al., 2003) and further improved in 2011 in version of TRACI 2.0 (Bare et al., 2011). The latest 

version was released in 2012 named TRACI 2.1. Impacts categories included in TRACI 2.0 are: 

ozone depletion, global warming, acidification, eutrophication, smog formation, human health 

(respiratory effects, cancer and non-cancer), ecotoxicity and fossil fuel depletion, which were 

reviewed by Bare & Gloria considering the consistency of core categories existing in previous 

impact assessment methods, EPA regulations and regional environmental concerns in US (US 

EPA, 2012; PRé et al., 2018; Bare & Gloria, 2008). TRACI is a midpoint impact assessment 

methodology excluding the converting to endpoint impacts in the algorithm. As stated by Zhou et 

al. (2011) TRACI is more proper for a regional scale of studies applied in North American and the 

US. Normalization factors for US and US-Canada were calculated by Ryberg et al. (2014) based 

on the invenroy from 2005 and 2008 in unit of impact per capita per year (PRé et al., 2018). 

Detailed normalization factor for each impact category are available in the research of Ryberg et 

al. (2014). 

• ReCiPe 

ReCiPe is a European method originally and then became a global scale model with the most 

recent release of version ReCiPe 2016 (Hujibregts et al., 2016). It was developed by integrating 

two existing methods: “problem-oriented method” CML-IA and “damage-oriented method” Eco-

indicator 99 in order to enable ReCiPe to assess both midpoint and endpoint environmental impacts 

(Goedkoop et al., 2008). Eighteen midpoint impact categories and three endpoint impact categories 

are reckoned. The midpoint indicators include: climate change, stratospheric ozone depletion, 

ionizing radiation, fine particulate matter formation, photochemical oxidant formation, terrestrial 

acidification, freshwater eutrophication, human toxicity (cancer), human toxicity (non-cancer), 

terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, land use, water use, mineral 
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resource scarcity, and fossil resource scarcity (Hujibregts et al., 2016). Endpoint impact categories 

include human health, ecotoxicity and resource availability (Hujibregts et al., 2016). For midpoint 

impact assessment, abundant impact categories could be considered which may lead to a more 

complicated interpretation of LCA results. However, the uncertainties at this level are relatively 

lower since further calculation to obtain endpoint impacts is avoided (PRé et al., 2018). With fewer 

impact categories in endpoint level, interpretation of endpoint impact assessment results for LCA 

participator is more straightforward than that of midpoint results. Yet, more uncertainties will be 

introduced since damage factors are utilized to tally the endpoint environmental impairments after 

getting midpoint impacts (PRé et al., 2018). Three perspectives are available in ReCiPe 2016. The 

individualistic (I) perspective focuses on short-term assessment with disputed impact types. The 

hierarchist (H) perspective is build considering scientific identities of credible pollutant transfer 

pathway within a certain time frame that is suitable for most general studies. The egalitarian (E) 

perspective is used to predict long-term impacts involving all available impact pathways 

(Hujibregts et al., 2016). The characterization factors are different among the three perspectives. 

For example, the individualistic (I) perspective uses a characterization factor with a 20-year time 

horizon to tally the climate change, while the hierarchist (H) perspective uses a characterization 

factor with a 100-year time horizon. For a long-term prediction, a characterization factor with 

1000-year time horizon is taken for egalitarian (E) perspective (Hujibregts et al., 2016). In this 

study, characterization factors of hierarchist (H) perspective were utilized to make the comparison.  

As for the normalization method of ReCiPe 2016, a set of normalization factors in unit of kg-

eq. per year was estimated by Sleeswijk et al. (2008) based on reference year of 2000 from global 

and European level. It was further revised in 2010. Individual normalization factor for each impact 

category is included in an excel file, and it is available online. 
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• CML-IA 

CML-IA is a “problem-oriented” method developed by a group of scientists lead by Center of 

Environmental Science of Leiden University CML (PRé et al., 2018), CML-IA is a midpoint level 

model designed for global scale assessment (Zhou et al., 2011). Two versions are available in 

CML-IA: baseline and non-baseline, proposed for simplified LCA and detailed LCA respectively 

(Guinée et al., 2002). In the simplified LCA, some common impact categories needing for almost 

all LCA studies are elaborated and grouped as “baseline” impact categories including: depletion 

of abiotic resource, impact of land use (land competition), climate change, stratospheric ozone 

depletion, human health, ecotoxicity (freshwater aquatic ecotoxicity, marine aquatic ecotoxicity 

and terrestrial ecotoxicity), photo-oxidant formation, acidification and eutrophication (Guinée et 

al., 2002). Detailed LCA, which is non-baseline model, is designed for some particular purposes 

taking account of all the “baseline” impacts and “study-specific” impacts such as: fresh water 

sediment ecotoxicity and marine sediment ecotoxicity indicators for land use impact category, 

odor, waste heat, etc. (Guinée et al., 2002). Non-baseline model is more suitable for quantifying 

some specific problems whereas baseline model is more suitable for a general-purpose study (PRé 

et al., 2018). In this case, CML baseline was implemented to make a method comparison. 

Normalization factors were calculated by Guinée et al. (2002) based on the reference year of 1990, 

1995 and 1997 depending on the different reference regions. The unit of normalization factor is 

kg-eq. per year. 

2.2.3. Life Cycle Assessment Application on Rice straw Open Burning 

Emissions and impacts of rice straw open burning were studied in the previous researches 

(Gadde et al., 2009; Romasanta et al., 2017; Soam et al., 2017; Silalertruksa & Gheewala, 2013; 
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Oanh et al., 2015) and LCA was proved to be an effective way to quantify those impacts and to 

give a relatively more concrete assessment towards this problem. 

The emissions of various pollutants in India, Thailand and the Philippines are covered in the 

research of Gadde et al. (2009). However, the environmental impacts were not quantified, so it 

was a life cycle inventory assessment with reference flows in terms of the mass of total annual 

released pollutants of three regions due to rice straw. The collection of emissions followed the 

method of Intergovernmental Panel on Climate Change guidelines 2006 (IPCC) and a whole 

variety of pollutants associated with air pollution, CO2, CH4, N2O, CO, NMHC, NOx, SO2, total 

particulate matter (TPM), fine particulate matter (PM2.5), PM10, polycyclic aromatic hydrocarbons 

(PAHs) and polychlorinated dioxins and furans (PCDD/F), were calculated using equation below. 

𝐸𝑎 = 𝑄𝑆𝑆𝐹𝐵 × 𝐸𝐹𝑎 × 𝑓𝐶𝑜 

where 𝐸𝑎 is the emission of pollutant species in Mg/yr, 𝐸𝐹𝑎  is the emission factor of pollutant 

species in g/kg dry mass, 𝑓𝐶𝑜 is combustion factor (use a default value of 0.8 from IPCC) and 

𝑄𝑆𝑆𝐹𝐵  is the quantity of rice straw subjected to open burning in Gg/yr. Several environmental 

impacts were investigated but not quantified in the study. For example, global warming and 

climate change could be a potential issue due to release of CH4, CO2 and N2O from rice straw open 

burning. SO2 could lead to acidification and particulate matter could result in human health 

concerns. PAHs and PCDD/F could also affect human health due to high toxicity. (Gadde et al., 

2009).  

Global warming potential (GWP) due to emission of CH4 and N2O during rice straw burning 

was studied, and the GWPs of different straw management was compared with that of straw 

burning detected in the first phase by Romasanta et al. (2017). A controlled combustion process 
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of rice straw with 10% of moisture was used to measure the emissions of CH4 and N2O under 

certain and constant O2 supply and temperature. The research revealed that the emission factor of 

mass-scale for CH4 and N2O were 4.51g/kg dry mass and 0.069g/kg dry mass, respectively. 98.7% 

of combustion efficient was achieved. For the second phase, GWPs per ha planting area of four 

on-field straw management were compared using the IPCC method and merely taking 

consideration of CH4 and N2O emissions. The GWP for straw burning was estimated to be 4913 

kg CO2 eq. ha-1 (Romasanta et al., 2017). However, some uncertainties were noticed due to 

experiment design and indicator selection. Combustion efficiency of 98.7% is hard to achieve in 

on-field rice straw open burning due to insufficient O2 supply and limited burning temperature. In 

the experiment design, emission factors of CH4 and N2O were monitored in a relatively complete 

combustion condition with massive accessories to ensure enough O2 supply and a higher 

temperature, which means it could bring considerable uncertainty if using this mass-scale emission 

factor to calculate GWP that occurs in a natural field condition. Another point that could bring 

uncertainty is that CO was not considered in the system boundary to compute GWP. The authors 

mentioned that more CO would be produced when the temperature is below 800 K, which could 

happen in the real on-field rice straw open burning. 

Although previous studies had revealed the key emissions and tried to quantify the impacts of 

rice straw on-field open burning, some important questions still remain unsolved. Most of the 

studies only did monitor the gaseous discharge and focused on the global warming potential impact 

ignoring other possible impacts caused by particulate and trace elements in the emissions. The 

emission factor of total particulates was between 3.7-10.4 g/kg dry mass as found in the literatures 

(US EPA, 1995; Soam et al., 2017; Silalertruksa & Gheewala, 2013), which could lead to eco-

toxicity, smog and respiratory effects. Oanh et al. (2015) detected some trace pollutants from rice 
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straw open burning in Thailand, and some semi-VOCs were reported including polycyclic 

aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs), which are toxic to aquatic 

organisms and bio-accumulative in the environment. 

2.2.4. Comparison of Life Cycle Impact Assessment Methods 

Several studies focused on the comparison of different LCIA methods and discussed on 

similarities and imparities among them when applied under various conditions (Ortiz et al., 2007; 

Landis & Theis, 2008; Dreyer & Hauschild, 2003; Cavalett et al., 2013; Monteiro & Freire, 2012). 

Zhou et al. (2011) conducted a life cycle assessment for a Reverse Osmosis desalination plant in 

the United States using CML 2 and TRACI and investigated the effects of impact assessment 

method on LCA characterization results. After comparing the midpoint environmental impacts 

tallied by two LCIA methods, significant distinctions were found in eutrophication, photochemical 

oxidation, human health and eco-toxicity, while minor differences were discovered for global 

warming, ozone depletion and acidification. The researchers indicated that for some substances, 

different characterization factors were assigned in each model. Moreover, the indicators of some 

impact categories of TRACI and CML 2 were divergent. For example, human toxicity is only one 

indicator for human health impact in CML 2, while human health impact was divided into three 

specific categories in TRACI (carcinogenic human toxicity, non- carcinogenic human toxicity and 

respiratory effects). The detailed indicators enable TRACI to do a more accurate impact 

assessment on the regional scale. However, CML 2 was more appropriate for a global scale study 

because of relatively generic classification and algorithm. (Zhou et al., 2011).  

A comparative life cycle assessment for estimating the impacts of three kinds of non-structural 

external wall systems was carried out by Bueno et al. (2016). The study applied five different 

LCIA methods-EDIP 97/2003, CML, Impact 2002+, ReCiPe, and recommended practices for 
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LCIA-to investigate the effects of LCIA methods choices on conclusions for decision makers. In 

this study, both midpoint and endpoint impact from different models were compared and 

discussed. For endpoint impacts, only two methods were available: ReCiPe endpoint and Impact 

2002+. Results for the endpoint impacts gave different conclusions for two gettable LCIA 

methods. Consistent results were reported for most of midpoint impact categories such as global 

warming, general eutrophication, aquatic and freshwater eco-toxicity, although tiny differences 

were observed in some impact profiles. However, considerable inconsistencies were obtained for 

acidification, terrestrial and aquatic eutrophication, marine eco-toxicity and water depletion 

(Bueno et al., 2016). As endpoint impacts evaluation could introduce more uncertainties and errors 

during the calculation, assessment results of endpoint impacts more likely lead to a discrepant 

conclusion to stakeholder or decision makers.  

By conducting a life cycle assessment of an urban wastewater treatment plant and comparing 

the environmental impacts modelled by five LCIA methods, similarities and imparities of different 

impact assessment methods utilization in wastewater treatment system were revealed and 

discussed in the study of Renou et al. (2008). Researchers concluded that there was little effect of 

choice of LCIA methods on global warming, resource depletion eutrophication and acidification. 

In the meanwhile, special attention was paid to human toxicity assessment because of appreciable 

discrepancies estimated using five impact assessment methods, which is identical to the 

conclusions of Dreyer & Hauschild (2003).  

2.3. Research Gap 

1). The impacts of rice straw open burning need to be revealed considering more potential 

impacts. 
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2). As the results predicted from various LCIA methods could be significantly inconsistent, 

comparison between different impact assessment methods is needed for a more comprehensive 

understanding. 

3). Although some researchers indicated biomass pyrolysis to produce biochar could be a proper 

way to dispose of undesired agricultural residue, the environmental benefits of biochar need to be 

further investigated.  

4). Biochar is a kind of effective adsorbent used to treat wastewater, which has been proven by 

previous studies. However, the impacts of biochar wastewater treatment system need to be 

assessed for better understanding of the net benefits that could be achieved by biochar wastewater 

treatment. 
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Chapter 3. Life Cycle Assessment of Rice Straw Open Burning 

3.1. Introduction 

Proper disposal of agricultural residues remains a challenging task for many regions in the 

world due to enormous quantity. Rice is the second largest crop worldwide and a tremendous 

amount of rice straw and rice husk needs to be disposed of. In India, an amount of 112 MMT rice 

straw (most of them are treated inappropriately) would be left after harvest season (Singh et al., 

2016). Open burning is the most common disposal method for rice straws. is burnt under 

uncontrolled conditions and multiple types of harmful substances, such as CO2, CO, CH4, 

particulates, NOx and SO2, are released to the atmosphere. In order to investigate the impacts of 

rice straw open burning, life cycle assessment was conducted using emissions collected from 

previous literatures and emission factor databases. 

3.2. Goal and Scope (Methodology) 

A life cycle assessment is used to quantify the environmental midpoint impacts rice straw open 

burning in India . The process that was taken into consideration is on-field rice straw open burning, 

whereas other processes such as transportation and crop cultivation were excluded in the system 

boundary. Comparative results are be obtained by using CML-IA baseline, TRACI 2.1 and ReCiPe 

(H) Midpoint. To investigate the comprehensive assessment of the environmental impact of rice 

straw open burning. The environmental impact categories selected according to literatures review 

include (1) global warming or climate change, (2) aquatic eutrophication potential, (3) 

acidification, and (4) human health. Also, other related impacts such as particulate matter in 

ReCiPe were tallied. The study was conducted under the framework and guidelines defined in ISO 

14040/44, which includes four phases: goal and scope, life cycle inventory, life cycle assessment 

and interpretation. LCA software SimaPro 8.0 was employed in this research, and some 
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assumptions were made when data were not available. However, discussion on the uncertainties 

associated with assumption may bring also targeted in this study. 

3.2.1. System Boundary and Assumptions 

For this study, the only process that was included in the system boundary was the on-field 

burning process with multiple emissions. Figure 3.1 shows the system boundary. 

 

 

 

 

 

 

 

 

Figure 3.1. System boundary of rice straw open burning 

 

Figure 3.1 shows that rice growing, transportation and burning ash disposal were not included 

in the system boundary as the life span starts at harvest for crops and the straw biomass is burnt 

on-field with ash left at same place as a source of nutrients for next crop (Soam et al., 2017). To 

quantify environmental impacts and emission factors of rice straw open burning, several pollutants 

were selected to be tallied in life cycle inventory including: carbon dioxide (CO2), carbon 

monoxide (CO), methane (CH4), sulfur dioxide (SO2), nitrous oxide (N2O), nitrogen oxides (NOx), 

total particulates, non-methane hydrocarbons (NMHC), polycyclic aromatic hydrocarbons (PAHs) 

and polychlorinated dioxins and furans (PCDD/F) (IPCC, 2006; Soam et al., 2017; Oanh et al., 

2011; Liu et al., 2011; Romasanta et al., 2017; Silalertruksa and Gheewala, 2013; Kadam et al., 
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2000; Andreae & Merlet, 2001; Hays et al., 2005; Venkataraman et al, 2006; Gullett & Touati, 

2003; Gadde et al., 2009). All inventory data used were collected from literatures, IPCC (2006) 

and US-EPA AP-42 air emissions factors databases (US EPA, 1995). Due to the unavailability of 

data in the study area, emission factors from other regions were utilized in this research to fill the 

data gaps, where most of the data were detected in Asia. Another assumption to be noticed is that 

emission factors could be intensively affected by the moisture content of straw. For example, 4 

kg/Mg of particulates matters and 41 kg/Mg of CO emission are given in US EPA AP-42 air 

emissions factors databases for rice straw with 15% of moisture. However, as the straw moisture 

stays at high levels, particulate emissions will increase to 14.5 kg/Mg and CO emissions to 80.5 

kg/Mg (US EPA, 1995). To keep the coherence of research, dry rice straw was assumed. 

3.2.2. Functional Unit 

As for the functional unit, environmental impacts of 1 kg rice straw on-field open burning were 

studied, and there is no second functional unit used in this part of the research. 

3.3. Life Cycle Inventory 

Data were collected and selected from various literatures and databases (IPCC and US EPA 

AP-42 air emissions factors database). 

3.3.1. Emissions of 1 kg Dry Rice Straw on-Field Burning 

The amounts of emissions of CO2, CO, CH4, SO2, N2O, NOx, particulates, NMHC, PAHs and 

PCDD/F of rice straw on-field open burning were calculated using equation 3.1. The equation 

estimates greenhouse gas emission due to biomass burning developed by IPCC (2006). In this 

study, it was assumed that equation 3.1 could be manipulated to estimate not only greenhouse gas 

emission but also other gaseous emissions from biomass burning. 
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                                         𝐿𝑓𝑖𝑟𝑒 = 𝑀 × 𝐶𝑓 × 𝐺𝑒𝑓                                                    (3.1) 

where 

Lfire = amount of gaseous emissions from fire, g of gases; 

M = the mass of fuel available for combustion; in this case, 1 kg of dry rice straw; 

Cf = combustion factor, default value 0.8 from IPCC; 

Gef = emission factor, g/kg dry mass matter 

 

Because of the unavailability of primary data, the inventory of this research was conducted 

using historically monitored data from literatures, IPCC and US EPA AP-42 air emissions factors 

databases considering the reliability and accuracy. 

To limit the uncertainties due to data measurement methods, geospatial and temporal reasons, 

some selection preferences were applied to verify data used in life cycle impact assessment, which 

are explained as: (1) Rice straw specific emission factors are preferred since some emission factors 

were measured generally for agricultural biomass, which could be from other kinds of crops such 

as wheat, corn and cotton; (2) Data from North America database are preferred as an official 

database released by government and it has been used in previous literatures; (3) Up-to-date data 

with more representativeness are preferred to ensure accuracy of this study; (4) Data that were 

used in other articles or not found significant difference from other literatures are preferred in this 

study. All the inventory data used to model the impacts assessment were displayed in Table 3.1. 
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Table 3.1. Rice straw open burning inventory 
Pollutants Emissions to 

aira (g/kg 

dm) 

Emission factor 

(Gef) 

Reference Remarks 

CO2 917.6 1147 g/kg dmb Oanh et al., 2011 Rice straw open burning data 

monitored by doing field 

experiment in Thailand. 

CO 32.8 41 g/kg dm US EPA, 1995 Rice straw open burning data from 

US EPA AP-42 database. 

CH4 0.96 1.2 g/kg dm US EPA, 1995 Rice straw open burning data from 

US EPA AP-42 database.  

SO2 0.408 0.51 g/kg dm Oanh et al., 2015 Rice straw open burning data 

monitored by doing field 

experiment in Thailand. 

N2O 0.0552 0.069 g/kg dm Romasanta et al., 

2017 

Rice straw combustion data 

obtained by using lab-scale 

combustion chamber in IRRI. 

NOx 2.48 3.1 g/kg dm Kadam et al., 2000 Rice straw data obtained by wind 

tunnel simulation in North 

America. 

Total 

Particulates 

3.2 4 g/kg dm US EPA, 1995 Rice straw open burning data from 

US EPA AP-42 database. 

NMHC 3.2 4 g/kg dm US EPA, 1995 Rice straw open burning data from 

US EPA AP-42 database. 

PAHs 0.272 0.034 g/kg dm Oanh et al., 2015 Rice straw open burning data 

monitored by doing field 

experiment in Thailand. 

PCDD/F 0.4 ng 1-TEQ 0.50 ng 

1-TEQc/kg 
Gullett & Touati, 

2003 

Rice straw open burning data 

monitored by field burn simulation 

in USA. 

a: emissions of 1 kg dry rice straw 

b: dm = dry mass 

c: TEQ = toxic equivalency 
 

3.3.2. Data Verification 

As an important human agricultural activity that potentially affects air quality, rice straw open 

burning has been studied and discussed in various researches, which gave a clear view about the 

contaminant emissions during rice straw on-field open burning. Many of them, however, were 

measured in different areas using various methods. From this point of view, data verification is a 

vital process for uncertainty control. 

Emission factors are the common parameters to evaluate the air pollution of straw open burning. 

Due to uncontrolled burning condition on the field, combustion factor was considered in this study, 
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which was expressed in equation (3.1). It was also employed in the research of Gadde et al. (2009) 

to quantify the air pollutant emissions from rice straw open burning in India, Thailand and 

Philippines. Yet, the equation was developed to estimate the emissions of greenhouse gasses 

through biomass open burning, which could bring some uncertainties to this research. After an all-

around review of previous studies, CO2, CO, CH4, SO2, N2O, NOx, particulates, NMHC, PAHs 

and PCDD/F were selected as indicators. Besides, some literatures had considered other emission 

factors such as PM2.5 and PM10 (Oanh et al., 2015; Oanh et al., 2011; Hays et al., 2005; 

Venkataraman et al., 2006; Kadam, 2000). Some researchers also detected trace pollutant 

emissions and explored the detailed chemical composition of PAHs (Oanh et al., 2015). In this 

case, only general and principal species are going to be gathered and considered to tail the 

environmental impacts. 

CO2 emission was found to be 1147g/kg in the study of Oanh et al. (2011). An emission factor 

of 1168g/kg was reported by Soam et al. (2017), which was not significantly different from the 

value used in this study. IPCC measured the CO2 emission of biofuel burning and got a value of 

1515 g/kg (IPCC, 2016), which indicated a higher CO2 emission than rice straw open burning. The 

emission factors of CO, CH4, NMHC and particulates were obtained using US EPA AP-42 air 

emissions factors databases (US EPA, 1995). Although some uncertainties may be brought due to 

temporal reason, it is regarded as a reliable data source and was mentioned in other researches 

(Oanh et al., 2015; Gadde et al., 2009). For CO emission, 41 and 34.7 g/kg of emission factors 

were reported by EPA (1995) and Liu et al. (2011) respectively, while 93 and 92 g/kg were given 

by OanH et al. (2011) and IPCC (2016) respectively. For CH4, 1.2 g/kg was utilized in this study 

(US EPA, 1995). A similar result was reported by Soam et al. (2017) with a CH4 emission factor 

of 1.0 g/kg. However, 4.51 g/kg CH4 emission was monitored using designed combustion chamber 
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by Romasanta et al. (2017), which indicated that the experiment set-up could significantly affect 

the results. US EPA (1995) and Silalertruksa and Gheewala (2013) found that particulate emissions 

were 4 and 3.7 g/kg, respectively. As for NMHC emission factors, an emission factor of 4 g/kg of 

rice straw open burning was given by EPA database while 7.0 g/kg of NMHC emission during 

agricultural residues burning was reviewed by Andreae and Merlet (2001). Nitrogen oxide (NOx) 

and Sulphur dioxide (SO2) are two of the important emissions that could cause eutrophication and 

acidification. N2O is also one of the greenhouse gases leading to global warming. The N2O 

emission varied from 0.056 to 0.07 g/kg for rice straw open burning (IPCC, 2006; Romasanta et 

al., 2017; Soam et al., 2017; Silalertruksa and Gheewala, 2013). Romasanta et al. (2017) reported 

N2O emission factor was as high as 0.069 g/kg. A similar N2O emission factor of 0.07 g/kg was 

used by Gadde et al. (2009). The emission factor of NOx was found to be from 2.9 to 3.1 g/kg in 

previous researches (Liu et al., 2011; Kadam et al., 2000) and 3.1g/kg was used in this study. For 

SO2, the latest emission factor of 0.51 g/kg was adopted from the study of Oanh et al. (2015). 

Silalertruksa and Gheewala (2013) also reported an SO2 emission factor of 0.7 g/kg. Polycyclic 

aromatic hydrocarbons (PAHs) and polychlorinated dioxins and furans (PCDD/F) could 

potentially cause human toxicity if released to the air during rice straw open burning, although the 

emission factors were relatively lower than that of other pollutants. An emission factor of PCDD/F 

was found to be 0.5 ng international toxic equivalency (1-TEQ)/kg in the research of Gullett and 

Touati (2003), which was also applied by Gadde et al. (2009). The emission factors of PAHs were 

found to range from 0.0186 to 0.034 g/kg for rice straw open burning and the most updated data 

with PAHs emission factor of 0.034 g/kg was used (Gadde et al., 2009; Andreae and Merlet, 2001; 

OanH et al., 2015). The emission factors discussed above were summarized in Table 3.2 below. 
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Table 3.2. Emission factors of rice straw open burning found in literatures and databases 
Pollutants Unit  Value  Reference  

CO2 g/kg dm* 1515+-177 

1168 

1147+-169 

IPCC, 2006 

Soam et al., 2017 

Oanh et al., 2011 

CO g/kg dm 92+-84 

41 

34.7 

34.7 

93+-10 

IPCC 2006 

US EPA, 1995 

Liu et al., 2011 

Oanh et al., 2015 

Oanh et al., 2011 

CH4 g/kg dm 2.7 

4.51 

1.2 

1.0 

 

0.096 

IPCC 2006 

Romasanta et al., 2017 

US EPA 1995 

Soam et al., 2017 

Silalertruksa and Gheewala, 

2013 

N2O g/kg dm 0.07 

0.069 

0.06 

0.056 

 

0.49+-0.21 

IPCC, 2006 

Romasanta et al., 2017 

Soam et al., 2017 

Silalertruksa and Gheewala, 

2013 

OanH et al., 2015 

NOx g/kg dm 2.5+-1.0 

2.9 

3.1 

3.1 

IPCC 2006 

Soam 2017 

Liu et al., 2011 

Kadam et al., 2000 

SO2 g/kg dm 0.7 

 

0.51+-0.32 

Silalertruksa and Gheewala, 

2013 

OanH et al., 2015 

NMHC g/kg dm 4 

7.0 

US EPA, 1995 

Andreae & Merlet , 2001 

Particulates g/kg dm 4 

10.4 

3.7 

US EPA, 1995 

Soam 2017 

Silalertruksa and Gheewala, 

2013 

PM2.5 g/kg dm 8.3+-2.2 

8.3+-2.7 

12.95+-0.3 

4.6-6.4 

Oanh et al., 2015 

Oanh et al., 2011 

Hays et al., 2005 

Venkataraman et al, 2006 

PM10 g/kg dm 9.4+-3.5 

3.7 

Oanh et al., 2011 

Kadam et al., 2000 

PCDD/F ng (1-TEQ)**/kg dm 0.50 Gullett & Touati, 2003 

PAHs g/kg dm 0.025 

0.0186 

0.034+-0.035 

Andreae & Merlet 2001 

Gadde et al., 2009 

Oanh et al., 2015 

* dm = dry mass 

** 1-TEQ = international toxic equivalency 

3.4. Life Cycle Impact Assessment 

The impacts of 1 kg rice straw on-field open burning were calculated using SimaPro 8.0 

software, which is a popular and powerful life cycle impact assessment software. Multiple impact 

assessment methods are embedded in SimaPro including TRACI 2.1 (Tool for Reduction and 

Assessment of Chemicals and Other Environmental Impacts), IMPACT 2002+, ReCiPe Midpoint 
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and Endpoint, CML-IA, IPCC 2003. Impact assessment method could influence results severely, 

which may lead to a different interpretation direction. However, many researchers barely discussed 

the impact assessment method selection and applied only one method in their studies making the 

results less comparable between various cases. 

In this study, the selection of impact assessment method is based on the environmental impact 

category of interests and in accordance with the objectives and scope of the study. Considering the 

four impact categories of interest: (1) Global warming or climate change, (2) Aquatic 

eutrophication potential, (3) Acidification, (4) Human health, the chosen impact methods were: 

TRACI, CML-IA baseline and ReCiPe (H) Midpoint. By using three impact assessment methods, 

the midpoint impacts of 1 kg rice straw on-field open burning were investigated and compared. 

The discrepancies and consistencies between different LCIA methods were discussed. Also, other 

important potential impacts in each method were presented in the following context of this chapter. 

3.5. Results and Discussion 

By implementing three LCIA methods, the most relevant impact categories and hotspots were 

found and discussed in each section. Also, comparison between selected methods was carried out 

by doing contribution analysis with a discussion of characterization factors, which has been 

applied successfully in several comparative LCIA researches (Dreyer & Hauschild, 2003; Zhou et 

al., 2011; Landis & Theis, 2008; Bueno et al., 2016). Only direct emissions to air were considered 

in the system boundary, and the cultivation of rice was excluded together with transportation since 

this was assumed to be on-field burning. 
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3.5.1. Results of TRACI 

The normalization data of US and US-Canada models in TRACI 2.1 were reviewed and 

prepared by Morten Rybert elaborated from the information of 2005 and 2008 (PRé et al., 2018). 

Through normalization results, several most relevant impact categories of rice straw open burning 

were identified as smog, global warming and acidification. Figure 3.2 shows the results of TRACI 

impacts as generated by the modelling of the system boundary using SimaPro. The results clearly 

show that open burning of rice straw could severely increase the threats of photochemical smog 

formation, greenhouse effect and acidification. With less significance, eutrophication and 

carcinogenic impact were also potentially induced by rice straw on-field open burning. Puny 

influences were discovered for ozone depletion, ecotoxicity, non-carcinogenic effect and 

respiration effects. 

    The characterization results for each impact category tallied using TRACI characterization 

factors were presented in Table 3.3. The biggest contributor for each impact category was 

highlighted in yellow and the most relevant impact categories were shaded in blue. 

 

 

 

 

 

 

 

Figure 3.2. Normalization results of TRACI 
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Table 3.3. Characterization results of TRACI with contribution of each substance  

 

Based on the generated results mentioned above, no effect was found for ozone depletion and 

non-cancer risk. Global warming potential was predicted to be 0.96 kg CO2 eq. for 1 kg dry mass 

on-field burning. Photochemical smog formation is another important impact with 0.063 kg O3 eq. 

mainly caused by the reaction of NOx and volatile organic compounds (VOCs) assumed in TRACI. 

Potential acidification effect of 1 kg dry rice straw burning was found to be 0.0021 kg SO2 eq. 

because of emissions of SO2 and NOx, which could form acids during wet deposition. Some key 

substances released during rice straw open burning could be identified in the contribution table. 

CO2 emission during rice straw open burning was found to be the major contributor resulting in 

96% of total global warming potential (GWP) impact. A series of factors with 100-year time 

horizons reported by IPCC are adopted to tally the GWP in TRACI. Although characterization 

factors of CH4 and N2O are astronomic compared with CO2, the amount of CO2 released during 

rice straw open burning was enormous leading to significant greenhouse effect. Another vital 

pollutant is NOx, which accounts for 97% of smog, 81% of acidification and 100% of 

eutrophication. SO2 also presented to be a less significant source of acidification with 19% 

contribution. PAHs, that has been proved to increase the risk of cancer in human, showed 

completely ascendant positions for impact categories of carcinogenics and ecotoxicity. Multiple 

substances were found to be responsible for respiratory effect. SO2 was the dominant pollutant 
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accounting for 46% of potential respiratory system damage followed by NOx and CO with 

contributions of 33% and 21% respectively. However, TRACI failed to assess the impacts of 

NMHC, suspended particulates and PCDD/F. 

3.5.2. Results of ReCiPe (H) 

Midpoint impacts of 1 kg dry rice straw open burning were estimated using world ReCiPe (H) 

model to obtain a more comprehensive view of rice straw on-field open burning activity. Result 

of ReCiPe impacts is shown in Figure 3.3. The relevant impact categories and their normalizing 

values are presented in Table 3.4. Similar to TRACI impacts, little effect of ozone depletion was 

found during rice straw open burning. The most significant impact caused by rice straw open 

burning was climate change with 0.96 kg CO2 eq., which is identical to the result obtained by 

TRACI. The major contributor to climate change was CO2 taking up 95.9% of the total impact. 

However, the distributions of CH4 and N2O were slightly different reflecting a deviation of 

characterization factor of same substance between two methods. Photochemical oxidant formation 

was reckoned to be another relevant impact with a quantified effect of 0.0072 kg NMVOC eq. 

expressed in a different unit instead of O3 equivalent. It was mainly triggered by the release of 

NMHC, NOx and CO during rice straw open burning with contributions of 44.3%, 34.4% and 20% 

respectively. Terrestrial eutrophication and particulate matter formation were also significantly 

caused by the emission of NOx and SO2 but to different extents. Compared with terrestrial 

eutrophication, marine eutrophication was predicted to be less critical, which considered only NOx 

emission. In the meanwhile, freshwater eutrophication risk was zero by implementing ReCiPe (H). 

PAHs account for 100% of human toxicity, terrestrial ecotoxicity, freshwater ecotoxicity and 

marine ecotoxicity since its strong carcinogenicity to both human and environment. 
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Instead of including NOx only in TRACI, NMVOCs is also considered as an indicator of 

photochemical reaction. However, the effects of particulate and PCDD/F were unable to access. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Normalization results of ReCiPe (H) 

 

 

Table 3.4. Characterization results of ReCiPe midpoint (H) with contribution of each 

substance 
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3.5.3. Results of CML-IA baseline 

Multiple potential impacts were quantified using simplified CML model including global 

warming, ozone depletion, human toxicity, fresh water aquatic ecotoxicity, marine aquatic 

ecotoxicity, terrestrial ecotoxicity, photochemical oxidation, acidification and eutrophication.  

By analyzing normalization results exhibited in Figure 3.4, three impact categories were 

spotted specifically relevant to rice straw open burning: photochemical oxidation, global warming 

potential and acidification, although with various significance.  Photochemical oxidation was most 

relevant resulted from rice straw open burning and 0.00091 kg C2H4 eq. of impact could be 

generated by burning 1 kg of dry rice straw. CO is a major incentive inducing 97% of total 

photochemical oxidation impact while SO2 and CH4 could also participate in the reaction but 

negligible contributions were found. Global warming caused by 1 kg rice straw burning was 

quantified to be 0.96 kg CO2 eq. highly coinciding with the results of ReCiPe midpoint (H) in 

terms of contributors and evaluated environmental risk. Although the characterization factors of 

100-year time horizon derived by IPCC were simultaneously utilized in TRACI, ReCiPe (H) and 

CML-baseline, a minor discrepancy was found in contributions of CH4 and N2O. Burning of rice 

straw also potentially brings acidification concern as substantiated in Figure 3.4, mainly because 

of NOx emission. NOx was also found to be the major contributor to eutrophication with 95.8%. 

Different from the results of TRACI and ReCiPe (H), freshwater aquatic ecotoxicity, marine 

aquatic ecotoxicity and terrestrial ecotoxicity were not influenced by rice straw open burning 

activity according to the impact assessment results of CML baseline. Another discrepancy was 

found in human toxicity. NOx was the major contributor to human toxicity in CML, while PAHs 

contributed most in ReCiPe. Emissions of NMHC, PAHs, PCDD/F and particulates were assessed 

to be unimportant in CML. 
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Figure 3.4. Normalization result of CML-IA baseline 

 

Table 3.5. Characterization results of CML baseline with contribution of each substance 

 

 

 

 

 

 

 

3.5.4. Method Comparison 

For a more comprehensive understanding of potential environmental concerns brought by rice 

straw on-field open burning, the discrepancies and consistencies are discussed in this section. It is 

critical to be noticed that, various units are utilized in different LCIA methods, which set obstacles 

comparing the absolute impact values of different methods. Converting factors could be used to 
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do unit harmonization as conducted by Bueno et al. (2016), who compared five methods applied 

in LCA of building material with uncertainties introduced due to unit conversion. Considering the 

maintain of accuracy, method comparison was carried out mainly from the aspects of contribution 

deviation and relevant impact categories identified by each method. For those impacts that share 

the identical unit, impact results are discussed in the followings. 

• Global Warming  

Consistency was found for global warming (also called climate change in some methods) 

obtained by TRACI, ReCiPe (H) and CML-IA baseline model. It was presented in the tables above 

that 0.96 kg CO2 eq. of greenhouse effect could be induced by open burning of 1 kg of dry rice 

straw, which was a significant relevant impact predicted by all three LCIA methods. This 

consistency in the result is because the IPCC method is embedded to assess global warming for all 

selected models and 100-year time horizon characterization factor is employed to do an impact 

assessment. However, under different versions of ReCiPe and CML-IA, diverse indicators and 

characterization factors of different time horizons could be used possibly returning a different 

impact potential. The major contributor was CO2, which was released enormously during 

uncontrolled straw burning activity. Although N2O and CH4 are also greenhouse gases, minor 

contributions were detected for these two substances in this case.  

•  Photochemical Oxidation 

Photochemical formation, also called photochemical smog formation in TRACI and 

photochemical oxidant formation in ReCiPe (H), was assessed to be one of the most relevant 

impact categories for three selected methods. A similar pathway is considered in TRACI, ReCiPe 

and CML-IA telling photochemical oxidation is mainly formed by reactions of VOCs and NOx 
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under sunlight (Guinee et al., 2002; Huijbregts et al., 2006; US EPA, 2012). However, a 

discrepancy was detected in contribution analysis. According to the result obtained by CML-IA 

baseline, CO was the major contributor of photochemical oxidation, while NOx played the most 

important role in TRACI. Potential photochemical oxidant formation of ReCiPe (H) showed a 

more even contribution between NMHC, NOx and CO, although NMHC took up more than the 

other two substances. 

•  Acidification 

Rice straw open burning was predicted to increase the risk of acidification in this study. 

Consistent results were found for TRACI, ReCiPe (H) and CML-IA baseline. Acidification impact 

was assessed to be 0.0017 - 0.0021 kg SO2 eq. per 1 kg of dry mass burning and NOx was presented 

to be a more influential indicator with a contribution of 71 and 77% in ReCiPe (H) and CML-IA 

baselines, respectively, while a higher contribution was tallied using TRACI. 

•  Human Health 

A significant discrepancy was found in human health impact categories, which is identical with 

the conclusions of previous studies (Zhou et al., 2011; Renou et al., 2008; Dreyer & Hauschild, 

2003). Considering the included impacts should reflect the core concerns of United States and be 

accordance with the US regulations, human health impact is further divided into three specific 

indicators in TRACI, which are cancer impact, non-cancer impact and respiratory effects. As for 

ReCiPe (H) and CML-IA baseline, a single indicator of human toxicity is utilized to represent the 

human health impact category. The relatively more detailed taxonomy enables TRACI to do 

meticulous assessment towards human health and give a reliable prediction in the protected region. 

However, ReCiPe and CML was designed for a global scale application. From this point of view, 
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a general indicator is more appropriate for the latter two methods. Another significant 

inconsistency of human toxicity occurred between ReCiPe and CML. PAHs emission during rice 

straw open burning was responsible for total human toxicity indicated by results of ReCiPe (H) 

and 0.00052 kg 1,4-DB eq. of impact was produced by burning 1 kg of rice straw. However, the 

amount of human toxicity obtained using CML baseline was as five times as the impact predicted 

by ReCiPe (H). NOx was the most significant contributor to human toxicity as estimated by CML 

baseline instead of PAHs as indicated by TRACI and ReCiPe. 

•  Other Impact Categories 

Consistent results of three methods appeared for eutrophication effect, which was found to be 

a less significant impact majorly caused by the release of NOx. By applying TRACI and ReCiPe 

methods, eutrophication impact of 9.67× 10−5 ~11× 10−5 kg N eq. as tallied for 1 kg rice straw 

open burning.  

Ozone depletion and ecotoxicity were little influenced by rice straw open burning according to 

the impact assessment results of three methods. However, CML failed to assess the environmental 

risk of PAHs, which is a group of compounds with high carcinogenicity, whereas it was a major 

contributor to ecotoxicity and human cancer impact in TRACI and ReCiPe. 

PCDD/F and particulate are not involved in the impact assessment of all categories and selected 

LCIA methods, which could be improved in further work. NMHC is also missed in the calculation 

of photochemical oxidation formation in TRACI and CML algorithm. However, NMHC could 

contain VOCs that may react with NOx in the sunlight. From this point of view, it could be added 

to the substance list of smog impact prediction. 
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3.6. Limitations and Uncertainties 

The reliability of the study depends on many aspects such as data accuracy, cut-off and method 

imperfections. In this case, due to the data scarcity, only several primary emissions were selected 

to be included in system boundary according to previous studies. However, other species could 

affect the environment through many pathways. For instance, PM2.5 and PM10 are also released 

during rice straw open burning that might have potential respiratory effects (OanH et al., 2015; 

OanH et al., 2011; Hays et al., 2005; Venkataraman et al., 2006; Kadam et al., 2000). Considering 

the reliability of data resource, only the total suspended particulate emission factor of rice straw 

was captured from US EPA AP-42 air emissions factors database. 

Input data used in the LCIA models were collected from literatures and database. As the 

emission factors could be measured by different researchers from various regions, some 

uncertainties due to geospatial reason may be brought to the final results. Also, some data were 

from old literatures that detected NOx and PCDD/F, which potentially leads to temporal 

inconsistency. 

To reduce the uncertainty from model selection, comparison of three impact assessment 

method was conducted in this study. However, characterization factors of some substances are still 

missing in all the selected methods, which could be improved in future studies. 

3.7. Conclusion and Recommendations 

TRACI, ReCiPe (H) and CML-IA baseline were employed to quantify the midpoint 

environmental impacts of 1 kg of rice straw on-field open burning. By analyzing the contribution 

of each considered substance and comparing the predicted results of all methods, several 

conclusions were drawn and clarified below. 
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1). According to the previous studies, major emissions from rice straw open burning are carbon 

dioxide (CO2), carbon monoxide (CO), methane (CH4), sulfur dioxide (SO2), nitrous oxide (N2O), 

nitrogen oxides (NOx), total particulates, non-methane hydrocarbons (NMHC), polycyclic 

aromatic hydrocarbons (PAHs) and polychlorinated dioxins and furans (PCDD/F). 

2). Global warming, photochemical oxidation formation and acidification were identified to be 

significantly affected by rice straw open burning in the three LCIA methods, while minor 

influences were found in ozone depletion, eutrophication, human health and ecotoxicity. 

3). Results of three methods were significantly consistent in global warming, acidification, 

ozone depletion and eutrophication. Partial consistencies were observed in photochemical 

oxidation formation due to the deviation of contribution profiles. A substantial discrepancy was 

discovered in human health impact category showing differences of structures, considered 

indicating substance and characterization factors among the three methods. 

4). All three methods were not able to assess the impacts of particulates and PCDD/F. For 

TRACI and CML baseline model, characterization factor of NMHC was not included. PAHs, a 

kind of strong carcinogens, was not considered in CML. 

5). ReCiPe (H) seemed to be a better-performed model to assess the impacts of rice straw open 

burning as some key impact categories are considered and only two substances are missing. Yet, 

CML-IA baseline was showing a weaker function for excluding some important substances and 

significant inconsistency compared with the other two methods. 

Recommendations: 

1). More substances released during rice straw open burning could be considered into system 

boundary to explore the potential impact from all directions. 
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2). As global warming, photochemical oxidation formation and acidification could be severely 

affected by rice straw open burning, they should be paid more attention in future studies. 

3). Some missing substances such as particulate, PCDD/F, NMHC and PAHs could be added 

to get more reliable results and better support the decision making. 

4). Human health should be deeply investigated since a significant discrepancy was found in 

this impact category, which had also suggested by other researches. 
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Chapter 4. Life Cycle Assessment of Different Types of Rice Husk 

and Rice Straw Biochar 

4.1. Introduction 

Biochar is a carbon-rich porous material that could be obtained through biomass pyrolysis 

process. As introduced in the previous chapters, it has been proven to be a kind of functional 

absorbents applied in wastewater treatment and soil amendment with relatively lower cost 

compared with activated carbon. Rice husk and rice straw, a kind of major agricultural residues in 

many regions, are usually left and open burned directly on-field, which causes concerns on global 

warming, photochemical smog formation and acidification as assessed in the previous chapter. 

assessed by life cycle assessment. Potential environmental mitigation and proper disposal method 

of agricultural residues were proposed to be biochar production using biomass such as rice husk/ 

straw. Multiple researchers have studied the feasibilities of rice straw and rice husk biochar 

production and applied in many areas. 

However, the biochar production process is consuming energy as well, which could affect the 

environment. In the meanwhile, materials and transportation are needed during this process. 

Although some studies indicated syngas and bio-oil, as co-products, could avoid partial energy 

consumption, emissions could escape into air potentially leading to global warming and respiratory 

effects. From this point of view, the impacts of biochar production need to be investigated, and the 

environmental offsets are to be evaluated. A pivotal question to biochar as a possible agricultural 

residue disposal method is that, if there is any mitigation could be obtained by biochar production 

using rice straw/husk instead of biomass directly open burned. 

To study the impacts of rice husk and rice straw biochar production and to investigate the real 

environmental benefits, a life cycle assessment was conducted in this chapter following ISO 14040 
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framework (ISO, 2006a). Also, four types of rice husk/straw biochar (RH340, RHA340, RS400 

and RS500) produced under different temperatures, and conditions were assessed to see the effect 

of pyrolysis conditions towards biochar production environmental impacts. 

Table 4.1. Biochar type and pyrolysis conditions 
Biochar 

type 

Temperature / feedstock Pyrolysis conditions 

RH340 340℃ / rice husk Produced using pyrolizer as given below; 

oven dried before pyrolysis; 

slow pyrolysis using rice husk. 

RHA340 340℃ / rice husk Produced using pyrolizer as given below; 

oven dried before pyrolysis; 

slow pyrolysis using rice husk; 

activated using steam after pyrolysis. 

RS400 400℃ / rice straw Produced using pyrolizer as given below; 

oven dried before pyrolysis; 

slow pyrolysis using rice husk. 

RS500 500℃ / rice straw Produced using pyrolizer as given below; 

oven dried before pyrolysis; 

slow pyrolysis using rice husk. 

 

4.2. Introduction of Biochar Production Process 

A small-scale biochar pyrolyzer generally used to produce rice husk and rice straw biochar 

under different temperatures, is shown in Figure 4.1. 

 

 

 

 

 

 

Figure 4.1. Schematic setup of biochar production 

Slow pyrolysis of rice husk and rice straw is carried out in order to maximize the yield of the 

solid phase. To reach the target pyrolysis temperatures of 340, 400 and 500 ℃, propane is used as 
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an energy source. A temperature meter is used to sense the temperature of inner tubes and air 

ensuring the pyrolysis is occurring under designed conditions. 

Pyrolysis operations of one working cycle are introduced here. The feedstock is firstly oven 

dried before feeding into the machine to make it more crushable during pyrolysis. Then propane 

refill cylinder is ignited, and the fire is visible in the combustion chamber. After reaching the target 

temperature read from temperature meter, heat is turned off, and no other heat is supplied during 

pyrolysis. Oven dried rice husk/rice straw then is fed into pyrolyzer through hopper showed above 

entering the inner tube. A conveyor belt is used to transport the fed materials inside the tube. After 

15 min of holding time, biochar is formed and moved out through the belt, which is collected in a 

crucible as can be seen in the schematic diagram shown in Figure 4.1. The space between the tube 

exit of biochar and crucible is covered to ensure an air-tight environment during pyrolysis. Only 

two products are produced by pyrolysis. Biochar is collected for further use, and syngas escapes 

into the atmosphere directly as emissions. No bio-oil is produced in the end. 

4.3. Goal and Scope (Methodology) 

A comparative life cycle assessment is conducted under the framework and guidelines defined 

in ISO 14040/44 to quantify the midpoint environmental impacts of 1 kg biochar production using 

given pyrolysis system and compare the impacts of different types of biochar: RH340, RHA340, 

RS400 and RS500. Since environmental risks of rice straw open burning are described in chapter 

3, the feasibilities and environmental benefits were to be discovered by comparing the impacts of 

different agricultural residue disposal methods: rice straw biochar production and rice straw on-

field open burning. Hopefully, it could give data support to decision makers for choosing more 

appropriate disposal method and treating agricultural residue better without affecting the 

environment least. In this study, several sub-processes were considered to examine the impact 
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distributions of each operation, which are introduced in detail in the following section. SimaPro 

8.0, a popular LCA software with various databases and LCIA methods embedded, was used to do 

the impact assessment. Comparative results obtained using LCIA methods, TRACI and ReCiPe 

(H), were proved to be better performing models in the literatures. The intended study area is 

assumed to be in India, so the estimations are made based on this assumption. Due to data scarcity 

and unavailability, emission data were collected and chosen from previous studies, and default 

processes in Ecoinvent v3 database were used to ensure the data were most updated. Considering 

the emissions of syngas and the potential impact may be brought due to transportation, drying and 

material production, several impact categories were selected for more attention to, including global 

warming, human Health impact, eutrophication, ozone depletion and ecotoxicity. Other important 

impacts predicted by each method were discussed as well. Uncertainties were taken into 

consideration and clarified with results introduced in section 4.5. 

4.3.1. System Boundary and Assumptions 

The biochar was produced following the steps clarified in 4.2. It is important to notice that the 

life span also starts at harvest of crops, which is in accordance with the rice straw open burning 

that is described in chapter 3. A general system boundary is shown in Figure 4.2. After 

understanding the pyrolysis process, five sub-processes are used and described in the following 

section to see the contribution to each impact category: 

1). Drying process: Drying process is a pretreatment before pyrolysis to make feedstock more 

crushable and to enhance the pyrolysis. Oven dying process is used in the given process, and the 

default process was chosen in Ecoinvent v3 to tally the environmental impacts due to data scarcity. 

2). Material acquisition and construction: The materials to make the pyrolyzer are considered 

in this process. It consists mostly of mild steel. The inner tube is made of carbon steel, which is 
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only a small portion of the whole machine. The cylinder filled with propane is excluded from the 

system boundary, for it could be refilled and reused by returning to the gas station or used for other 

purposes. Welding process was built using the default process in Ecoinvent v3. 

 

Figure 4.2. System boundary of biochar production 

3). Energy consumption: Propane (C3H8) refill cylinder was used as a heat source of the given 

system. Unfortunately, no record was available about energy consumption per run. Considering 

the propane was used to heat the inner tubes and air inside the reactor before pyrolysis, specific 

heat capacities of air and carbon steel were used to estimate the energy demand for each heat 

period. In this study, the emission of propane combustion was assumed to be only CO2. The CO2 

emission caused by propane was also included in the impact assessment. 

4). Transportation: It describes the transportation process to transport a certain amount of rice 

straw/husk from the crop field to the pyrolysis location. As a real case was not available, 200 km 

was assumed as a transport distance, and default road transportation is selected in Ecoinvent v3 

database. 

System boundary 
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5). Syngas emission: Syngas emissions were calculated using data from literatures based on 

products yield of rice straw pyrolysis and pyrolysis kinetics of hemicellulose, cellulose and lignin 

under different temperatures, which were the major components involving in decomposition 

reactions. Some studies explored the syngas quality and yield under different pyrolysis conditions. 

However, the results could not be obtained directly since using data from various pyrolysis 

conditions, and researchers would introduce unpredictable uncertainties making the impacts of 

four types of biochar incomparable. Although previous studies show that syngas could be treated 

as energy recovery and heat resource, it was released into the air directly as pollutants without any 

collection and treatment in this case. 

6). Steam activation for RHA340: Steam was used to activate RHA340 biochar after pyrolysis. 

Because of data unavailability, the amount of steam used during activation was collected in 

literatures. The default process of Ecoinvent v3 was used to estimate environmental impacts. 

Other assumptions are also considered according to the real pyrolysis conditions. Although 

many studies of biomass slow pyrolysis detected a certain amount of bio-oil as a co-product, there 

is no bio-oil yield in this case possibly due to a relatively lower pyrolysis temperature. Heat loss 

of pyrolyzer was neglected since the pyrolysis time for each run was quite short, and there is no 

heat supply in the middle of pyrolysis. 

4.3.2. Functional Unit 

Functional unit is essential, especially for a comparative life cycle assessment. In this study, 

producing 1 kg of each kind of biochar was chosen to be the functional unit. 
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4.4. Life Cycle Inventory 

Data were collected for five sub-processes described in the system boundary. Due to the 

unavailability of primary data, most of the data were generated from calculations using experiment 

results from the literatures, estimations according to the real case and database Ecoinvent v3.  A 

whole inventory lists were presented in Table 4.2 summarizing the flows of inputs and outputs 

during biochar production. 

Table 4.2. Inventory of four types of biochar production 

Flows/biochar type RH340 RHA340 RS400 RS500 

Type of pyrolysis Slow pyrolysis Slow pyrolysis Slow pyrolysis Slow pyrolysis 

Temperature (℃) 340 340 400 500 

Duration (min) 15 15 15 15 

Feedstock type Rice husk Rice husk Rice straw Rice straw 

Treatment Oven-dry 

before 

pyrolysis 

Oven-dry before 

pyrolysis; steam 

activated after 

pyrolysis: 

 

Steam needed: 

1.16 kg steam 

/kg biochar. 

Oven-dry 

before 

pyrolysis 

Oven-dry before 

pyrolysis 

Transportation (km) 200 200 200 200 

Feedstock input (kg) 2 2 3 3 

Biochar production (g) 250 250 250 250 

Syngas (g/ 250g biochar) 57.7 57.7 100 250 

Pyrolysis energy input  

(MJ/kg biochar) 

2.8  

(0.768 kwh) 

2.8  

(0.768 kwh) 

3.3  

(0.914 kwh) 

4.17  

(1.158 kwh) 

Propane consumption  

(g/kg biochar) 

55.1 55.1 65.6 83.1 

CO2 emission from propane  

(g/kg biochar) 

164.94 164.94 196.36 248.72 

Syngas emission (g/kg biochar) 

CO2 

CO 

CH4 

H2 

 

105.3 

118.9 

5.9 

0.697 

 

105.3 

118.9 

5.9 

0.697 

 

282.06 

108.55 

8.94 

0.447 

 

707.12 

206.3 

71.98 

14.59 

Weight of steel reactor (kg) •Capacity: 250 g biochar /hour 

•tube: 3.68 kg carbon steel 

•other parts: 176 kg mild steel 

•250 g per run, eight cycles per day; designed life span 30 years 

Detailed information of each process was discussed in the next context, process by process. 
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4.4.1. Material Inventory  

Construction (welding) and steel acquisition of the pyrolyzer were considered in this process. 

Figure 4.3 was showing the reactor, biochar exit and connection with propane cylinder as a heat 

source. 

 

 

 

 

 

 

 

Figure 4.3. Biochar pyrolyzer 

The pyrolyzer consists of exterior and inner tubes made of mild steel and carbon steel, 

respectively. The dimension of the tube is 8.3cm diameter × 60 cm long making a total inside 

volume of 13 litres. The height of pyrolyzer is about 1m, and the total weight of the reactor is 

179.68 kg. 250g biochar could be produced per hour through this given system as listed in the 

inventory table. To calculate the materials required for 1 kg biochar production, a working hour of 

8 hours per day / 7 days per week and a life span of 30 years were assumed in this study. Several 

welding processes were embedded in Ecoinvent database, and the default welding process was 

selected to tally the impacts. The steel of the reactor was assumed to be 100% recycled after its 

life span. The energy used by the conveyor belt was cut off due to data unavailability, and it was 

estimated to be an insignificant portion to the whole system. 

4.4.2. Drying Process Inventory  

Rice husk and rice straw were oven-dried before feeding into pyrolyzer. The default process 

from Ecoinvent v3 database was used to assess the impacts. 
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4.4.3. Energy Consumption Inventory  

Propane refill was used as a heat source for pyrolysis. As introduced in the biochar production 

process, heat is turned off after reaching the target temperature, and no other heat would be 

supplied during each pyrolysis cycle. Since the propane was used to heat the inner tube and the air 

inside the reactor where pyrolysis happens, the energy demand was assumed to be the amount of 

energy needed to heat tubes and air in the reactor from room temperature to the target pyrolysis 

temperature (340, 400 or 500℃), and it was calculated using the specific heat capacity of carbon 

steel and air, which was expressed by equation 4.1 below, room temperature was assumed to be 

25 ℃. 

                  E =  𝐶𝑣𝑎𝑖𝑟 × (𝑇𝑝 − 𝑇𝑟) × 𝑀𝑎𝑖𝑟 + 𝐶𝑐𝑠 × (𝑇𝑝 − 𝑇𝑟) × 𝑀𝑐𝑠                     4.1 

where 

E = energy demand, kJ; 

Cvair = air specific heat capacity, kJ/kg K; 

Ccs = carbon steel specific heat capacity, kJ/kg K; 

Tp = temperature of pyrolysis, K; 

Tr = assume room temperature, （273+25）K; 

Mair = mass of air needed to be heated, 0.4 kg in this case; 

Mcs = mass of carbon steel needed to be heated, 3.68 kg in this case. 

Th heat value of propane is 50.158 KJ/g, so the propane demand and CO2 emission due to 

propane combustion for 1 kg of biochar production can be estimated. 

4.4.4. Transportation Inventory  

Rice straw and husk was transported from the field to the pyrolysis spot after harvest. 200 km 

of road transportation using lorry was assumed. Default process in Ecoinvent v3 database was used 

to tally the impacts. 
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4.4.5. Syngas Emission Inventory  

As primary data were not available, the composition of syngas was calculated from the 

experiments data of previous studies. From the literatures, CO2, CO, CH4 and H2 were collected, 

which have been proved to be the major components in syngas (Mani et al., 2011; Fukuda 2015; 

Worasuwannarak et al., 2007; Kan et al., 2016; Imam & Capareda, 2012; Yaman, 2014; Wang et 

al., 2016).  Since hemicellulose, cellulose and lignin are essential components of thermochemical 

decomposition, the rice straw and rice husk compositions of hemicellulose, cellulose and lignin 

were collected from previous studies. By collecting the decomposition kinetics of three 

components under different temperature, the volume fraction of CO2, CO, CH4 and H2 were 

estimated and changed into mass fraction. Detailed calculation processes and data sources were 

listed in Table 4.3. 

Table 4.3. Syngas composition calculation 
Biochar type Unit  RH340/RHA340 RS400 RS500 

Pyrolysis operation conditions 

Feedstock 
 

Rice husk Rice straw Rice straw 

Feedstock mass g/kg biochar 8000 12000 12000 

Temperature ℃ 340 400 500 

Biomass composition 

(Blasi et al., 1999; Worasuwannarak et al., 2007) 

Hemicellulose % 24.3 35.7 35.7 

Cellulose % 24.3 32 32 

Lignin % 14.3 22.3 22.3 

Hemicellulose g 1944 4284 4284 

Cellulose g 1944 3840 3840 

Lignin g 1144 2676 2676 

Emission release rate of each component (Yang et al., 2007) 

Hemicellulose 
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CO2 ml/min/g 0.400 1.300 1.800 

CO ml/min/g 0.500 0.600 0.300 

CH4 ml/min/g 0.000 0.000 0.380 

H2 ml/min/g 0.000 0.000 0.700 

Cellulose 

CO2 ml/min/g 0.180 0.200 1.400 

CO ml/min/g 0.600 0.400 1.620 

CH4 ml/min/g 0.000 0.000 0.300 

H2 ml/min/g 0.100 0.000 0.300 

Lignin 

CO2 ml/min/g 0.180 0.500 1.500 

CO ml/min/g 0.200 0.200 0.125 

CH4 ml/min/g 0.180 0.250 0.750 

H2 ml/min/g 0.000 0.100 1.350 

Vol. fraction of each pollutants 

CO2 % 0.325 0.579 0.456 

CO % 0.577 0.350 0.209 

CH4 % 0.050 0.050 0.128 

H2 % 0.047 0.020 0.207 

Mass fraction of each pollutant 

CO2 % 0.456 0.705 0.707 

CO % 0.515 0.271 0.206 

CH4 % 0.026 0.022 0.072 

H2 % 0.003 0.001 0.015 

Emission of 1 kg biochar production  

(Gupta et al., 2016; Park et al., 2014) 

Mass of syngas g/kg biochar 230.8 400 1000 

CO2 g/kg biochar 105.268 282.063 707.123 

CO g/kg biochar 118.923 108.550 206.309 



 

 

60 

 

CH4 g/kg biochar 5.911 8.940 71.977 

H2  g/kg biochar 0.698 0.447 14.591 

 

4.4.6. Steam Activation Inventory of RHA340 

Due to the data unavailability, the steam activation process for RHA340 biochar followed by 

Demiral et al. (2011) was assume in this study. A steam activation efficiency of 75% was assumed, 

which means 75% of total produced steam was used to activate biochar. Default steam producing 

process was selected in Ecoinvent v3 database. 

4.5. Life Cycle Impact Assessment 

TRACI and ReCiPe (H) were selected to quantify the midpoint environmental impacts for 1 kg 

of biochar production considering five unit-processes (drying, syngas emissions, material and 

constructions, transportation and energy consumption) described earlier. An additional process of 

steam activation was also included for RHA340 biochar. Based on the popularity and potential 

impacts mentioned in literature, the impact categories of interest were chosen to be: 1) global 

warming, 2) human Health impact, 3) eutrophication, 4) ozone depletion and 5) ecotoxicity. Other 

impacts assessed by each LCIA method would be discussed as well including smog formation and 

acidification. 

4.6. Results and Discussion 

By conducting life cycle assessment using TRACI and ReCiPe (H), the midpoint impacts of 1 

kg of each kind of biochar production were evaluated and compared by. Significant impact 

categories were identified by analyzing the normalization results. The avoiding impacts gained by 

biochar production compared to the equal amount of rice straw open burning were also discussed.  
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4.6.1. Environmental Impacts of RH340 Biochar Production 

• TRACI results 

TRACI was used to the quantify the midpoint impacts of 1 kg RH340 biochar production as 

presented in Table 4.4., and the normalization results are shown in Figure 4.5. The most significant 

contributor for each impact category is highlighted in yellow, and the most relevant impact 

categories are shaded in blue. The contribution of each unit-process is shown in Figure 4.4 below.  

Table 4.4. Midpoint impacts of RH340 biochar production assessed by TRACI 
 

Impact 

category 

 

Unit 

 

Total 

Contribution of unit process 

Syngas 

emission 

Drying materials 

and 

construction 

Transportation Propane 

Ozone depletion kg CFC-11 

eq 
5.1× 10−8 0% 0% 0% 13% 87% 

Global warming kg CO2 eq 0.49 51% 0% 0% 6% 43% 

Smog kg O3 eq 0.014 46% 0% 1% 31% 22% 

Acidification kg SO2 eq 0.00052 0% 0% 1% 32% 66% 

Eutrophication kg N eq 0.00016 0% 0% 11% 24% 65% 

Carcinogenics CTUh 4.9× 10−9 0% 0% 62% 17% 21% 

Non 

carcinogenics 

CTUh 1.25× 10−8 0% 0% 6% 57% 37% 

Respiratory 

effects 

kg PM2.5 eq 9.5× 10−5 44% 0% 0% 21% 34% 

Ecotoxicity CTUe 0.40 0% 0% 14% 57% 29% 

 

 

 

 

 

 

 

Figure 4.4. Contribution analysis of RH340 biochar production (TRACI) 
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Figure 4.5. Normalization results of RH340 biochar production (TRACI) 

By analyzing the normalization results from TRACI as shown in Figure 4.5, the most 

significant relevant impact category was identified as carcinogenic effect with 4.9× 10−9 CTUh, 

which is one of the indicators of human health impact. It was mainly caused by the consumption 

of materials and welding process. Propane acquisition and transportation contributed about 20% 

of carcinogenic effect as well. Ecotoxicity was found to be another relevant impact category with 

less significance compared with carcinogenic effect with a major contributor of transportation. 

Other less significant impacts included global warming, smog, acidification, eutrophication, ozone 

depletion, non-carcinogenic and respiratory effects. As indicated by Figure 4.4, drying process 

barely increased any impact risks, and propane consumption and transportation seemed to be 

essential processes as they contributed all the impact categories. Propane consumption was the 

major contributor of ozone depletion, acidification and eutrophication while transportation was the 

major contributor of ecotoxicity and non-carcinogenics effect. Syngas emissions would potentially 

lead to global warming, smog and respiratory effects. 

• ReCiPe (H) results 
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The impacts of 1 kg RH340 biochar production were quantified using ReCiPe (H), and the 

results were presented in Table 4.5. and Figure 4.7. To identify the most relevant impact categories, 

the normalization results are analyzed as shown in Figure 4.6. 

 

 

 

 

 

 

Figure 4.6. Normalization results of RH340 biochar production (ReCiPe H) 

Table 4.5.  Midpoint impacts of RH340 biochar production assessed by ReCiPe (H) 
 

Impact category 

 

Unit 

 

Total 

Contribution of unit Process 

Syngas 

emission 

Drying materials 

and 

construction 

Transportation Propane 

Climate change kg CO2 eq 0.49 51% 0% 0% 6% 43% 

Ozone depletion kg CFC-11 

eq 
3.9× 10-8 0% 0% 0% 13% 87% 

Terrestrial 

acidification 

kg SO2 eq 0.00048 0% 0% 1% 30% 68% 

Freshwater 

eutrophication 

kg P eq 8.4× 10-6 0% 1% 25% 24% 50% 

Marine 

eutrophication 

kg N eq 3.5× 10-5 0% 1% 4% 39% 57% 

Human toxicity kg 1,4-DB 

eq 

0.017 0% 0% 4% 57% 39% 

Photochemical 

oxidant formation 

kg NMVOC 0.0059 92% 0% 0% 4% 4% 

Particulate matter 

formation 

kg PM10 eq 0.00017 0% 0% 0% 43% 57% 

Terrestrial 

ecotoxicity 

kg 1,4-DB 

eq 
2.0× 10-5 0% 0% 2% 76% 22% 

Freshwater 

ecotoxicity 

kg 1,4-DB 

eq 

0.00056 0% 0% 14% 42% 43% 

Marine ecotoxicity kg 1,4-DB 

eq 

0.00060 0% 0% 13% 52% 35% 
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Figure 4.7. Contribution analysis of RH340 biochar production (ReCiPe H) 

As indicated by normalization results, RH340 biochar production would impact significantly 

on marine ecotoxicity, freshwater ecotoxicity and photochemical oxidation with impacts of 0.0006 

kg 1,4-DB eq., 0.00056 kg 1,4-DB eq. and 0.0059 kg NMVOC, respectively. Fewer impacts were 

found in human toxicity and climate change. Some consistencies between the results of TRACI 

and ReCiPe could be identified in climate change, ecotoxicity, ozone depletion, eutrophication and 

acidification in terms of similar contributions and significance among all the impact categories. 

As showed in figure 4.7., syngas emission was the major contributor of photochemical oxidation 

with more than 90% of total impact while it took up less impact as predicted by TRACI. 

4.6.2. Environmental Impacts of RHA340 Biochar Production 

• TRACI results 

The impacts of 1 kg of RHA340 biochar were estimated by TRACI as showed in Table 4.6 

.and Figure 4.9. The normalization results were obtained by normalizing the impact by impact per 



 

 

65 

 

capita per year based on the reference year in the reference region. The biggest contributor for 

each impact category is shaded in yellow and the significant impact categories identified by 

normalization results are shaded in blue. 

Carcinogenic effect and ecotoxicity were found to be the most relevant impact category with 

4.9× 10−9 CTUh and 0.4 CTUe, respectively, while less significant impacts were found in global 

warming and non-carcinogenic effect. Unlike the contribution profile of RH340, steam activation 

process presented a strong influence on almost all the impact categories especially on acidification, 

eutrophication, non-carcinogenic and carcinogenic effect, respiratory effect and ecotoxicity. It also 

contributed significantly to smog and global warming. Except for steam activation, propane 

consumption and transportation were also two influential unit-processes as they were the 

significant contributors in many impact categories such as ozone depletion and smog, although 

with less significance compared with steam activation. 

 

 

 

 

 

 

 

Figure 4.8. Normalization results of RHA340 biochar production (TRACI) 
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Table 4.6. Midpoint impacts of RHA340 biochar production assessed by TRACI 
 

Impact 

category 

 

Unit 

 

Total 

Contribution of unit process 

Syngas 

emission 

Drying materials 

and 

construction 

Transportation Propane Steam 

activation 

Ozone 

depletion 

kg CFC-

11 eq 
5.1× 10−8 0% 0% 0% 9% 62% 28% 

Global 

warming 

kg CO2 

eq 

0.49 33% 0% 0% 4% 28% 35% 

Smog kg O3 eq 0.014 28% 0% 0% 18% 13% 40% 

Acidification kg SO2 

eq 

0.00052 0% 0% 0% 9% 19% 72% 

Eutrophication kg N eq 0.00016 0% 0% 4% 8% 22% 66% 

Carcinogenics CTUh 4.9× 10−9 0% 0% 34% 9% 11% 45% 

Non 

carcinogenics 

CTUh 1.25×
10−8 

0% 0% 2% 20% 13% 64% 

Respiratory 

effects 

kg PM2.5 

eq 
9.5× 10−5 20% 0% 0% 10% 15% 55% 

Ecotoxicity CTUe 0.40 0% 0% 7% 26% 13% 53% 

 

 

 

 

 

 

 

 

Figure 4.9. Contribution analysis of RHA340 biochar production (TRACI) 

Syngas emission affected the impact categories of global warming, smog formation and 

respiratory effects. However, less toxicity was found. Material and welding of steel would 

potentially induce carcinogenic effect as indicated in Figure 4.9. Global warming was brought 

about by propane consumption, steam activation and syngas emission almost evenly. 
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• ReCiPe (H) results 

ReCiPe (H) was also implemented to estimate the biochar production of 1 kg of RHA340 

biochar. The characterization results were displayed in Table 4.7. and Figure 4.11. 

 

 

 

 

 

 

Figure 4.10. Normalization results of RHA340 biochar production (ReCiPe H) 

 

 

 

 

 

 

 

Figure 4.11. Contribution analysis of RHA340 biochar production (ReCiPe H) 
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Table 4.7. Midpoint impacts of RHA340 biochar production assessed by ReCiPe (H) 
 

Impact 

category 

 

Unit 

 

Total 

Contribution of unit Process 

Syngas 

emission 

Drying materials 

 and 

construction 

Transportation Propane Steam 

activation 

Climate 

change 

kg CO2 eq 0.49 33% 0% 0% 4% 28% 35% 

Ozone 

depletion 

kg CFC-11 

eq 
3.9× 10−8 0% 0% 0% 9% 62% 29% 

Terrestrial 

acidification 

kg SO2 eq 0.00048 0% 0% 0% 8% 19% 72% 

Freshwater 

eutrophication 

kg P eq 8.4× 10−6 0% 0% 5% 5% 10% 80% 

Marine 

eutrophication 

kg N eq 3.5× 10−5 0% 0% 1% 15% 21% 62% 

Human 

toxicity 

kg 1,4-DB 

eq 

0.017 0% 0% 1% 18% 12% 69% 

Photochemical  

oxidant 

formation 

kg 

NMVOC 

0.0059 84% 0% 0% 3% 4% 9% 

Particulate 

matter  

formation 

kg PM10 eq 0.00017 0% 0% 0% 14% 18% 68% 

Terrestrial 

ecotoxicity 

kg 1,4-DB 

eq 
2.0× 10−5 0% 0% 1% 46% 14% 40% 

Freshwater 

ecotoxicity 

kg 1,4-DB 

eq 

0.00056 0% 0% 4% 13% 14% 69% 

Marine 

ecotoxicity 

kg 1,4-DB 

eq 

0.00060 0% 0% 5% 21% 14% 60% 

To identify the relevant impact categories, normalization results were calculated. Marine 

ecotoxicity and freshwater ecotoxicity were significantly affected by RHA340 biochar production 

as indicated by Figure 4.10., and less relevant impact categories were found to be climate change, 

freshwater eutrophication, human toxicity and photochemical oxidant formation. Similarly, the 

steam activation process was predicted to be the most important unit-process for RHA340 biochar 

production. Consistent contribution profile between TRACI and ReCiPe (H) was obtained in ozone 

depletion. As ecotoxicity was divided into three indicators, a slight discrepancy could be observed 

in terrestrial ecotoxicity where transportation contributed more than the steam activation process. 

A significant discrepancy lay in photochemical oxidation formation since syngas emission was the 

most predominant contributor while the smog was mostly caused by steam activation. 
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4.6.3. Environmental Impacts of RS400 Biochar Production 

The midpoint impacts of 1 kg RS400 biochar production with contribution of each unit-process 

were tallied by TRACI and ReCiPe (H), which were presented below.  

• TRACI results 

Results of 1 kg of RS400 biochar production calculated by TRACI were displayed in Table 

4.8. and Figure 4.13. Normalization results were shown in Figure 4.12. indication the relevant 

impact categories. 

 

 

 

 

 

Figure 4.12. Normalization results of RS400 biochar production (TRACI) 

Table 4.8. Midpoint impacts of RS400 biochar production assessed by TRACI 
 

Impact 

category 

 

Unit 

 

Total 

Contribution of unit process 

Syngas 

emission 

Drying materials 

and 

construction 

Transportation Propane 

Ozone depletion kg CFC-11 

eq 
5.1× 10−8 0% 0% 0% 11% 89% 

Global warming kg CO2 eq 0.49 64% 0% 0% 3% 32% 

Smog kg O3 eq 0.014 42% 0% 1% 30% 27% 

Acidification kg SO2 eq 0.00052 0% 0% 1% 29% 70% 

Eutrophication kg N eq 0.00016 0% 1% 9% 21% 69% 

Carcinogenics CTUh 4.9× 10−9 0% 1% 59% 17% 23% 

Non 

carcinogenics 

CTUh 1.25× 10−8 0% 0% 6% 53% 41% 

Respiratory 

effects 

kg PM 2.5 eq 9.5× 10−5 40% 0% 0% 21% 39% 

Ecotoxicity CTUe 0.40 0% 0% 13% 54% 32% 
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Figure 4.13. Contribution analysis of RS400 biochar production (TRACI) 

 

Some relevant impact categories were discovered by normalization result shown in Figure 4.12. 

The most relevant impact was carcinogenic effect which induced mainly by materials and welding 

process. Transportation and propane also contributed to carcinogenics. Less significantly affected 

impacts were ecotoxicity and global warming, which were mainly caused by transportation and 

syngas emission respectively. Propane was recognized as an important unit-process that potentially 

brought a severe risk of ozone depletion, acidification and eutrophication. It was also a significant 

contributor to smog, global warming, non-carcinogenics effects, respiratory effect and ecotoxicity. 

Syngas emission affected the impact categories of global warming, smog formation and respiratory 

effects, which was identical with previous results of RH340 and RHA340. Transportation was also 

an important contributor to many impact categories such as non-carcinogenics effects and smog 

formation. 
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• ReCiPe (H) results 

Environmental impacts of 1 kg of RS400 biochar production calculated by ReCiPe (H) were 

displayed in Table 4.9, and the contribution of each unit process were shown in Figure 4.15. By 

analyzing the normalization results, relevant impacts were identified as indicated in Figure 4.14. 

 

 

 

 

 

 

 

Figure 4.14. Normalization results of RS400 biochar production (ReCiPe H) 

The most relevant impact categories were found to be marine ecotoxicity (0.00060 kg 1,4-DB 

eq.) and freshwater ecotoxicity (0.00056 kg 1,4-DB eq.) with major contributors to transportation 

and propane consumption. Other significant relevant impact categories included climate change 

(0.49 kg CO2 eq.), human toxicity (0.017 kg 1,4-DB eq.) and photochemical oxidant formation 

(0.0059 kg NMVOC). Syngas emission was found to be the major contributor to climate change 

and photochemical oxidant formation. Transportation was found to be the critical contributor to 

human toxicity. 
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Table 4.9. Midpoint impacts of RS400 biochar production assessed by ReCiPe (H) 
 

Impact category 

 

Unit 

 

Total 

Contribution of unit Process 

Syngas 

emission 

Drying materials 

 and 

construction 

Transportation Propane 

Climate change kg CO2 eq 0.49 64% 0% 0% 3% 32% 

Ozone depletion kg CFC-11 

eq 
3.9× 10−8 0% 0% 0% 11% 88% 

Terrestrial 

acidification 

kg SO2 eq 0.00048 0% 0% 1% 27% 72% 

Freshwater 

eutrophication 

kg P eq 8.4× 10−6 0% 1% 23% 22% 55% 

Marine 

eutrophication 

kg N eq 3.5× 10−5 0% 1% 3% 35% 61% 

Human toxicity kg 1,4-DB eq 0.017 0% 1% 4% 53% 43% 

Photochemical  

oxidant formation 

kg NMVOC 0.0059 91% 0% 0% 4% 5% 

Particulate matter  

formation 

kg PM10 eq 0.00017 0% 0% 0% 39% 61% 

Terrestrial ecotoxicity kg 1,4-DB eq 2.0× 10−5 0% 0% 2% 73% 26% 

Freshwater 

ecotoxicity 

kg 1,4-DB eq 0.00056 0% 1% 13% 39% 47% 

Marine ecotoxicity kg 1,4-DB eq 0.00060 0% 0% 12% 49% 39% 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. Contribution analysis of RS400 biochar production (ReCiPe H) 
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Similar contribution profiles were found in the impact categories of ozone depletion, climate 

change, eutrophication and acidification. Slight discrepancies occurred in ecotoxicity and human 

health impact since taxonomic difference. As predicted by ReCiPe, propane consumption and 

transportation were two major contributors with almost even dedications for marine ecotoxicity, 

freshwater ecotoxicity and human health. As for terrestrial ecotoxicity, transportation was the 

momentous contributor compared with propane. Syngas emission had vital influence on 

photochemical oxidation formation assessed by ReCiPe as showed in Figure 4.15. However, smog 

formation tallied by TRACI displayed less significance for syngas emission since transportation 

and propane consumption were also two important contributors to smog formation. 

4.6.4. Environmental Impacts of RS500 Biochar Production 

Midpoint impacts of 1 kg RS500 biochar production were calculated using TRACI and ReCiPe 

(H), which presented below. 

• TRACI results 

Figure 4.17 and Table 4.10. were showing the potential impacts of producing 1 kg of RS500 

biochar and the distribution profile of each unit process. 

 

 

 

 

 

Figure 4.16. Normalization results of RS500 biochar production (TRACI) 
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Table 4.10. Midpoint impacts of RS500 biochar production assessed by TRACI 
 

Impact category 

 

Unit 

 

Total 

Contribution of unit process 

Syngas 

emission 

Drying materials 

and 

construction 

Transportation Propane 

Ozone depletion kg CFC-11 

eq 
5.1× 10−8 0% 0% 0% 9% 91% 

Global warming kg CO2 eq 0.49 88% 0% 0% 1% 11% 

Smog kg O3 eq 0.014 57% 0% 0% 20% 22% 

Acidification kg SO2 eq 0.00052 0% 0% 1% 24% 75% 

Eutrophication kg N eq 0.00016 0% 0% 8% 18% 74% 

Carcinogenics CTUh 4.9× 10−9 0% 1% 56% 16% 28% 

Non 

carcinogenics 

CTUh 1.25× 10−8 0% 0% 5% 48% 47% 

Respiratory 

effects 

kg PM2.5 eq 9.5× 10−5 51% 0% 0% 14% 34% 

Ecotoxicity CTUe 0.40 0% 0% 12% 49% 38% 

 

 

 

 

 

 

 

 

Figure 4.17. Contribution analysis of RS500 biochar production (TRACI) 

Due to the increase of temperature, more propane was required, and more syngas was produced 

as co-products of biochar production. As a result, global warming now became the most relevant 

impact category with a syngas emission contribution of 88%, as indicated in Figure 4.16. and 

Figure 4.17. Syngas emission was also the major contributor to smog formation and respiratory 

effects. Another significantly relevant impact category was identified to be carcinogenic effect 

with 4.9 × 10−9  CTUh caused mostly by materials and propane consumption. Propane 
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consumption was an important process involving in many impact categories. It played a major role 

in ozone depletion, acidification and eutrophication. Ecotoxicity and non-carcinogenic effect were 

influenced significantly by transportation and propane as predicted by TRACI. 

• ReCiPe results 

The environmental impacts of 1 kg RS500 biochar production were also assessed by ReCiPe 

(H) as cross-validation with the results of TRACI, which were displayed in Table 4.11 and Figure 

4.19 below. 

Normalization results were presented in Figure 4.18. The most relevant impact category was 

predicted to be climate change due to increasing syngas emission. Other relevant impact categories 

included marine ecotoxicity, freshwater ecotoxicity and photochemical oxidation formation. 

Syngas was also found to have an enormous influence on photochemical oxidation formation. As 

for marine ecotoxicity and freshwater ecotoxicity, they were mainly caused by transportation and 

propane consumption. 

 

 

 

 

 

 

 

Figure 4.18. Normalization results of RS500 biochar production (ReCiPe H) 
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Consistent distribution profile between TRACI and ReCiPe were found in climate change, 

ozone depletion and acidification while slight differences of unit process contributions lay in 

ecotoxicity and eutrophication. Propane was the major contributor for freshwater eutrophication, 

marine eutrophication, particulate matter formation and freshwater ecotoxicity. It also induced 

marine ecotoxicity and human toxicity. Transportation was a major contributor to terrestrial 

ecotoxicity. It was also observed to have a significant influence on human toxicity and marine 

ecotoxicity. 

 

Table 4.11. Midpoint impacts of RS500 biochar production assessed by ReCiPe 
 

Impact category 

 

Unit 

 

Total 

Contribution of unit Process 

Syngas 

emission 

Drying materials 

 and 

construction 

Transportation Propane 

Climate change kg CO2 eq 0.49 88% 0% 0% 1% 11% 

Ozone depletion kg CFC-11 eq 3.9× 10−8 0% 0% 0% 9% 91% 

Terrestrial 

acidification 

kg SO2 eq 0.00048 0% 0% 1% 22% 76% 

Freshwater 

eutrophication 

kg P eq 8.4× 10−6 0% 1% 20% 19% 60% 

Marine 

eutrophication 

kg N eq 3.5× 10−5 0% 1% 3% 30% 66% 

Human toxicity kg 1,4-DB eq 0.017 0% 0% 3% 47% 49% 

Photochemical  

oxidant formation 

kg NMVOC 0.0059 95% 0% 0% 2% 3% 

Particulate matter  

formation 

kg PM10 eq 0.00017 0% 0% 0% 33% 66% 

Terrestrial ecotoxicity kg 1,4-DB eq 2.0× 10−5 0% 0% 1% 68% 30% 

Freshwater 

ecotoxicity 

kg 1,4-DB eq 0.00056 0% 1% 11% 35% 53% 

Marine ecotoxicity kg 1,4-DB eq 0.00060 0% 0% 11% 44% 45% 
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Figure 4.19. Contribution analysis of RS500 biochar production (ReCiPe H) 

4.6.5. Comparison of Different Types of Biochar 

By conducting life cycle assessment using TRACI and ReCiPe (H), the environmental impacts 

of producing 1 kg of each type of biochar were evaluated with the contribution of defined unit 

process, and the relevant impact categories were identified by analyzing normalization results. To 

support the decision making better from an environmental protection point of view, a weighting 

factor was assigned to each impact category according to the normalization results, and a single 

score for each type of biochar was generated considering the overall impact calculated from 

characterization results and weighting factor of each impact category. In this study, four options 

were assessed defined as 1) RH340 biochar production, 2) RHA340 biochar production, 3) RS400 

biochar production and 4) RS500 biochar production.  

A set of weighting factors were developed by calculating the ratio of the normalization results 

of impact category y from all four options (RH340, RHA340, RS400 and RS500) to total 

normalization result, and the method calculating the weighting factor and overall impact score can 

be expressed in the equation 5.1. and equation 5.2. A higher overall impact indicates the higher 

influence to the environment. 
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                                                𝑊𝐹𝑦 =  
∑ 𝑁𝑖,𝑦

4
𝑖=1

∑ 𝑁𝑖
4
𝑖=1

 × 100                                                                      (5.1.) 

where 

WFy = weighting factor of impact category y; 

Ni,y = normalization result of option i in impact category y; 

Ni = normalization result of option i. 

                                                  𝐼𝑖 =  ∑ 𝑁𝑖,𝑦 × 𝑊𝐹𝑦                                                                (5.2.) 

where 

WFy = weighting factor assigned to impact category y; 

Ii = overall impact score of option i; 

Ni,y = characterization result of option i in impact category y. 

 

• TRACI results 

The impacts of producing 1 kg of each type of biochar were compared as shown in Figure 4.21. 

Also, normalization results were obtained and presented in Figure 4.20. to identify the relevant 

impacts caused by biochar production. 

RHA340 biochar production was discovered having a significantly higher environmental 

impact than the other three types of biochar in many categories such as smog, acidification, 

eutrophication, carcinogenic and non-carcinogenic effect, particulate matter formation and 

ecotoxicity. RS500 was found to have the highest global warming risk than the other three types 

of biochar due to increasing syngas and propane consumption. By analyzing the normalization 

results, carcinogenics effect, global warming and ecotoxicity were found to be the relevant impact 

categories for the four types of biochar. For RS500 biochar, a significantly higher global warming 

effect were discovered compared to the other three types of biochar.  
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Figure 4.20. Normalization results of four types of biochar (TRACI) 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21. Comparison of four types of biochar (TRACI) 

 

By assigning weighting factors and generating the overall impact as explained in the previous 

section, a single score was calculated and shown in Table 4.12. 
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Table 4.12. Score table of four types of biochar with weighting factors (TRACI) 

 

As indicated in Table 4.12., a higher weighting factor was assigned to carcinogenics with 44 

followed by ecotoxicity and global warming with weighting factors of 17 and 18, respectively. 

From the perspective of environment, RH340 biochar performed best with a highest score among 

the four types of biochar, and RHA340 biochar was found to affect the environment most 

significantly. With the increase of pyrolysis temperature, more impacts would be generated due to 

the consumption of the heat source and increasing syngas produced during biochar pyrolysis. By 

analyzing the weighted results and comparing the score, the rank of four types of biochar was 

found to be: RH340 > RS400 > RS500 > RHA340. 

• ReCiPe results 

In this section, the impacts of four types of biochar were compared as shown in Figure 4.23, 

and Figure 4.22. was presenting the normalization results. Same weighting analysis method was 

applied to rank the four types of biochar from the perspective of environmental protection.  

 

 

Impact category Normalization (kg eq. per capita. per year) Weighting 

factor RH340 RHA340 RS400 RS500 

Ozone depletion 3.51× 10−7 4.87× 10−7 4.10× 10−7 5.06× 10−7 0 

Global warming 2.04× 10−5 3.14× 10−5 3.26× 10−5 0.000118624 18 

Smog 1.00× 10−5 1.68× 10−5 1.01× 10−5 1.52× 10−5 5 

Acidification 5.54× 10−6 1.96× 10−5 6.25× 10−6 7.41× 10−6 3 

Eutrophication 7.69× 10−6 2.25× 10−5 8.66× 10−6 1.03× 10−5 4 

Carcinogenics 0.000102 0.000186 0.000106 0.00011266 44 

Non carcinogenics 1.21× 10−5 3.37× 10−5 1.30× 10−5 1.44× 10−5 6 

Respiratory effects 3.21× 10−6 7.22× 10−6 3.30× 10−6 4.81× 10−6 2 

Ecotoxicity 3.67× 10−5 7.88× 10−5 3.87× 10−5 4.21× 10−5 17 

Impact Score 0.00571 0.0107 0.00616 0.00811 Total = 100 
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Figure 4.22. Normalization results of four types of biochar (ReCiPe H) 

 

 

 

 

 

 

Figure 4.23. Comparison of four types of biochar (ReCiPe H) 

Similarly, RHA340 biochar was found to have the significant higher impacts for most of the 

impact categories including terrestrial acidification, freshwater eutrophication, marine 

eutrophication, human toxicity, particulate matter formation, terrestrial ecotoxicity, freshwater 

ecotoxicity and marine ecotoxicity. On the other hand, RS500 biochar presented a higher impact 

on climate change, ozone depletion and photochemical oxidant formation. A discrepancy was 

observed in photochemical smog formation impact category. As predicted by ReCiPe, RS500 

biochar had the highest risk on photochemical oxidation formation while the smog formation 

concerns brought by RHA340 and RS500 were similarly estimated by TRACI.  
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By analyzing the normalization results obtained by ReCiPe, the relevant impact categories for 

the four types of biochar were identified. Climate change, photochemical oxidant formation, 

freshwater ecotoxicity and marine ecotoxicity were found to be affected significantly by producing 

the four types of biochar, and two more relevant impact categories, freshwater eutrophication and 

human toxicity, were found for RHA340 biochar production. 

Table 4.13. is showing the score of each type of biochar with the weighting factor calculated 

from the normalization results. 

Table 4.13. Score table of four types of biochar with weighting factors (ReCiPe H) 

 

The biggest weighting factor was assigned to marine ecotoxicity with 33 followed by 

freshwater ecotoxicity and climate change, which was in accordance with the relevant impact 

categories obtained from normalization results. As shown in Table 4.13, similarly, RH340 biochar 

was predicted to have fewer impacts compared to the other three types of biochar, and the RHA340 

biochar had a highest impact score indicating more significant impacts evaluated for RHA340 

biochar production. The four types of biochar can be ranked as RH340 > RS400 > RS500 > 

RHA340, which is consistent with the rank obtained by TRACI. 

Impact category Normalization (kg eq. per year) Weighting 

factor RH340 RHA340 RS400 RS500 

Climate change 7.12× 10−5 0.000109 0.000114 0.000413 17 

Ozone depletion 1.03× 10−6 1.45× 10−6 1.20× 10−6 1.48× 10−6 0 

Terrestrial acidification 1.25× 10−5 4.47× 10−5 1.41× 10−5 1.68× 10−5 2 

Freshwater eutrophication 2.90× 10−5 0.000143 3.19× 10−5 3.65× 10−5 6 

Marine eutrophication 4.74× 10−6 1.26× 10−5 5.26× 10−6 6.11× 10−6 1 

Human toxicity 5.11× 10−5 0.000165 5.50× 10−5 6.13× 10−5 8 

Photochemical oxidant 

formation 

0.000104 0.000115 9.74× 10−5 0.000188 12 

Particulate matter formation 1.23× 10−5 3.79× 10−5 1.36× 10−5 1.58× 10−5 2 

Terrestrial ecotoxicity 3.39× 10−6 5.60× 10−6 3.53× 10−6 3.77× 10−6 0 

Freshwater ecotoxicity 0.000129 0.000412 0.00014 0.000158 20 

Marine ecotoxicity 0.000242 0.000599 0.000259 0.000286 33 

Impact Score 0.0137 0.0336 0.0151 0.0227 Total = 100 
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4.6.6. Comparison of Open Burning and Biochar Production 

To study the feasibility of biochar production as an agricultural residue disposal method, the 

impacts of producing two types of rice straw biochar were quantified and compared to the 

environmental impact of the equal amount of rice straw directly open burnt on-field. TRACI and 

ReCiPe (H) were utilized to assess the impacts and the same weighting methods clarified in the 

previous section was applied to rank the options. 

• TRACI results 

The impacts of rice straw open burning and two types of rice straw biochar, RS400 and RS500, 

were calculated using TRACI and compared as shown in Figure 4.25. Normalization results were 

also obtained to analyze the relevant impacts presented in Figure 4.24. 

Significant impacts on global warming, smog formation and acidification were found for rice 

straw open burning, and considerable reduction could be achieved by biochar production. 

 

 

 

 

 

 

Figure 4.24. Normalization results of biochar production and rice straw open burning 

(TRACI) 
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Impact category Normalization (kg eq. per capita. per year) Weighting 

factor 
RS400 RS500 Rice straw 

open burning 

Ozone depletion 4.10× 10−7 5.06× 10−7 0 0 

Global warming 3.26× 10−5 0.000119 0.000478012 32 

Smog 1.01× 10−5 1.52× 10−5 0.000525028 28 

Acidification 6.25× 10−6 7.41× 10−6 0.000272717 15 

Eutrophication 8.66× 10−6 1.03× 10−5 6.35× 10−5 4 

Carcinogenics 0.000106 0.000113 5.50× 10−5 14 

Non carcinogenics 1.30× 10−5 1.44× 10−5 0 1 

Respiratory effects 3.30× 10−6 4.81× 10−6 2.21× 10−5 2 

Ecotoxicity 3.87× 10−5 4.21× 10−5 9.15× 10−7 4 

Impact Score 0.00311 0.00614 0.0352 Total = 100 

 

 

 

 

 

 

 

Figure 4.25. Impact comparison between biochar production and rice straw open burning 

(TRACI) 

Moreover, avoiding impacts were also found in respiratory effects and eutrophication as shown 

in Figure 4.25. Production of RS400 and RS500 biochar, however, had significantly higher impacts 

on ozone depletion, carcinogenics, non-carcinogenics effect and ecotoxicity due to the 

consumption of propane, material and transportation required during biochar pyrolysis. 

A set of weighting factor were calculated according to the normalization results to evaluate the 

performance of rice straw open burning and biochar production, which is presented in Table 4.14. 

Table 4.14. Score table of biochar production and rice straw open burning with weighting 

factors (TRACI) 

 

 

 

 

 

 



 

 

85 

 

Global warming and smog formation had the biggest weighting factor with 32 and 28, 

respectively, as calculated from normalization results. Acidification and carcinogenics also shared 

the significant weighting factors of 15 and 14, respectively. Rice straw open burning was found to 

have significantly higher impacts to the environment with the highest impact score as shown in 

Table 4.14. The rank of the three assessed options was: RS400 > RS500 > Rice straw open burning, 

indicating that biochar production had fewer impacts compared to rice straw open burning and 

could be a proper rice straw disposal method. 

• ReCiPe results 

The impacts of rice straw biochar production and the open burning of the equal amount of rice 

straw were quantified using ReCiPe (H) and compared in Figure 4.27. The normalization results 

were obtained and shown in Figure 4.26. Also, weighting factors were used to calculated a single 

score for each option, as presented in Table 4.15. 

 

 

 

 

 

 

Figure 4.26. Normalization results of biochar production and rice straw open burning 

(ReCiPe H) 
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Figure 4.27. Impact comparison between biochar production and rice straw open burning 

(ReCiPe) 

 

Table 4.15. Score table of biochar production and rice straw open burning with weighting 

factors (ReCiPe H) 

 

Climate change and photochemical oxidant formation were affected most significantly by rice 

straw open burning. Relevant impact categories with less significance were found to be terrestrial 

acidification and particulate matter formation. As shown in Figure 4.27, by using rice straw to 

produce biochar, considerable reductions could be obtained for climate change, terrestrial 

Impact category Normalization (kg eq. per year) Weighting 

factor RS400 RS500 Rice straw 

open burning 

Climate change 1.14× 10−4 0.000413 0.001666 34 

Ozone depletion 1.20× 10−6 1.48× 10−6 0 0 

Terrestrial acidification 1.41× 10−5 1.68× 10−5 0.000565 9 

Freshwater eutrophication 3.19× 10−5 3.65× 10−5 0 1 

Marine eutrophication 5.26× 10−6 6.11× 10−6 0.000158 3 

Human toxicity 5.50× 10−5 6.13× 10−5 1.93× 10−5 2 

Photochemical oxidant 

formation 
9.74× 10−5 0.000188 0.001525 28 

Particulate matter formation 1.36× 10−5 1.58× 10−5 0.000535 9 

Terrestrial ecotoxicity 3.53× 10−6 3.77× 10−6 9.71× 10−6 0 

Freshwater ecotoxicity 0.00014 0.000158 1.14× 10−6 5 

Marine ecotoxicity 0.000259 0.000286 1.43× 10−6 9 

Impact Score 0.01 0.0232 0.11 Total = 100 

 



 

 

87 

 

acidification, marine eutrophication, photochemical oxidant formation, particulate matter 

formation and terrestrial ecotoxicity. On the other hand, rice straw production increased the risks 

on ozone depletion, freshwater eutrophication, human toxicity, freshwater ecotoxicity and marine 

ecotoxicity. Relatively bigger weights were assigned to climate change and photochemical oxidant 

formation as shown in Table 4.15., which is consistent with the normalization results. According 

to the score and overall impact obtained by weighting analysis, the rank of three options was 

RS400 > RS 500 > rice straw open burning, which is identical to the previous results tallied using 

TRACI. 

By conducting biochar production, considerable mitigations could be gained compared with 

impacts of an equal amount of rice straw open burning as Table 4.16. and Table 4.17.  

Table 4.16. Avoiding impacts obtained by biochar production compared with rice straw open 

burning (TRACI) 

Impact category Unit Avoided impact 

Global warming kg CO2 eq  8.6-10.7 

Smog kg O3 eq 0.74 

Acidification kg SO2 eq 0.025 

Eutrophication kg N eq 0.0011 

Respiratory effects kg PM2.5 eq 0.00051-0.00055 

 

Table 4.17. Avoiding impacts obtained by biochar production compared with rice straw open 

burning (ReCiPe H) 

Impact category Unit Avoided impact 

Climate change kg CO2 eq 8.6-10.7 

Terrestrial acidification kg SO2 eq 0.02 

Marine eutrophication kg N eq 0.00112 

Photochemical oxidant formation kg NMVOC 0.08 

Particulate matter formation kg PM10 eq 0.007 

Terrestrial ecotoxicity kg 1,4-DB eq 3.6E-05 

 

Significantly higher environmental risks would be aroused by an equal amount of rice straw 

open burning as predicted by TRACI and ReCiPe (H), including global warming, acidification, 

smog formation and particulate matter formation. Due to the consumption of propane and 
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transportation during biochar production, ecotoxicity, human toxicity and ozone depletion impacts 

of rice straw biochar production were higher than rice straw open burning. It was predicted that, 

8.6 - 10.7 kg CO2 eq. of climate change, 0.02 - 0.025 kg SO2 eq. of acidification and 0.0011 kg N 

eq. of marine eutrophication could be avoided through rice straw pyrolysis instead of open burning.  

4.6.7. Sensitivity Analysis 

Assumptions were made to fill the gaps of the unavailable data in this study. To quantify the 

effects of some important assumed data on the model outputs, a sensitivity analysis was conducted 

for the inputs that obtained by estimation and assumption, including transportation distance, steam 

activation of RHA340 biochar production, material disposal method and propane consumption. 

TRACI and ReCiPe (H) were used to investigate the changes of the outputs when a single input 

varied. 

1). Transportation: To transport the rice straw and rice husk from the field to the pyrolysis 

location, 200 km of transportation distance was assumed to quantify the impacts of four types of 

biochar production. For 20 % of change in the transportation distance, less than 10% of difference 

was found for most of the impact categories as quantified by TRACI and ReCiPe (H), indicating 

the outputs are not that sensitive to the transportation distance. The variation of normalization 

results was investigated by increasing the transportation to 1000 km, and the same relevant impacts 

were identified. According to the sensitivity analysis, the uncertainties brought by assumed 

transportation distance is acceptable. 

2). Steam activation for RHA340 biochar: Steam was used to activate the RHA340 biochar 

after pyrolysis. The amount of steam required during the activation process was assumed to be 

1.16 kg for 1 kg RHA340 biochar, which was collected from the literatures. The results from 

sensitivity analysis obtained using TRACI showed that 20 % change in steam generation had minor 
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effects on climate change, ozone depletion, smog formation, respiratory effect, carcinogenics and 

ecotoxicity with less than 10 % variation. Around 13 % of difference was found in acidification, 

eutrophication and non-carcinogenics. According to the results assessed by ReCiPe, insignificant 

difference was found for climate change, ozone depletion, marine eutrophication, photochemical 

oxidant formation, terrestrial ecotoxicity and marine ecotoxicity. About 14 % of variations were 

calculated for terrestrial acidification, freshwater eutrophication, human toxicity, particulate 

matter formation and freshwater ecotoxicity. Overall, less sensitivity was identified for the steam 

activation process. 

3). Material disposal method: 100 % recycling rate of material was assumed in this study. To 

investigate the effects of material disposal method, various scenarios were assessed and compared 

to the outputs with 100 % recycling rate, including: a) 100 % landfill; b) 50% landfill + 50% 

recycle and c) 20 % landfill + 80 % recycle. Similarly, TRACI and ReCiPe (H) were utilized to 

quantify the impacts and make the comparison. With the decrease of recycling rate, higher impacts 

were assessed. For the scenario of 20 % landfill and 80% recycle, negligible variations were found 

compared with the system with 100 % recycling rate. For the material disposal method of 50 % 

landfill + 50 % recycle, minor effects were found for most of the impact categories. However, 

dispose of the material by landfilling could bring relatively significant variation to the outputs for 

many impact categories such as eutrophication, respiratory effects and particulate matter 

formation. 

4). Propane consumption: Propane consumption was estimated according to the biochar 

pyrolysis conditions. With 20 % of change in propane demand, minor effects were found in most 

of the impact categories as assessed by TRACI and ReCiPe. However, relatively significant 

variation could be brought in ozone depletion. 
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4.7. Conclusions 

TRACI and ReCiPe (H) were employed to quantify the midpoint environmental impacts of 

producing 1 kg of four types of biochar and rice straw open burning. By analyzing the contribution 

profiles and normalization results, several relevant impact categories were identified. Also, a set 

of weighting factors were assigned to each impact category to calculate a single impact score for 

each option. The conclusions can be drawn below. 

1). Climate change and ecotoxicity are predicted to be affected significantly by biochar 

production. With the increase of pyrolysis temperature, more climate change could be caused due 

to syngas emission. 

2). RH340 biochar has fewest impacts compared to the other three biochar while RHA340 is 

found to have the most significant impacts majorly due to the steam activation process. 

Temperature showed an influence on the environmental impacts caused by biochar production. 

With a higher designed pyrolysis temperature, the impacts of RS500 biochar production were 

found to be more significant than RH340 and RS400 biochar. 

3). Considerable mitigations could be gained in terms of global warming, acidification, smog 

formation and particulate matter formation by disposing rice straw by pyrolysis and producing 

biochar instead of on-field open burning. It was predicted that, 8.6 - 10.7 kg CO2 eq. of climate 

change, 0.02 - 0.025 kg SO2 eq. of acidification and 0.0011 kg N eq. of marine eutrophication 

could be avoided. 
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Chapter 5. Life Cycle Assessment of Application of RS500 Biochar 

in Wastewater Treatment System 

5.1. Introduction 

Biochar is carbon-rich material obtained by biomass thermal decomposition process that has 

been proved to be able to adsorb various organic and inorganic contaminants in soil and wastewater 

(Inyang et al., 2016; Inyang & Dickenson, 2015; Li et al., 2016; Rajapaksha et al., 2016). In light 

a need for a low-cost and effective wastewater treatment system, biochar has caught researchers’ 

attention and been studied intensively on the capability of adsorbing various contaminants. 

However, most of the studies only focused on wastewater treatment efficiency and effluent quality. 

Environmental impacts induced by biochar production and disposal, material consumption and 

emissions of wastewater effluent if discharging into water bodies should also be considered in the 

evaluation of biochar application. According to the assessment results of the previous chapter, 

biochar production could bring multiple environmental risks such as global warming and 

acidification. Although biochar is effective in reducing contaminants in the aqueous phase, the 

actual benefits remain unrevealed. 

For this purpose, life cycle assessment was implemented to investigate the potential impacts 

that may be brought by biochar-wastewater treatment system, and the net benefits were discussed 

considering biochar-wastewater treatment efficiency, biochar production, effluent quality and 

biochar disposal after end-of-life. 

5.2. Introduction of Biochar Wastewater Treatment System 

The capabilities of biochar wastewater treatment in adsorption of heavy metals, hormones and 

some common contaminants such as COD and phosphorus were obtained by conducting lab scale 

column tests (Shahin, 2018). The experiments generated breakthrough curves of each contaminant 
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using RS500 biochar, and accordingly, breakthrough times were defined. Also, the effect of 

feeding flow rate on biochar wastewater treatment efficiency was discussed. 

5.3. Goal and Scope (Methodology) 

A comparative life cycle assessment was implemented under the framework and guidelines 

defined in ISO14040/14044 as introduced in the previous chapters. The four LCA phases were 

used, namely: goal and scope, inventory, life cycle impact assessment and interpretation. In this 

study, midpoint environmental impacts of effectively treating 1 L wastewater using RS500 

biochar-wastewater treatment system were assessed by using TRACI and ReCiPe (H), which are 

the two popular LCIA methods found in previous studies. An LCA software SimaPro 8.0 was 

utilized to do the life cycle assessment study. 

The intended study area was assumed in India, so the estimations were made based on this 

assumption. To reveal the effects of influent feeding flow rate on RS500 biochar-wastewater 

treatment system, two operations under different flow rates (1 ml/min and 2 ml/min) were 

compared and assessed to improve the understanding of potential impacts caused by RS500 

biochar wastewater treatment system. To investigate any environmental offsets brought by 

biochar-wastewater treatment system, impacts of wastewater directly discharged into the 

environment and wastewater treatment system under various operations were compared. 

Considering several phases: biochar production, material, emissions of effluent and biochar 

disposal by co-firing with coal for electricity, the contributions of each phase would be discussed. 

The environmental impacts of RS500 biochar were investigated in chapter 4, and these results 

were directly utilized in RS500 biochar-wastewater treatment. The inventory data for the material 

used in wastewater treatment experiments were obtained from the estimation of the dismantled 

columns, pipe and pump used by Shahin (2018). Default processes from Ecoinvent v3 were used 
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to tally the impacts of raw material acquisition. Effluent and influent qualities were obtained from 

the results generated using lab scale column tests (Shahin, 2018). Co-firing with coal for electricity 

was assumed to be biochar end-of-life disposal method defined as biochar end-of-life phase. 

Electricity and coal avoided by co-firing with coal were considered and the inventory emissions 

of exhaust gas found in the literatures were used as secondary data. Transportation was also 

included in the end-of-life phase describing the transportation impacts from wastewater treatment 

location to coal firing station, which was assumed due to the data unavailability. 

5.3.1. System Boundary and Assumptions 

A general system boundary shown in Figure 5.1 includes four main phases of biochar 

application. These are biochar production, material, emissions of effluent and biochar disposal by 

co-firing with coal for electricity generation. 

 

 

 

 

 

 

 

 

 

Figure 5.1. System boundary of RS500 biochar wastewater treatment system 
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1). Biochar production: as indicated by Shahin’s study assessing biochar capabilities of 

wastewater treatment, RS500 biochar was found to perform better than the other types of biochar 

(Shahin, 2018). Accordingly, only RS500 biochar-wastewater treatment system was considered in 

this study. The impacts of RS500 biochar production were predicted in chapter 4 and utilized in 

biochar production phase in this chapter of life cycle assessment of biochar-wastewater treatment. 

The assumptions related to biochar production in the previous chapter was also applied in this 

chapter. According to the biochar adsorption column experiments results, breakthrough time of 

RS500 biochar-wastewater treatment under each operation condition was identified, and the 

biochar doses required to effectively treat 1 L wastewater were determined. These data were 

utilized to tally the environmental impacts of biochar wastewater treatment system. 

2). Materials: the materials used to form the wastewater treatment system were considered from 

material acquisition stage. The system mainly consists of a pump made of stainless steel and three 

lab scale columns made of acrylic glass. Other small parts included a PVC tube and some glass 

beads used to distribute the wastewater. Figure 5.2. showed the column setup. 

 

Figure 5.2. Biochar wastewater treatment system (Shahin, 2018) 
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Due to the data scarcity, the material masses of columns, PVC tube and beads were estimated 

and verified with the researchers who conducted the experiments. The amount of steel used to 

manufacture the pump was searched online according to the manufacturer and the serial number 

of the pump. Energy consumption was excluded in system boundary mainly because the energy 

consumption was not recorded during experiments. Energy consumption was assumed to have 

little effect since the flow rates of wastewater were relatively small, and column wastewater 

treatment system could have been operated under gravitational flow so that no electricity would 

be required. A steel recycling rate of 100% was assumed. Disposals of other material were cutoff 

in this study. 

3). Effluent emission: the treated water qualities were assessed in the experiments of Shahin 

(2018) and the data were utilized to conduct the impact assessment. It has also assumed that 

treating 1 L of wastewater would generate 1 L of the effluent. 

4). Biochar disposal: biochar can be used as low-heat-value hard coal to produce electricity by 

mixing with coal. The co-firing ratio is between 10% to 30% because of the low heat-value of 

biochar (Huang et al., 2013). To enhance the sustainability of biochar-wastewater treatment 

system, biochar disposal methods were assumed to be biochar co-firing with hard coal to produce 

electricity with a relatively low mixed ratio of 10% considering using existing coal power plants 

in India. A detailed system boundary for biochar disposal phase was shown in Figure 5.3. 

As showed in Figure 5.3, several processes were excluded, namely:  the construction of coal 

power plants, hard coal production and transportation of coal. These cut-offs can be assumed 

reasonably since the existing coal power plants were not built for biochar disposal and no 

retrofitting would be needed. The impacts of biochar transportation from wastewater treatment 
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location to coal power plant were considered in this study. It was also assumed that the exhaust 

gas emissions of the co-firing process were almost the same as that of hard coal-firing power plant 

since a low mixture ratio was used. However, heavy metals adsorbed on the biochar from 

wastewater treatment were considered in the emission of incineration. By co-firing with coal, an 

equal amount of hard coal was avoided, which could bring some benefits to the system. 

 

 

 

 

 

Figure 5.3. System boundary of biochar disposal phase 

 

5.3.2. Functional Unit 

As the whole system is designed to treat wastewater 1 L of wastewater effectively treated using 

RS500 biochar-wastewater treatment system is considered as a functional unit. The same 

functional unit was applying to impact assessment of systems under 1ml/min and 2 ml/min to make 

them comparable. The environmental impacts of 1 L wastewater directly discharged into water 

bodies were also assessed to make a comparison with the impacts of biochar-wastewater treatment 

system.  

5.4. Life Cycle Inventory 

Data used to tally the life cycle impacts were collected from experiments conducted by Shahin 

(Shahin, 2018). Some default processes were also used mainly for raw material acquisition. 

System Boundary 
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5.4.1. Non-Treated Wastewater Quality 

As the study area was intended in India, synthetic wastewater was prepared in the lab as raw 

wastewater according to the water quality of a polluted river in India containing multiple heavy 

metals, hormones and antibiotics (Shahin, 2018). Also, high contents of COD and phosphorus 

were detected. The characteristics of untreated wastewater are presented in Table 5.1. 

Table 5.1. Non-treated wastewater characteristics 

Contaminant  Monitored Value  Unit  

COD 1300 mg/L 

PO4 9.7 mg/L 

Heavy metals 

Pb2+ 10.01 mg/L 

Fe2+ 24.17 mg/L 

Cd2+ 1.82 mg/L 

Cr6+ 0.71 mg/L 

Zn2+ 0.66 mg/L 

Cu2+ 2.09 mg/L 

Hormones 

17-𝛽 Estradiol 1361.5 ppb 

Estrone 3307 ppb 

Progesterone 512 ppb 

 

5.4.2. Material Inventory 

RS500 biochar-wastewater treatment system consists of three acrylic glass columns, a pump 

made of stainless steel, PVC tube and glass beads. The type of pump used in experiments was 

Watson-Marlow Sci-Q 403U/VM precision multichannel peristaltic pump. The material inventory 

list is shown in Table 5.2. A working period of 24 hours per day and seven days per week was 

assumed in this study. The life span of each component was estimated based on experience. As 

clarified previously, energy consumption was not tallied under system boundary in this study. 
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Table 5.2. Material inventory list 
Component Column Pump 

 

Tube Glass 

bead 

Material  Acrylic glass Stainless 

Steel  

PVC Acrylic 

glass 

Dimensions/capacity  

 

Height:9 cm  

Diameter: 1.59 cm 

Thickness: 0.2 cm  

Capacity: 

0.001-17 

ml/min 

Inner diameter:2.79 

mm 

Thickness: 0.1 cm 

Length: 1 m 

NA 

Weight  16.98 g  2.5 kg 4.27 g 50g 

Designed life span (year) 20 years Eight years 50 years Five years 

 

5.4.3. Effluent Inventory 

Effluent qualities under different flow rate were determined by Shahin (2018) considering 

adsorption of heavy metals, COD, phosphorus and hormones. The water treated wastewater 

characteristics oat two operating flow rates are shown in Table 5.3. and Table 5.4. 

Table 5.3. Effluent quality and RS500 breakthrough time (1 ml/min) 

Inventory  Value  Unit  

Breakthrough time 360  min 

Flow rate 1 ml/min 

Work time 24/7  

Biochar dose 2.7 g biochar/L wastewater 

Effluent quality 

COD 

PO4 

Heavy metals 

Pb2+ 

Fe2+ 

Cd2+ 

Cr6+ 

Zn2+ 

Cu2+ 

Hormones 

17-𝛽 Estradiol 

Estrone 

Progesterone 

 

770 

5.2 

 

2.1 

2.1 

0.2 

0.2 

0.1 

0.3 

 

304 

837.6 

1 

 

mg/L 

 

 

mg/L 

mg/L 

mg/L 

mg/L 

mg/L 

mg/L 

 

ppb 

ppb 

ppb 

As indicated in the two tables, the higher flow rate resulted in a shorter breakthrough time and 

higher biochar dose. Improved effluent quality would result in fewer emissions into the 

environment and hence, reduce risks. From this point of view, it was significative to compare the 
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potential environmental impacts of biochar wastewater treatment system under different operation 

conditions. 

Table 5.4. Effluent quality and RS500 breakthrough time (2 ml/min) 

Inventory  Value  Unit  

Breakthrough time 120 min 

Flow rate 2 ml/min 

Work time 24/7  

Biochar dose 4.2 g biochar /L wastewater 

Effluent quality 

COD 

PO4 

Heavy metals 

Pb2+ 

Fe2+ 

Cd2+ 

Cr6+ 

Zn2+ 

Cu2+  

Hormones 

17-𝛽 Estradiol 

Estrone 

Progesterone 

 

670 

5.2 

 

1.5 

4.5 

0.35 

0.08 

0.25 

0.5 

 

172.4 

489 

17 

 

mg/L 

mg/L 

 

mg/L 

mg/L 

mg/L 

mg/L 

mg/L 

mg/L 

 

ppb 

ppb 

ppb 

5.4.4. Biochar Dose Inventory 

Biochar required to treat 1 L of wastewater effectively was calculated based on breakthrough 

time. Biochar doses of 2.7 g/L and 4.2 g/L were found for 1 ml/min and 2 ml/min, respectively. 

5.4.5. Biochar Disposal Inventory 

Co-firing with coal was chosen to be the disposal methods of biochar after reaching its 

breakthrough time. This assumption was made based on the situation of India since coal was the 

primary fuel to generate electricity, where lots of existing coal-firing power plants are available 

making it possible to dispose of biochar. As exhaust gas quality of the co-firing process was 

assumed to be the same as that of coal firing plants, India specific data of emissions from coal-

firing power plant exhaust gas were collected from literatures. To simplify the calculation process, 

only couple of primary pollutants were considered including CO2, CO, VOCs, SO2, NOx, PM2.5 
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and PM10 as reported by Mittal & Sharma (2012) and Mittal et al. (2014). Heavy metals were also 

considered to be released to the air with particulates such as PM2.5 and PM10. In this case, only the 

amounts of heavy metals adsorbed from wastewater were utilized in the assessment. The complete 

inventory list of RS500 biochar end-of-life phase is presented in Table 5.5. 

Table 5.5. Inventory of biochar disposal (co-firing with coal) 

Substances  Emission value Data source Comments  

CO2 0.9647 kg/ kg biochar Singh et al., 2016  

CO 0.96 g/ kg biochar Chakraborty et al., 2008 Average 

VOCs 0.038 g/ kg biochar Guttikunda & Jawahar, 

2014. 

 

SO2 4.774 g/ kg biochar Singh et al., 2016  

NOx 3.26 g/ kg biochar Singh et al., 2016  

PM2.5 0.28 g/ kg biochar Guttikunda & Jawahar, 

2014. 

Use the higher value 

PM10 0.092 g/ kg biochar Singh et al., 2016  

Heavy metals 

Pb 

Fe 

Cd 

Cr 

Zn 

Cu 

For 1 ml/min: 

0.9492 g/kg biochar 

2.6484 g/kg biochar 

0.1944 g/kg biochar 

0.0612 g/kg biochar 

0.0672 g/kg biochar 

0.2148 g/kg biochar 

 

For 2 ml/min: 

0.6808 g/kg biochar 

1.5736 g/kg biochar 

0.1176 g/kg biochar 

0.0504 g/kg biochar 

0.0328 g/kg biochar 

0.1272 g/kg biochar 

Experiments of Shahin 

(2018) 

Only considered the heavy 

metals coming from 

wastewater 

Energy produced 1.39 kWh/kg biochar Guttikunda & Jawahar, 

2014;  

 

Park et al., 2014 

Assume the same as hard 

coal in India 

Transportation Assume to be 200 km Assumption Use Def. process in 

Ecoinvent. By road. 

Biochar co-firing with coal could also bring some environmental benefits by producing 

electricity and avoiding a certain amount of coal mining. Similar heat values were found for rice 

straw biochar (Park et al., 2014) and hard coal used to generate electricity in India (Guttikunda & 

Jawahar, 2014). As reported by Guttikunda and Jawahar (2014), 1 kWh of electricity production 

would consume around 0.72 kg hard coal in India. Based on the similar heat values of biochar and 
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hard coal in India, it has been assumed that 1 kWh of electricity could be produced by 0.72 kg 

RS500 biochar. 

5.5. Life Cycle Impact Assessment 

TRACI and ReCiPe (H) were selected to quantify the environmental midpoint impacts of 

RS500 biochar wastewater treatment system effectively treating 1 L of wastewater containing 

COD, P, heavy metals and hormones. Four phases that were clarified in the previous context are 

considered including biochar production, material, emissions of effluent and biochar disposal. 

Based on the popularity and potential impacts mentioned in the literature, the impact categories of 

interest were selected to be: 1) global warming; 2) human Health impact; 3) eutrophication; 4) 

ozone depletion; 5) ecotoxicity. Other impacts assessed by each LCIA method would be discussed 

as well.  

5.6. Results and Discussion 

By using TRACI and ReCiPe (H), the midpoint impacts of RS500 biochar wastewater 

treatment system effectively treating 1 L of wastewater under different operating conditions (1 

ml/min and 2 ml/min) were quantified. Also, the impacts of biochar-wastewater treatment system 

were compared with the impacts of untreated wastewater to investigate the net benefits. 

5.6.1. Impacts of Biochar Treatment System with 1 ml/min  

• TRACI results 

Environmental impacts of using RS500 biochar wastewater treatment system effectively 

treating 1L of wastewater under the influent flow rate of 1 ml/min were tallied by TRACI. The 

quantified environmental impacts and contributions of each unit process are shown in Figure 5.4 
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and Table 5.6. The significant relevant impact categories identified by normalization results are 

shaded in blue the major contributor to each impact category is colored in yellow in the table. 

 

Table 5.6. Impact assessment results of biochar wastewater system under 1ml/min with 

contributions of unit process (TRACI)  
 

Impact 

category 

 

Unit 

 

Total 

Contribution of unit process 

Material  Effluent Biochar 

production 

Biochar 

disposal 

Ozone depletion kg CFC-11 

eq 
-1.85× 10−10 4.72× 10−11 0 2.16× 10−10 -4.48× 10−10 

Global warming kg CO2 eq 0.00724 5.12× 10−4 0 7.78× 10−3 -1.05× 10−3 

Smog kg O3 eq 0.000124 4.36× 10−5 0 6.04× 10−5 2.01× 10−5 

Acidification kg SO2 eq 7.48× 10−6 4.31× 10−6 0 2.01× 10−6 1.16× 10−6 

Eutrophication kg N eq 2.31× 10−5 2.46× 10−6 5.09× 10−5 6.11× 10−7 -3.08× 10−5 

Carcinogenics CTUh 3.231× 10−9 7.66× 10−10 2.12× 10−9 1.49× 10−11 3.27× 10−10 

Non 

carcinogenics 

CTUh 5.12× 10−8 6.24× 10−10 4.7× 10−10 4.17× 10−11 5.00× 10−8 

Respiratory 

effects 

kg PM2.5 eq 1.15× 10−6 2.09× 10−6 0 3.96× 10−7 -1.34× 10−6 

Ecotoxicity CTUe 56.0 2.18× 10−2 56.0 1.28× 10−3 -9.02× 10−3 

 

 

 

 

 

 

 

Figure 5.4. Contribution analysis of biochar wastewater treatment system under 1 ml/min 

(TRACI) 

Avoiding ozone depletion impact was achieved by biochar wastewater treatment with 1.85×10-

10 kg CFC-11 eq. due to energy generation and avoided coal in biochar disposal phase. Similarly, 
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biochar disposal also showed environmental benefits in eutrophication, respiratory effects and 

global warming impact. On the other hand, biochar disposal showed a severe impact on non-

carcinogenic effects with almost 100% contribution. Biochar production process could 

significantly increase global warming potential as a result of emissions of syngas and increasing 

propane usage as stated in the previous chapter. Biochar production also showed a significant 

contributor to smog formation. Effluent emission displayed considerable influences on ecotoxicity, 

carcinogenic effect and eutrophication as a result of heavy metal and nutrient discharge. Materials 

were found to be the major contributor to respiratory effect and acidification. 

 

 

 

 

 

 

Figure 5.5. Normalization results of biochar wastewater treatment system under 1 ml/min 

(TRACI) 

By analyzing the normalization results shown in Figure 5.5, the most relevant impact was found 

to be ecotoxicity with the tremendous impact of 56 CTUe calculated by TRACI. As the major 

contributor of ecotoxicity, enhance effluent quality could potentially reduce more ecotoxicity 

impact. 

• ReCiPe results 
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ReCiPe (H) was also used to assess the potential impacts of biochar-wastewater treatment 

system treating 1L of wastewater at an operating condition of 1 ml/min. The characterization 

results of each impact category and the corresponding contribution profile are presented in Figure 

5.6 and Table 5.7. 

Table 5.7. Impact assessment results of biochar wastewater system under 1ml/min with 

contributions of unit process (ReCiPe H)  
 

Impact category 

 

Unit 

 

Total 

Contribution of unit Process 

Material  Effluent Biochar 

production 

Biochar 

disposal 

Climate change kg CO2 eq 0.00724 5.12× 10−4 0 7.78× 10−3 -1.05× 10−3 

Ozone depletion kg CFC-11 

eq 
-1.63× 10−10 3.64× 10−11 0 1.63× 10−10 -3.63× 10−10 

Terrestrial 

acidification 

kg SO2 eq -1.02× 10−6 3.95× 10−6 0 1.85× 10−6 -6.82× 10−6 

Freshwater 

eutrophication 

kg P eq -1.59× 10−6 1.88× 10−7 1.72× 10−6 3.00× 10−8 -3.53× 10−6 

Marine 

eutrophication 

kg N eq -3.66× 10−6 7.35× 10−7 0 1.28× 10−7 -4.53× 10−6 

Human toxicity kg 1,4-DB 

eq 

0.0580 4.29× 10−4 4.90× 10−4 5.61× 10−5 5.71× 10−2 

Photochemical  

oxidant formation 

kg NMVOC 2.11× 10−5 1.94× 10−6 0 2.90× 10−5 -9.85× 10−6 

Particulate matter  

formation 

kg PM10 eq 6.12× 10−7 3.32× 10−6 0 6.37× 10−7 -3.35× 10−6 

Terrestrial 

ecotoxicity 

kg 1,4-DB 

eq 
2.59× 10−5 1.49× 10−7 3.64× 10−9 6.23× 10−8 2.56× 10−5 

Freshwater 

ecotoxicity 

kg 1,4-DB 

eq 

0.0630 7.25× 10−5 6.30× 10−2 1.92× 10−6 -6.46× 10−5 

Marine ecotoxicity kg 1,4-DB 

eq 
8.77× 10−4 7.44× 10−5 6.84× 10−4 1.97× 10−6 1.17× 10−4 
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Figure 5.6. Contribution analysis of biochar wastewater treatment system under 1 ml/min 

(ReCiPe H) 

 

 

 

 

 

 

 

 

 

Figure 5.7. Normalization results of biochar wastewater treatment system under 1 ml/min 

(ReCiPe) 

The most relevant impact category was tallied to be freshwater ecotoxicity aroused by effluent 

emission, which was consistent with the results of TRACI. However, significant discrepancies 

were found in many other impact categories. More avoiding impacts were found as indicated by 

ReCiPe results. Since energy generation and coal avoided in biochar disposal phase, net benefits 
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were calculated with reductions of 1.63×10-10 kg CFC-11 eq. in ozone depletion, 1.02×10-6 kg SO2 

eq. in terrestrial eutrophication, 1.59×10-6 kg P eq. in freshwater eutrophication and 3.66×10-6 kg 

N eq. in marine eutrophication. Biochar disposal phase contributed significantly in human toxicity 

and terrestrial ecotoxicity potentially because of heavy metals emitted during co-firing with coal. 

Biochar production was influencing mostly on climate change and photochemical oxidation 

formation. Similar results were obtained in freshwater and marine ecotoxicity with the biggest 

contributor of effluent. 

5.6.2. Impacts of Biochar Treatment System with 2 ml/min 

• TRACI results 

Environmental impacts of using RS500 biochar wastewater treatment system effectively to 

treat 1L of wastewater under an influent flow rate of 2 ml/min were estimated using TRACI to see 

the effects of influent flow rate on impacts and the results were displayed in Figure 5.8 and Table 

5.8. 

Table 5.8. Impact assessment results of biochar wastewater system under 2ml/min with 

contributions of unit process (TRACI)  
 

Impact 

category 

 

Unit 

 

Total 

Contribution of unit process 

Material  Effluent Biochar 

production 

Biochar 

disposal 

Ozone 

depletion 

kg CFC-11 eq -3.35× 10−10 2.36× 10−11 0 3.34× 10−10 -6.92× 10−10 

Global 

warming 

kg CO2 eq 1.06× 10−2 2.56× 10−4 0 1.20× 10−2 -1.62× 10−3 

Smog kg O3 eq 1.46× 10−4 2.18× 10−5 0 9.33× 10−5 3.10× 10−5 

Acidification kg SO2 eq 7.06× 10−6 2.15× 10−6 0 3.11× 10−6 1.80× 10−6 

Eutrophication kg N eq 4.55× 10−7 1.23× 10−6 4.59× 10−5 9.44× 10−7 -4.76× 10−5 

Carcinogenics CTUh 1.56× 10−9 3.83× 10−10 8.49× 10−10 2.30× 10−11 3.05× 10−10 

Non 

carcinogenics 

CTUh 5.09× 10−8 3.12× 10−10 6.52× 10−10 6.44× 10−11 4.99× 10−8 

Respiratory 

effects 

kg PM2.5 eq -4.06× 10−7 1.05× 10−6 0 6.12× 10−7 -2.07× 10−6 

Ecotoxicity CTUe 31.8 1.09× 10−2 31.8 1.98× 10−3 -2.72× 10−2 
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Figure 5.8.  Contribution analysis of biochar wastewater treatment system under 2 ml/min 

(TRACI) 

 

 

 

 

 

 

 

Figure 5.9. Normalization results of biochar wastewater treatment system under 2 ml/min 

(TRACI) 

Similar to 1ml/min, the most relevant impact category was found to be ecotoxicity with 32 

CTUe and the major contributor was the effluent emissions. Accordingly, a significant reduction 

in ecotoxicity was achieved at a flow rate of 2 ml/min compared to 1ml/min, with a reduction of 

24 CTUe. Avoiding impacts were observed in ozone depletion and respiratory effects with 

reductions of 3.35×10-10 kg CFC-11 eq. and 4.06×10-7 kg PM2.5 eq., respectively. Biochar disposal 
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presented avoiding impact on many impact categories of ozone depletion, eutrophication and 

respiratory effects. Although some emissions were released by biochar co-firing process, 

significant environmental offsets were to be expected by electricity generation and avoided coal 

mining. However, it resulted in sever non-carcinogenic effects. Biochar production was found to 

have considerable influence on global warming and smog formation. It was also a significant 

contributor to acidification and ozone depletion. Wastewater effluent was found to cause 

ecotoxicity, carcinogenic effects and eutrophication risk, which was consistent with previous 

results of 1 ml/min. Compared with results obtained in 1 ml/min operating condition, the impact 

contributions of material were decreasing by 20% for smog formation and 28% for carcinogenics 

and respiratory effect. 

• ReCiPe results 

Environmental impacts of using RS500 biochar wastewater treatment system to effectively 

treat 1L of wastewater under the influent flow rate of 2 ml/min were estimated using ReCiPe to 

verify the results estimated by TRACI. Impacts assessed by ReCiPe with the contribution of each 

unit process are shown in Figure 5.10 and Table 5.9. 

Avoided environmental effects were found in ozone depletion, terrestrial acidification, 

freshwater eutrophication, marine eutrophication and particulate matter formation due to coal 

avoidance and energy generated by biochar disposal. However, the results showed a tremendous 

effect on human toxicity and terrestrial ecotoxicity as presented. Biochar production was the major 

contributor to climate change and photochemical oxidation formation.  

 

 



 

 

109 

 

Table 5.9. Impact assessment results of biochar wastewater system under 2ml/min with 

contributions of unit process (ReCiPe H)  
 

Impact category 

 

Unit 

 

Total 

Contribution of unit Process 

Material  Effluent Biochar 

production 

Biochar 

disposal 

Climate change kg CO2 eq 0.0106 0.000256 0 0.0120 -0.00162 

Ozone depletion kg CFC-11 

eq 
-2.9× 10−10 1.82× 10−11 0 2.52× 10−10 -5.60× 10−10 

Terrestrial 

acidification 

kg SO2 eq -5.70× 10−6 1.98× 10−6 0 2.86× 10−6 -1.05× 10−5 

Freshwater 

eutrophication 

kg P eq -3.59× 10−6 9.42× 10−8 1.71× 10−6 4.63× 10−8 -5.44× 10−6 

Marine 

eutrophication 

kg N eq -6.42× 10−6 3.67× 10−7 0 1.98× 10−7 -6.99× 10−6 

Human toxicity kg 1,4-DB 

eq 

0.0595 0.000214 0.000382 8.66× 10−5 0.0588 

Photochemical  

oxidant formation 

kg NMVOC 3.051× 10−5 9.72× 10−7 0 4.47× 10−5 -1.52× 10−5 

Particulate matter  

formation 

kg PM10 eq -2.52× 10−6 1.66× 10−6 0 9.84× 10−7 -5.16× 10−6 

Terrestrial 

ecotoxicity 

kg 1,4-DB 

eq 
2.35× 10−5 7.47× 10−8 2.13× 10−9 9.62× 10−8 2.33× 10−5 

Freshwater 

ecotoxicity 

kg 1,4-DB 

eq 

0.0357 3.63× 10−5 0.0358 2.96× 10−6 -0.000101 

Marine ecotoxicity kg 1,4-DB 

eq 

0.000532 3.72× 10−5 0.000424 3.04× 10−6 6.73× 10−5 

 

 

Figure 5.10. Contribution analysis of biochar wastewater treatment system  

under 2 ml/min (ReCiPe H) 
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Figure 5.11. Normalization results of biochar wastewater treatment system  

under 2 ml/min (ReCiPe H) 

As indicated by the normalization results shown in Figure 5.11., freshwater ecotoxicity 

remained the most significant relevant impact category, and the effluent discharge was found to 

be the major contributor. Material phase exhibited minor influence on all the impact categories, 

which was in accordance with the results obtained by TRACI. 

5.6.3. Comparative Impacts of Operating Conditions (1 ml/min vs. 2 ml/min) 

The effects of operating condition under different influent flow rate on biochar wastewater 

treatment system were investigated from the aspects of quantified impacts found by two LCIA 

methods, TRACI and ReCiPe, and the most relevant impact category identified by normalization. 

• TRACI results 

The environmental impacts of biochar-wastewater treatment at the operating flow rates of 1 

ml/min and 2 ml/min are presented in Figure 5.12. 

 

 



 

 

111 

 

 

 

 

 

 

 

 

Figure 5.12. Effect of influent flow rate on biochar wastewater treatment system  

(1ml/min vs. 2ml/min) by TRACI 

 

 

Figure 5.13. Normalization results of biochar wastewater treatment system  

(1ml/min vs. 2ml/min) by TRACI 

Biochar wastewater treatment system under an influent flow rate of 1 ml/min was found to 

perform better in global warming and smog formation. The major contributor of the two impact 

categories was biochar production. Because of the lower biochar demand required for the 1 ml/min 
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wastewater treatment system, fewer impacts were resulted in. Operating the biochar wastewater 

treatment system at a flow rate of 2 ml/min showed environmental benefits on the impact 

categories of ozone depletion and respiratory effects. It also performed better on eutrophication, 

carcinogenics effect, respiratory effect and ecotoxicity.  

By analyzing the normalization results shown in Figure 5.13., ecotoxicity was identified to be 

the most relevant impact category for the system operated at the flow rate of both 1 ml/min and 2 

ml/min. Considerable reduction was achieved by operating the system at 2 ml/min compared to 

the 1 ml/min system. Biochar wastewater treatment system with 2 ml/min flow rate turned to be a 

better operation from the environmental impact perspective. Since the biggest contributor to 

ecotoxicity was effluent according to the previous assessed results, to enhance the effluent quality 

would be helpful to reduce the ecotoxicity of biochar wastewater treatment system. 

• ReCiPe results 

The environmental impacts of biochar wastewater treatment system operated at 1 ml/min and 

2 ml/min were quantified using ReCiPe (H), and were compared displayed in Figure 5.14. and 

Figure 5.15. 

Similarly, the treatment system with the flow rate of 1 ml/min performed better for climate 

change and photochemical oxidant formation, which is identical to the results assessed by TRACI. 

However, the biochar wastewater treatment system with the flow rate of 2 ml/min showed fewer 

impacts for most of the impact categories including particulate matter formation, terrestrial 

ecotoxicity, freshwater ecotoxicity and marine toxicity. Considerable reductions of marine 

ecotoxicity and freshwater ecotoxicity were also observed by operating under 2 ml/min. Compared 
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to the results obtained by TRACI, more avoiding impacts of using biochar wastewater treatment 

system were found by ReCiPe. 

 

Figure 5.14. Effect of influent flow rate on biochar wastewater treatment system  

(1ml/min vs. 2ml/min) by ReCiPe 

 

 

Figure 5.15. Normalization results of biochar wastewater treatment system  

(1ml/min vs. 2ml/min) by ReCiPe 
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The most relevant impact category was found to be freshwater ecotoxicity for the biochar 

wastewater treatment system operated at both 1 ml/min and 2 ml/min, and a significant reduction 

on freshwater ecotoxicity could be achieved using biochar wastewater treatment system by a flow 

rate of 2 ml/min, as shown in Figure 5.15., as predicted by TRACI and ReCiPe. As a result, the 

biochar-wastewater treatment system operating at a flow rate of 2 ml/min was found to perform 

better. 

5.6.4. Non-Treated Wastewater vs. Biochar Wastewater Treatment System 

The impact of biochar wastewater treatment and untreated wastewater were compared using 

TRACI and ReCiPe to investigate the environmental benefits that could be gained by treating 

wastewater using biochar. 

• TRACI results 

The impacts of untreated wastewater and biochar wastewater treatment system were presented 

in Figure 5.16. and 5.17. 

Significantly higher risks of eutrophication, carcinogenic effect and ecotoxicity would arise by 

discharging untreated wastewater directly into water bodies due to substantial heavy metals and 

nutrient contents in the wastewater. By applying biochar as adsorbent, 78 - 87% of ecotoxicity 

could be reduced. Considerable mitigations were also found in eutrophication and carcinogenic 

effects with reductions of 74 - 99% and 57 - 79% respectively. Significant environmental benefits 

of biochar treatment system were displayed in ozone depletion. However, with transportation 

requirement, biochar production and consumptions of materials such as PVC and steel, biochar 

wastewater treatment system presented higher impacts on global warming, acidification, smog 

formation and non-carcinogenic effects. 
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Figure 5.16. Comparison of impacts of biochar wastewater treatment system vs. untreated 

wastewater (TRACI) 

 

 

 

 

 

 

 

 

 

Figure 5.17. Normalization results of biochar wastewater treatment system vs. untreated 

wastewater (TRACI) 

Figure 5.17. is showing the normalization results obtained by TRACI. Ecotoxicity was 

identifies to be the most significant impact category for raw wastewater and the biochar treatment 

system operating at two flow rates. With a respectable mitigation on ecotoxicity, treating 
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wastewater using biochar was found to be the better option compared to discharging untreated 

wastewater directly into water bodies. 

• ReCiPe results 

The environmental impacts of biochar wastewater treatment systems operated at 1 ml/min and 

2 ml/min and untreated wastewater were quantified and compared using ReCiPe. Figure 5.18. and 

Figure 5.19. are showing the comparison of characterization normalization results. 

Discharging of untreated wastewater also showed the considerable higher influence on 

freshwater eutrophication, freshwater ecotoxicity and marine ecotoxicity, which were consistent 

with the results of TRACI. 

 

 

Figure 5.18. Comparison of impacts of biochar wastewater treatment system vs. untreated 

wastewater (ReCiPe H) 
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Figure 5.19. Normalization results of biochar wastewater treatment system vs. untreated 

wastewater (ReCiPe H) 

Avoiding effects also occurred in impact categories of ozone depletion, terrestrial acidification 

and marine eutrophication. Significant reduction of particulate matter formation was also found 

for biochar wastewater treatment system operating at a flow rate of 2 ml/min. Higher 

environmental risks of climate change, human toxicity, photochemical oxidation formation and 

terrestrial ecotoxicity could be aroused by biochar wastewater treatment system because of 

transportation and biochar production. Furthermore, the significant reduction obtained by using 

biochar wastewater treatment system under the two operating conditions (1ml/min and 2ml/min) 

were found in freshwater eutrophication as tallied by ReCiPe.  

The normalization results of ReCiPe draw the same conclusion that enormous freshwater 

ecotoxicity could be induced by releasing untreated wastewater into water bodies, which is in 

conformity with the results of TRACI. With treatment using biochar, freshwater ecotoxicity impact 

could be reduced by 77.7% - 87.3%. 



 

 

118 

 

5.6.5. Sensitivity Analysis 

By conducting sensitivity analysis, the effects on model outputs caused by the changes of inputs 

were assessed. In this case, the transportation distances during biochar disposal and biochar 

production were considered. 

1). Transportation during biochar disposal: 200 km of transportation distance from the 

wastewater treatment location to the coal-fired power plant was assumed to quantified the impacts 

of biochar wastewater treatment system. Negligible variations (less than 5 % for most of the impact 

categories) were found to be caused by 20% of change in transportation distance. The assessment 

results showed that the results are less sensitive to the transportation during biochar disposal. 

2). Transportation during biochar production: The distance from the field to the pyrolysis 

location was assumed to be 200 km, which is identical to the assumption in the previous biochar 

production LCA. Minor effects (less than 5 % for most of the impact categories) of the 

transportation distance were found on the outputs, indicating the impacts of biochar wastewater 

treatment system are not sensitive to the transportation process during biochar production.  

5.7. Conclusions 

1). The most relevant impact category predicted for biochar wastewater treatment system and 

untreated wastewater was ecotoxicity (or freshwater ecotoxicity in ReCiPe). Wastewater treatment 

using biochar showed that ecotoxicity could be reduced by 77.7 - 87.3%. 

2). Biochar disposal phase was found to have multiple environmental benefits as a result of 

avoiding coal mining and electricity generation. 

3). By applying biochar as adsorbent, considerable mitigations were found in eutrophication, 

ecotoxicity and carcinogenic effects compared with discharging untreated water into the 
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environment. Significant environmental benefits of biochar treatment system were displayed in 

ozone depletion. 

4). Operating condition has a significant effect on the environmental impacts of the biochar-

wastewater treatment system. It has been revealed that more environmental benefits could be 

achieved using biochar wastewater treatment system operated at a flow rate of 2 ml/min. 
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Chapter 6. Conclusions and Recommendations 

6.1.  Environmental Impact of Rice Straw Open Burning 

1). According to the previous studies, major emissions from rice straw open burning are carbon 

dioxide (CO2), carbon monoxide (CO), methane (CH4), sulfur dioxide (SO2), nitrous oxide (N2O), 

nitrogen oxides (NOx), total particulates, non-methane hydrocarbons (NMHC), polycyclic 

aromatic hydrocarbons (PAHs) and polychlorinated dioxins and furans (PCDD/F). 

2). Global warming, photochemical oxidation formation and acidification were identified to be 

significantly affected by rice straw open burning in the three LCIA methods, while minor 

influences were found in ozone depletion, eutrophication, human health and ecotoxicity. 

3). Results of three methods were significantly consistent in global warming, acidification, 

ozone depletion and eutrophication. Partial consistencies were observed in photochemical 

oxidation formation due to the deviation of contribution profiles. A substantial discrepancy was 

discovered in human health impact category showing differences of structures, considered 

indicating substance and characterization factors among the three methods. 

4). All three methods were not able to assess the impacts of particulates and PCDD/F. For 

TRACI and CML baseline model, characterization factor of NMHC was not included. PAHs, a 

kind of strong carcinogens, was not considered in CML. 

5). ReCiPe (H) seemed to be a better-performed model to assess the impacts of rice straw open 

burning as some key impact categories are considered and only two substances are missing. Yet, 

CML-IA baseline was showing a weaker function for excluding some important substances and 

significant inconsistency compared with the other two methods. 
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6.2.  Environmental Impact of Biochar Productions 

1). Climate change and ecotoxicity are predicted to be affected significantly by biochar 

production. With the increase of pyrolysis temperature, more climate change could be caused due 

to syngas emission. 

2). RH340 biochar has fewest impacts compared to the other three biochar while RHA340 is 

found to have most significant impacts majorly due to the steam activation process. Temperature 

showed an influence on the environmental impacts caused by biochar production. With a higher 

designed pyrolysis temperature, the impacts of RS500 biochar production were found to be more 

significant than RH340 and RS400 biochar. 

3). Considerable mitigations could be gained in terms of global warming, acidification, smog 

formation and particulate matter formation by disposing rice straw by pyrolysis and producing 

biochar instead of on-field open burning. It was predicted that, 8.6 - 10.7 kg CO2 eq. of climate 

change, 0.02 - 0.025 kg SO2 eq. of acidification and 0.0011 kg N eq. of marine eutrophication 

could be avoided.   

6.3. Environmental Impact of Biochar Wastewater Treatment System 

1). The most relevant impact category predicted for biochar wastewater treatment system and 

untreated wastewater was ecotoxicity (or freshwater ecotoxicity in ReCiPe). Wastewater treatment 

using biochar showed that ecotoxicity could be reduced by 77.7% - 87.3%. 

2). Biochar disposal phase was found to have multiple environmental benefits as a result of 

avoiding coal mining and electricity generation. 

3). By applying biochar as adsorbent, considerable mitigations were found in eutrophication, 

ecotoxicity and carcinogenic effects compared with discharging untreated water into the 
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environment. Significant environmental benefits of biochar treatment system were displayed in 

ozone depletion. 

4). Operating condition has a significant effect on the environmental impacts of the biochar-

wastewater treatment system. It has been revealed that more environmental benefits could be 

achieved using biochar wastewater treatment system operated at a flow rate of 2 ml/min. 

6.4. Recommendations 

1). More substances released during rice straw open burning could be considered into system 

boundary to explore the potential impact from all directions. 

2). As global warming, photochemical oxidation formation and acidification could be severely 

affected by rice straw open burning, they should be paid more attention in future studies. 

3). Some missing substances such as particulate, PCDD/F, NMHC and PAHs could be added 

to get more reliable results and support decision making better. 

4). Human health should be investigated deeply since a significant discrepancy was found in 

this impact category, which had also suggested by other researches. 

5). As multiple environmental benefits could be achieved by rice straw biochar pyrolysis 

instead of on-field open burning, it was revealed to be a proper alternative to dispose of rice straw. 

6). For this given biochar wastewater treatment system, 2 ml/min would be the better operation 

condition with lower impacts and better effluent quality, although more biochar would be required. 

7). To further lessen the ecotoxicity of biochar wastewater treatment system, the effluent 

quality was found to be the critical factor. 
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