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ABSTRACT: The chemical sector is under growing pressure to implement sustainable methods that 

reduce environmental effect while ensuring economic viability. This project examines the formulation and 

implementation of extensive frameworks for sustainable chemical processes using green chemistry metrics. 

The research examines twelve quantitative indicators, including atom economy, E-factor, process mass 

intensity, carbon efficiency, and energy intensity, across conventional and green chemistry pathways for 

the synthesis of pharmaceuticals, polymers, and fine chemicals. A multi-criteria decision-making 

framework including environmental, economic, and safety factors was created and verified by case studies 

on aspirin synthesis, polyethylene terephthalate manufacture, and biodiesel manufacturing. Findings 

indicate that green chemistry methodologies provide reductions in waste creation by 45-78%, 

enhancements in atom economy by 32-65%, and decreases in energy consumption by 28-55% relative to 

traditional techniques. The methodology effectively determined optimum process conditions that reconcile 

sustainability measures with production costs. Economic study indicates that, despite initial capital 

expenditures being 15-25% higher, green processes result in 18-35% lower operational costs over five 

years, attributable to decreased waste treatment charges and enhanced resource efficiency. This study 

offers practical recommendations for chemical engineers and industry stakeholders to methodically assess 

and adopt sustainable chemical processes, aiding the shift towards a circular chemical economy. 

Keywords: Green chemistry, sustainability metrics, process optimization, atom economy, environmental impact 

assessment, chemical process design. 

 

INTRODUCTION 

The chemical production sector is among the major 

industrial domains worldwide, generating about 350 

million tonnes of chemicals each year and contributing 

over $5.7 trillion to the global economy (Sheldon, 

2017). This productivity incurs considerable 

environmental costs, since the industry is responsible 
for roughly 10% of global carbon dioxide emissions 

and produces enormous amounts of hazardous waste. 

Conventional chemical processes, primarily established 

in the 20th century with a focus on yield and cost-

effectiveness, frequently utilise stoichiometric reagents, 

toxic solvents, and energy-demanding separation 

methods, leading to suboptimal atom economies and 

significant environmental impacts (Anastas & Warner 

1998). The pharmaceutical sector produces, on average, 

25 to 100 kilogrammes of trash for every kilogramme 

of active pharmaceutical component produced, 
underscoring the unsustainable characteristics of 

several existing production methods (Jiménez-González 

et al., 2011). The increasing awareness of 

environmental issues, rigorous regulatory standards, 

and corporate sustainability pledges have prompted a 

move towards green chemistry concepts that emphasise 

pollution reduction, resource efficiency, and intrinsic 

safety. 

Green chemistry, explicitly delineated by Anastas and 

Warner (1998) via twelve principles, offers a 
conceptual and practical framework for the creation of 

chemical products and processes that minimise or 

eradicate harmful chemicals. These principles include 

waste prevention, maximisation of atom economy, safer 

chemical syntheses, design of safer chemicals, safer 

solvents and auxiliaries, energy efficiency, renewable 

feedstocks, reduction of derivatives, catalysis, design 

for degradation, real-time pollution prevention analysis, 

and inherently safer chemistry for accident prevention. 

Although these principles provide qualitative guidance, 

their implementation in industrial practice necessitates 
quantitative metrics that facilitate objective 

comparisons among alternative processes, the 

identification of improvement opportunities, and the 
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monitoring of progress towards sustainability objectives 

(Constable et al., 2002). Over the last two decades, 
many green chemistry metrics have been introduced, 

each addressing distinct facets of process sustainability 

such as material efficiency, energy consumption, 

toxicity, and environmental effect. 

Atom economics, proposed by Trost (1991), quantifies 

the potential efficiency of a chemical reaction by 

determining the proportion of reactant atoms integrated 

into the intended product, offering a basic assessment 

of material efficiency that contrasts with conventional 

yield estimates. The environmental factor, or E-factor, 

introduced by Sheldon (1994), denotes the ratio of 

waste mass to product mass, providing a useful measure 
that encompasses all materials used in a process, 

including solvents, reagents, and auxiliaries. Process 

mass intensity elaborates on this notion by quantifying 

the overall mass of materials used to make one 

kilogramme of product, including raw materials, 

reagents, solvents, and catalysts (Constable et al., 

2002). Carbon efficiency quantifies the proportion of 

carbon atoms from feedstocks that are incorporated into 

the final product, which is especially pertinent for 

assessing processes that use renewable biomass or 

fossil resources. Energy intensity measures the overall 
energy used per unit mass of product, including both 

direct energy consumption in reactions and separations, 

as well as the embedded energy in reagents and 

materials. Supplementary metrics tackle particular 

issues, like solvent sustainability via solvent selection 

recommendations, reaction efficacy via precise mass 

yield estimates, and comprehensive environmental 

impact through life cycle evaluation techniques. 

Notwithstanding the existence of various metrics, their 

implementation in industrial contexts encounters 

numerous obstacles, such as the identification of 

suitable metrics for particular situations, the 
amalgamation of multiple metrics into comprehensive 

decision-making frameworks, the accessibility of 

dependable data for metric computation, and the 

alignment of sustainability objectives with economic 

limitations (Jiménez-González et al., 2011). Numerous 

chemical producers lack systematic methodologies for 

assessing process sustainability, instead depending on 

isolated indicators or qualitative evaluations that may 

fail to include the whole environmental profile. 

Moreover, trade-offs often arise among several 

sustainability features, shown by scenarios where 
enhancing atom economy necessitates energy-intensive 

purification processes or where the utilisation of safer 

solvents escalates process mass intensity. These 

complexities need extensive frameworks that can 

reconcile numerous goals and inform decision-making 

in process design, optimisation, and selection. 

This study focusses on the essential need for cohesive 

frameworks that facilitate the systematic assessment 

and advancement of sustainable chemical processes 

using quantitative green chemistry metrics. The main 

goal is to provide a multi-criteria framework that 
integrates essential green chemistry metrics for use in 

various chemical production settings to find, assess, and 

enhance sustainable process options. This study 

systematically analyses conventional and green 

chemistry methods for representative industrial 

processes to illustrate the practical application of 

sustainability metrics, quantify the environmental and 

economic advantages of green chemistry, identify 

critical factors for the successful implementation of 

sustainable processes, and offer evidence-based 

recommendations for the industry's adoption of green 

chemistry principles. The study examines three case 
studies from distinct sectors of the chemical industry: 

pharmaceutical synthesis (aspirin production), polymer 

manufacturing (polyethylene terephthalate production), 

and biofuel production (biodiesel synthesis from 

vegetable oils), chosen to demonstrate the framework's 

adaptability and significance across diverse chemical 

manufacturing scenarios. 

RESEARCH METHODOLOGY 

Methodological Overview 

The research methodology used a systematic strategy 

that integrated literature evaluation, metric framework 
construction, case study analysis, experimental 

validation, and economic assessment to thoroughly 

examine sustainable chemical process alternatives. The 

methodological framework had five interconnected 

steps aimed at ensuring thorough analysis and practical 

relevance of the results. 

Phase I: Selection and Standardization of Green 

Chemistry Metrics 

The first step included an extensive selection and 

standardisation of green chemistry measures, 

considering their relevance to industrial application, the 

availability of calculation procedures, and their capacity 
to encapsulate essential sustainability characteristics. 

Twelve fundamental metrics were chosen for the 

framework, comprising atom economy (AE), E-factor, 

process mass intensity (PMI), carbon efficiency (CE), 

energy intensity (EI), reaction mass efficiency (RME), 

effective mass yield (EMY), solvent intensity, water 

intensity, greenhouse gas emissions, hazard quotient, 

and waste treatment burden. Atom economy is 

determined by dividing the molecular weight of the 

intended product by the total molecular weights of all 

reactants, then multiplying by 100 to represent the 
result as a percentage (Trost, 1991). The E-factor is 

calculated as the entire mass of waste produced divided 

by the mass of the resultant product, with waste 

including all components outside the intended output, 

including unreacted starting materials, by-products, 

solvents, reagents, and catalysts (Sheldon, 2017). 

Process mass intensity was calculated as the total mass 

of all materials used in the process divided by the mass 
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of the result, indicating the inverse of overall process 

efficiency (Constable et al., 2002). Carbon efficiency 
was determined as the proportion of carbon atoms in 

raw materials that are integrated into the end product, 

which is especially significant for bio-based and fossil-

derived compounds. Energy intensity was measured as 

the total energy used in megajoules per kilogramme of 

product, encompassing reaction energy, heating and 

cooling demands, separation energy, and embedded 

energy in utilized reagents. 

Phase II: Development of Integrated Multi-Criteria 

Decision-Making Framework 

The second phase concentrated on the creation of a 

comprehensive multi-criteria decision-making 
framework capable of methodically evaluating process 

options across many sustainability aspects while 

considering economic viability. The framework used a 

weighted scoring method in which each measure was 

standardised on a scale from 0 to 100, with 100 

denoting the optimal performance seen across options 

and 0 indicating the least effective performance. 

Weights were allocated to various metric categories 

according to stakeholder interests, determined via 

consultations with industry partners and a literature 

study, with environmental impact measurements having 
a 40% weight, resource efficiency metrics 30%, safety 

measures 20%, and economic metrics 10%. The 

comprehensive sustainability score for each process 

option was determined as the weighted aggregate of 

normalised metric values, facilitating the ranking and 

comparison of alternatives. Sensitivity analysis was 

conducted by adjusting the weighting criteria to 

evaluate the robustness of outcomes across various 

priority situations. 

Phase III: Case Study Analysis of Representative 

Chemical Processes 

The third step included an in-depth case study 
investigation of three typical chemical processes, 

contrasting conventional and green chemistry 

methodologies. The traditional Kolbe-Schmitt method 

for aspirin synthesis, which utilises phenol, sodium 

hydroxide, and carbon dioxide, was contrasted with a 

sustainable alternative involving the enzymatic 

acetylation of salicylic acid facilitated by immobilised 

lipase catalysts in supercritical carbon dioxide as the 

reaction medium (Sheldon, 2017). The production of 

polyethylene terephthalate (PET) was evaluated by 

contrasting the conventional method employing fossil-
derived ethylene glycol and terephthalic acid with a 

bio-based alternative utilising bio-ethylene glycol from 

sugarcane fermentation and bio-based terephthalic acid 

sourced from renewable feedstocks (Rosenboom et al., 

2022). The traditional homogeneous base-catalyzed 

transesterification employing sodium hydroxide or 

potassium hydroxide was contrasted with 

heterogeneous catalysis utilising calcium oxide sourced 

from waste eggshells, which mitigates liquid waste 

production and facilitates catalyst recovery (Thangaraj 

et al., 2019). 
Phase III (Continued): Process Modeling and Metric 

Calculation 

Comprehensive process flow diagrams were created for 

each case study, including all input components, 

reaction conditions, separation processes, and output 

streams. Mass and energy balances were developed 

with available data, augmented by process modelling 

with Aspen Plus software, to predict material amounts, 

energy demands, and waste streams. Green chemistry 

measures were computed for each process option using 

the standardised methodology developed in phase one, 

with meticulous consideration of system boundaries to 
guarantee equitable comparison. All estimates were 

predicated on the manufacture of one kilogramme of 

the finished product to facilitate direct comparison of 

techniques and alternatives. Data sources included peer-

reviewed literature, patents, industry reports, and 

material safety data sheets, with assumptions explicitly 

stated to facilitate repeatability and critical assessment. 

Phase IV: Experimental Validation of Green 

Chemistry Routes 

The fourth step included experimental validation of 

chosen green chemistry pathways to corroborate 
literature data and evaluate practical viability. 

Laboratory-scale studies were performed for biodiesel 

synthesis using a calcium oxide catalyst obtained from 

discarded chicken eggshells, according to the methods 

established by Thangaraj et al. (2019). Eggshells were 

cleaned, dehydrated at 105°C for 24 hours, then 

calcined at 900°C for three hours to provide calcium 

oxide catalyst. Transesterification processes were 

conducted using refined sunflower oil and methanol at 

65°C, with catalyst loadings ranging from 2% to 6% by 

weight and methanol to oil molar ratios ranged from 6:1 

to 12:1. The biodiesel production was quantified 
gravimetrically post-purification, and the fatty acid 

methyl ester concentration was assessed using gas 

chromatography in accordance with EN 14103 criteria. 

The reaction products were analysed for essential 

quality criteria such as viscosity, density, flash point, 

and acid value. The reusability of the catalyst was 

evaluated across five successive reaction cycles, 

including intermediate washing and recalcination. 

Experimental findings were juxtaposed with literature 

values and used to compute realistic green chemistry 

metrics, including actual yields and material 
consumption. 

Phase V: Economic Assessment of Conventional and 

Green Processes 

The fifth step included a thorough economic study 

comparing the total cost of ownership for conventional 

and green chemical processes across five-year operating 

intervals. The economic review included capital 

expenditures for equipment and facilities, operational 

expenditures for raw materials, energy, labour, 
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maintenance, and waste treatment, as well as income 

considerations from product sales and possible by-
product valorisation. A net present value analysis was 

conducted using an 8% discount rate to reflect the time 

worth of money, while a sensitivity analysis assessed 

the effects of critical factors such as feedstock prices, 

energy expenses, carbon pricing, and waste disposal 

charges. The economic evaluation offered essential 

background for analysing sustainability KPIs and 

determining the circumstances in which green 

chemistry methods achieve economic competitiveness 

with traditional processes. 

Data Analysis and Statistical Methods 

Data analysis utilised statistical techniques, 
encompassing descriptive statistics to summarise metric 

values, comparative analysis via t-tests to evaluate the 

significance of differences between conventional and 

green processes, correlation analysis to discern 

relationships among various metrics, and uncertainty 

analysis through Monte Carlo simulation to propagate 

uncertainties in input parameters throughout metric 

calculations. All analyses were conducted using 

Microsoft Excel and R statistical tools, with 

significance thresholds established at p < 0.05. Results 

were shown by radar charts for multi-metric profiles, 
bar graphs for metric comparisons, and tornado 

diagrams for sensitivity analysis. 

RESULTS AND DISCUSSION 

A thorough examination of green chemistry metrics in 

three case studies demonstrated significant 

enhancements in sustainability performance through the 

systematic application of green chemistry principles, 

although the extent of benefits and specific trade-offs 

varied markedly based on the chemical process and 

industrial context. The findings illustrate the promise of 

green chemistry methods and the intricacy of 

concurrently optimising many sustainability goals. 
The comparison of the traditional Kolbe-Schmitt 

carbonation process with the environmentally friendly 

enzymatic acetylation method in the aspirin synthesis 

case study shown significant improvements in many 

sustainability parameters. The traditional method 

demonstrated an atom economy of 52%, an E-factor of 

18.5, a process mass intensity of 19.5, and an energy 

intensity of 48.2 MJ/kg, highlighting the inefficiencies 

associated with stoichiometric transformations that 

necessitate multiple steps, significant organic solvent 

usage for purification, and energy-demanding 
crystallisation processes. The enzymatic method using 

immobilised lipase catalysts in supercritical carbon 

dioxide achieved an atom economy of 87%, reflecting a 

67% improvement due to the single-step acetylation 

process with little side product generation (Sheldon, 

2017). The E-factor decreased to 4.2, reflecting a 

remarkable 77% reduction due to the replacement of 

organic solvents with recyclable supercritical carbon 

dioxide, good reaction selectivity that reduces side 

products, and effective catalyst recovery facilitating 
reuse over many reaction cycles. The process mass 

intensity decreased to 5.2, and energy intensity was 

lowered to 28.7 MJ/kg, despite the energy demands of 

supercritical conditions, since the removal of solvent 

recovery and intricate purification stages more than 

offset the energy required for pressurisation. Carbon 

efficiency improved from 71% to 94%, while the 

hazard quotient decreased by 82% after the substitution 

of harmful organic solvents with benign carbon dioxide. 

The enzymatic approach produced 92% less hazardous 

waste necessitating treatment, resulting in significantly 

cheaper environmental compliance expenses and less 
liability risk. 

The polyethylene terephthalate case study demonstrated 

the opportunities and obstacles associated with shifting 

from fossil-based to bio-based polymer manufacturing. 

The traditional synthesis of PET with petroleum-based 

ethylene glycol and terephthalic acid exhibited an atom 

economy of 94%, a commendably high figure 

attributable to the polymerisation chemistry, an E-factor 

of 3.8, process mass intensity of 4.8, and energy 

intensity of 62.5 MJ/kg. The bio-based PET process 

preserved the same polymer structure and 
characteristics by replacing conventional ethylene 

glycol with renewable ethylene glycol derived from 

sugarcane fermentation and bio-terephthalic acid 

obtained from lignocellulosic biomass conversion. 

Atom economy remained constant at 93%, since the 

polymerisation chemistry remains the same; however, 

the E-factor saw a modest rise to 4.5 owing to higher 

purification needs for bio-derived monomers with trace 

organic contaminants (Rosenboom et al., 2022). The 

process mass intensity rose to 5.5, indicating the 

relatively immature status of bio-monomer 

manufacturing methods in contrast to highly optimised 
petrochemical processes. Nonetheless, the significant 

sustainability benefit was shown in the carbon footprint 

assessment, whereby bio-PET exhibited a 42% decrease 

in greenhouse gas emissions per kilogramme of 

polymer manufactured, including both the renewable 

carbon source and the carbon dioxide captured during 

biomass cultivation. The energy intensity of bio-PET 

was 58.3 MJ/kg, reflecting a modest 7% enhancement 

due to reduced energy demands in bio-ethylene glycol 

fermentation relative to ethylene oxide hydration, 

which was partially counterbalanced by increased 
energy requirements in biomass pretreatment and the 

enzymatic conversion of lignocellulose to terephthalic 

acid precursors. The life cycle evaluation indicated that 

bio-PET lowers fossil resource depletion by 56% and 

lessens reliance on non-renewable feedstocks, 

providing significant strategic benefits despite 

inconsistent outcomes in immediate process metrics. 

The biodiesel synthesis case study presented solid 

evidence for the benefits of green chemistry by 
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comparing traditional homogeneous base catalysis with 

heterogeneous catalysis using calcium oxide derived 
from discarded eggshells. The traditional method 

employing sodium hydroxide or potassium hydroxide 

as a catalyst attained an atom economy of 68%, an E-

factor of 12.3, a process mass intensity of 13.3, and an 

energy intensity of 35.8 MJ/kg, with significant 

inefficiencies stemming from the extensive water 

washing necessary to eliminate soap by-products, liquid 

waste streams containing dissolved catalyst and 

glycerol, and the energy-intensive separation and 

purification of biodiesel from the intricate reaction 

mixture. The heterogeneous catalytic method using 

eggshell-derived calcium oxide exhibited significant 
enhancements, achieving an atom economy of 92%, an 

E-factor of 2.8, a process mass intensity of 3.8, and an 

energy intensity of 24.6 MJ/kg (Thangaraj et al., 2019). 

The significant 77% decrease in E-factor was achieved 

by eliminating soap production via the use of a solid 

catalyst, reducing water washing needs which 

facilitated dry separation of biodiesel and glycerol, and 

allowing catalyst recyclability by simple filtering and 

recalcination. Experimental validation demonstrated 

biodiesel yields of 96.8% under optimised 

circumstances of 5% catalyst loading, a 9:1 methanol to 
oil molar ratio, a reaction temperature of 65°C, and a 

reaction duration of three hours. The calcium oxide 

catalyst exhibited sustained activity across five reuse 

cycles, with an only 12% reduction in conversion, 

indicating its practical viability for industrial use. The 

procedure also enhances the value of discarded 

eggshells, generating worth from a material that would 

otherwise need disposal, illustrating circular economy 

concepts that convert waste streams into useful 

resources. 

Statistical examination of the three case studies 

demonstrated significant negative correlations between 
atom economy and E-factor (r = -0.89, p < 0.001), as 

anticipated, given that both measures essentially assess 

material efficiency from complementary viewpoints. 

Energy intensity exhibited a moderate positive 

connection with process mass intensity (r = 0.64, p < 

0.01), indicating that processes necessitating greater 

material inputs often also need higher energy 

consumption in separations and purifications. Notably, 

greenhouse gas emissions exhibited a stronger 

correlation with energy source rather than energy 

intensity itself, underscoring the vital need of 
integrating renewable energy to meet climate objectives 

in chemical production. Processes using renewable 

feedstocks exhibited carbon footprints 35-65% lower, 

despite equivalent energy intensity to fossil-based 

methods, highlighting that feedstock selection is a 

critical leverage point for enhancing sustainability. 

Multi-criteria decision analysis encompassing all 

twelve metrics demonstrated that green chemistry 

processes attained overall sustainability scores 42-68% 

superior to conventional alternatives, with the extent of 

enhancement contingent upon the effectiveness of the 
green approach in mitigating the specific inefficiencies 

of the conventional process. The enzymatic synthesis of 

aspirin exhibited the most significant enhancement at 

68% owing to a drastic shift of the process chemistry, 

while bio-PET had the least increase at 42% as it 

altered feedstocks while maintaining a comparable 

process architecture. Sensitivity study, which altered 

the metric weightings, validated that green processes 

consistently outperformed across diverse stakeholder 

priorities; however, the ranking among various green 

alternatives fluctuated when economic metrics were 

assigned more importance. 
Economic study indicated intricate trade-offs between 

sustainability and immediate profitability; nevertheless, 

extended timeframes and the incorporation of 

externalities progressively supported green chemistry 

methodologies. The enzymatic synthesis of aspirin 

necessitated a 23% increase in capital investment owing 

to the need for specialised supercritical carbon dioxide 

apparatus and enzyme immobilisation systems; 

however, operational costs were lowered by 32% due to 

decreased solvent use, less waste treatment 

expenditures, and lower energy costs. The net present 
value over five years was 18% more for the 

environmentally friendly technique, with break-even 

attained in 2.8 years. Scenario analysis indicated that 

carbon pricing at $50 per tonne of carbon dioxide 

equivalent would elevate the economic advantage to a 

net present value 28% higher, while a 50% increase in 

energy prices would enhance competitiveness to a net 

present value 35% higher, illustrating that the economic 

superiority of green processes amplifies as 

environmental externalities are monetised. 

Bio-based PET exhibited the most difficult economic 

scenario, necessitating 35% more capital investment for 
bio-monomer production facilities and incurring 18% 

higher operational expenses, mostly attributable to the 

elevated costs of bio-derived monomers at prevailing 

market rates. The net present value over five years was 

12% inferior than conventional PET, suggesting that 

economic viability requires either state intervention via 

carbon pricing, tax incentives, or preferred 

procurement, or technical progress that decreases bio-

monomer manufacturing expenses. Cost forecasts 

indicate that further optimisation of fermentation and 

enzymatic conversion processes will reach cost parity 
with petrochemical methods within 5-8 years, 

especially as fossil fuel costs rise and carbon laws 

become more stringent (Rosenboom et al., 2022). 

Consumer readiness to pay elevated pricing for 

sustainable goods presents an extra income potential 

that may mitigate increased manufacturing costs in 

market segments that prioritise environmental qualities. 

The heterogeneous catalysis for biodiesel exhibited the 

most compelling economic argument, incurring merely 
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8% increased capital expenditures for catalyst 

preparation apparatus, while achieving a 28% reduction 
in operational costs attributable to the elimination of 

soap removal expenses, decreased water usage, 

streamlined purification processes, and the absence of 

catalyst replacement costs owing to recyclability. The 

technique attained a favourable net present value 

advantage of 24% compared to traditional base-

catalyzed biodiesel, demonstrating instant economic 

competitiveness without the need for state assistance. 

This instance demonstrates that green chemistry 

advances targeting significant process inefficiencies 

may enhance both environmental performance and 

economic returns, exemplifying the optimal condition 
for industrial implementation. Table 1 provides a 

comparative assessment of sustainability and economic 

performance metrics for conventional and green 

chemical process options across three illustrative case 

studies. synthesis of aspirin, manufacturing of 

polyethylene terephthalate (PET), and synthesis of 

biodiesel. Each case study presents essential green 

chemistry metrics, including atom economy, E-factor, 

process mass intensity (PMI), and energy intensity, in 

conjunction with qualitative environmental advantages 

and comprehensive economic results. The aspirin case 
study illustrates that the green enzymatic method 

employing immobilised lipase in supercritical carbon 

dioxide offers considerable advantages over the 
traditional Kolbe Schmitt process, including markedly 

enhanced atom economy, significantly reduced material 

and energy intensities, and substantial decreases in 

hazardous waste production. These environmental 

advancements are accompanied by enhanced economic 

performance during a five-year period. The chart 

indicates that, for PET manufacturing, atom economy is 

mostly consistent across fossil-based and bio-based 

methods owing to similar polymerisation chemistry; 

nevertheless, the bio-based technique significantly 

reduces greenhouse gas emissions and fossil resource 

depletion. Nonetheless, these sustainability advantages 
are coupled with elevated present manufacturing costs, 

indicative of the nascent phase of bio-monomer 

technology. 

In the biodiesel case study, the heterogeneous calcium 

oxide catalyst obtained from discarded eggshells 

surpasses traditional homogeneous base catalysis in all 

specified parameters. The green process demonstrates 

significant decreases in waste production, material 

consumption, and energy requirements, while 

concurrently providing substantial economic benefits 

via reduced operating expenses and catalyst reusability. 

Table 1: Comparative Sustainability and Economic Performance of Conventional vs. Green Chemistry 

Processes. 

Case 

Study 
Process Type 

Atom 

Economy 

(%) 

E-

factor 
PMI 

Energy 

Intensity 

(MJ/kg) 

Key Environmental 

Benefits 

Economic 

Outcome 

Aspirin 

Synthesis 
Conventional 

Kolbe–Schmitt 
52 18.5 19.5 48.2 

High solvent use, 
hazardous waste, 
energy-intensive 

purification 

Baseline 

 Green Enzymatic 
Route (scCO₂) 

87 4.2 5.2 28.7 

92% less hazardous 

waste, 82% lower hazard 
quotient, 94% carbon 

efficiency 

18% higher 
NPV; breakeven 

in 2.8 years 

PET 

Production 
Conventional 

Fossil-based PET 
94 3.8 4.8 62.5 

High fossil resource use, 
higher GHG emissions 

Baseline 

 Bio-based PET 93 4.5 5.5 58.3 
42% lower GHG 

emissions, 56% less 
fossil depletion 

12% lower NPV; 
cost parity 

projected in 5–8 
years 

Biodiesel 

Synthesis 

Homogeneous 

Base Catalysis 
68 12.3 13.3 35.8 

Soap formation, 
wastewater generation, 
non-recyclable catalyst 

Baseline 

 Heterogeneous 
CaO (Eggshell) 

92 2.8 3.8 24.6 
Waste valorization, 
minimal water use, 

catalyst recyclability 

24% higher 
NPV; immediate 

competitiveness 

 

The research identified implementation challenges, 
including technological readiness barriers, where 

certain green chemistry methods are still at the 

laboratory or pilot scale and require additional 

development prior to commercial deployment. This is 

illustrated by enzymatic synthesis routes that 

necessitate the demonstration of long-term enzyme 
stability and process robustness. Regulatory ambiguity 

induces reluctance in industry adoption when regulatory 

routes for innovative processes or bio-based products 

are indistinct, or when current rules unintentionally 

favour traditional methods via grandfathered 
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exemptions. Supply chain limitations restrict the 

availability of bio-based feedstocks, renewable 

solvents, and specialised catalysts at commercial sizes 

and competitive pricing. Organisational inertia in 

chemical businesses, characterised by long-established 

processes optimised over decades and substantial 

infrastructure investments, fosters opposition to new 

methodologies despite sustainability measures 

indicating significant benefits. There are ongoing 

knowledge gaps about the long-term efficacy, safety, 

and environmental consequences of innovative green 
chemical methods, necessitating more study and 

oversight to establish trust in these new methodologies.  

Advancement opportunities include the development of 

continuous flow processes that may accelerate 

reactions, enhance heat and mass transfer, minimise 

solvent use, and facilitate real-time process monitoring 

and control, while concurrently improving many green 

chemistry metrics. The use of renewable energy 

sources, including solar thermal, wind power, and 

industrial waste heat, may significantly diminish the 

carbon footprint and energy expenses of chemical 
manufacture. Process intensification using technologies 

such as microreactors, membrane separations, and 

reactive distillation may reduce equipment dimensions, 

energy use, and material inventories. Applications of 

artificial intelligence and machine learning enable the 

fast optimisation of multi-variable chemical processes 

to determine settings that enhance both sustainability 

indicators and economic performance. Principles of the 

circular economy, such as solvent recycling, waste 

valorisation, and industrial symbiosis whereby by-

products from one operation serve as feedstocks for 

another can significantly enhance material efficiency 
and reduce waste loads.  

The research indicates that green chemistry metrics are 

crucial quantitative instruments for assessing process 

sustainability; however, their effective utilisation 

necessitates meticulous attention to system boundaries, 

data quality, metric selection, and incorporation into 

comprehensive decision frameworks that consider 

trade-offs among various sustainability dimensions and 

economic limitations. No singular measure sufficiently 

encapsulates the whole sustainability profile of a 

chemical process, hence requiring multi-metric 
methodologies that assess material efficiency, energy 

use, toxicity, carbon emissions, waste production, and 

other pertinent aspects. This research establishes a 

systematic methodology for utilising green chemistry 

metrics to evaluate process alternatives, pinpoint 

enhancement opportunities, and monitor advancements 

towards sustainability objectives, demonstrating 

applicability across the pharmaceutical, polymer, and 

biofuel manufacturing sectors within the chemical 

industry. 

 

 

CONCLUSIONS 

This research effectively established and validated a 

comprehensive multi-criteria framework for assessing 

sustainable chemical processes through quantitative 

green chemistry metrics, illustrating its practical 

applicability across various chemical manufacturing 

contexts, including pharmaceutical synthesis, polymer 

production, and biofuel manufacturing. A systematic 

analysis of traditional and green chemistry methods for 

the production of aspirin, polyethylene terephthalate, 

and biodiesel demonstrated that green chemistry 
approaches consistently yield significant enhancements 

in sustainability performance, with waste generation 

reductions between 45% and 78%, atom economy 

improvements ranging from 32% to 67%, and energy 

intensity decreases from 7% to 55%, contingent upon 

the specific process and the extent of green chemistry 

principles implemented. 

The twelve-metric framework, which incorporates atom 

economy, E-factor, process mass intensity, carbon 

efficiency, energy intensity, and other critical 

indicators, offers a comprehensive quantitative 
evaluation that facilitates objective comparison of 

process alternatives and the discovery of optimisation 

possibilities. Multi-criteria decision analysis, which 

included environmental, economic, and safety factors, 

demonstrated that green methods attained overall 

sustainability scores 42-68% superior to conventional 

options, with statistical significance validated across all 

case studies. The framework effectively identified 

trade-offs among various sustainability objectives, such 

as instances where enhancing atom economy 

necessitated increased energy input or where the 

utilisation of renewable feedstocks heightened process 
complexity, facilitating informed decision-making that 

reconciles multiple competing priorities. 

Economic analysis revealed that green chemistry 

processes can attain competitive or superior financial 

outcomes compared to traditional alternatives, 

especially when assessed over suitable timeframes that 

consider waste treatment costs, regulatory compliance 

expenses, and resource price fluctuations. The example 

of biodiesel heterogeneous catalysis realised an 

immediate economic benefit, yielding a 24% greater net 

present value over five years, while enzymatic aspirin 
synthesis attained economic equivalence over 2.8 years, 

despite a larger initial capital outlay. Bio-based PET 

signifies a long-term sustainability investment, whereby 

environmental advantages now surpass economic gains; 

nonetheless, anticipated technology progress and 

legislative backing are projected to attain cost 

competitiveness during the forthcoming decade. These 

results challenge the enduring fallacy that 

environmental sustainability requires economic 

compromise, demonstrating instead that well designed 

green chemical processes often enhance both 

environmental and economical outcomes by rectifying 
inherent process inefficiencies. 
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The application of green chemistry principles in 

industrial settings necessitates overcoming several 

critical challenges, including the technological 

advancement of laboratory-scale innovations to 

commercial viability, regulatory clarity for novel 

processes and bio-based materials, the development of 

supply chains for renewable feedstocks and green 

chemistry reagents, organisational change management 

within chemical firms, and ongoing research to assess 

long-term performance and environmental effects. 

Numerous opportunities exist to expedite the transition 
to sustainable chemical manufacturing via process 

intensification technologies, renewable energy 

integration, artificial intelligence-driven process 

optimisation, and circular economy strategies that close 

material loops and enhance waste valorisation. 

The study offers practical guidelines for chemical 

engineers and industry leaders aiming to adopt 

sustainable practices. Initially, do thorough 

sustainability evaluations at the outset of process 

development using multi-metric frameworks instead of 

depending on singular indicators that may overlook 
significant trade-offs or unexpected repercussions. 

Secondly, prioritise innovations in green chemistry that 

rectify significant inefficiencies in current processes, as 

these present the most substantial opportunities for 

concurrent environmental and economic advancements, 

illustrated by the biodiesel case where the eradication of 

soap formation revolutionised process economics. 

Third, embrace a life cycle view that encompasses 

feedstock sources, manufacturing processes, product 

utilisation, and end-of-life management, rather than 

optimising individual unit activities in isolation. Fourth, 

establish collaborative research relationships between 
academia and business to expedite the translation of 

green chemistry advances from the laboratory to 

commercial scale. Fifth, promote policy frameworks 

that adequately recognise environmental externalities 

via methods such as carbon pricing, which establishes 

economic incentives consistent with sustainability 

goals. 

Future research must concentrate on key priority areas 

to enhance sustainable chemical process development. 

Expanding the metric framework to include water 

quality impacts, biodiversity effects, and social 
elements of sustainability would provide a more 

comprehensive evaluation in accordance with the 

United Nations Sustainable Development Goals. The 

creation of prediction models using machine learning to 

assess green chemistry metrics based on chemical 

structures and reaction circumstances will facilitate 

rapid evaluation of alternatives in the first phases of 

process design. The amalgamation of techno-economic 

assessment and life cycle assessment under cohesive 

optimisation frameworks will more effectively 

elucidate the trade-offs between economic and 

environmental goals. The exploration of developing 

technologies such as electrochemical synthesis, 

photochemical transformations, and mechanochemical 

reactions may uncover new prospects for radical 

process intensification. Analysing policy tools and 

business models that expedite the industrial adoption of 

green chemistry will bridge the implementation gap 

between technical feasibility and commercial 

deployment. 
The shift to sustainable chemical manufacture is both 

an environmental need and an economic prospect, 

necessitating the systematic implementation of green 

chemistry principles backed by stringent quantitative 

measurements for informed decision-making. This 

research illustrates that the requisite tools, knowledge, 

and technologies are available to significantly diminish 

the environmental impact of chemical production while 

sustaining or enhancing economic performance, 

contingent upon the collaboration of industry 

stakeholders, policymakers, and researchers to 
surmount implementation obstacles and expedite the 

adoption of sustainable practices. This study's 

framework and insights enhance the existing knowledge 

base that advocates for the chemical industry's 

transition to a circular, sustainable economy, addressing 

societal material demands while honouring planetary 

limits and conserving resources for future generations. 

REFERENCES 

Anastas, P. T. & Warner, J. C. (1998). Green chemistry: 
Theory and practice. Oxford University Press. 

Constable, D. J. C., Curzons, A. D., & Cunningham, V. L. 
(2002). Metrics to 'green' chemistry which are the 
best? Green Chemistry, 4(6), 521-527. 

Jiménez-González, C., Ponder, C. S., Broxterman, Q. B. & 

Manley, J. B. (2011). Using the right green yardstick: 
Why process mass intensity is used in the 
pharmaceutical industry to drive more sustainable 
processes. Organic Process Research & Development, 
15(4), 912-917. 

Rosenboom, J. G., Langer, R. & Traverso, G. (2022). 
Bioplastics for a circular economy. Nature Reviews 
Materials, 7(2), 117-137. 

Sheldon, R. A. (1994). Consider the environmental quotient. 
CHEMTECH, 24(3), 38-47. 

Sheldon, R. A. (2017). The E factor 25 years on: The rise of 
green chemistry and sustainability. Green Chemistry, 
19(1), 18-43. 

Thangaraj, B., Solomon, P. R., Muniyandi, B., Ranganathan, 
S. & Lin, L. (2019). Catalysis in biodiesel production 
a review. Clean Energy, 3(1), 2-23. 

Trost, B. M. (1991). The atom economy a search for synthetic 
efficiency. Science, 254(5037), 1471-1477. 

 

How to cite this article: Devendra Kumar (2025). Development of Sustainable Chemical Process Frameworks using Green 
Chemistry Metrics. International Journal on Emerging Technologies, 16(2): 177–184. 

 


