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a b s t r a c t 

Conventional plastic products present a serious burden to the environment, especially during their end- 

of-life phase. To tackle the rapid growth in plastic production, use and pollution, it is desirable to produce 

plastic materials more sustainably. Amongst these plastic materials which could be produced sustainably 

are Melamine Etherified Resin (MER) fibres, which have a wide range of potential uses, such as in mo- 

bility, filtrations, for thermal protective clothing and other applications. This paper explores the potential 

for sustainable MER fibre production, where all the required feedstocks could be from either renewable 

or waste origin. To investigate more sustainable pathways, the conventional process is compared to two 

alternatives processes which utilize waste CO 2 and wood-based methanol for formalin production. A com- 

parative environmental impact assessment is conducted, where selected environmental footprints, poten- 

tial environmental impacts and eco-costs are analysed based on 1 kg of produced MER fibres. Results 

show that greenhouse gas (GHG) footprint could be reduced by over 68% and human toxicity potential 

by over 75%, while eco-costs could be reduced by up to 44%. Moreover, the results present the first step 

towards producing MER fibres in a sustainable way, contributing to the circular economy. 

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The chemical industry is nowadays increasingly implement- 

ng more sustainable practices ( Stock et al., 2018 ), by transiting 

rom linear production processes to circular ones. Industries in- 

reasingly use renewable and alternative resources in the produc- 

ion of a variety of materials and products, such as fuels, plastics, 

esins, and solvents ( Zhu et al., 2016 ). Production systems nowa- 

ays mainly follow linear supply chains, from cradle (extraction) 

o grave (final disposal) ( Clift et al., 20 0 0 ). These kinds of linear

conomies lead to resource depletion and environmental degrada- 

ion ( Merli et al., 2018 ). The circular economy provides an alter- 
Abbreviations: AP, Acidification potential; ASU, Air separation unit; CF, Carbon 

ootprint; DEA, Diethanolamine; EP, Eutrophication potential; GHG, Greenhouse gas; 

U, Functional unit; GWP, Global warming potential; HPS, High-pressure steam; LCA, 

ife Cycle Assessment; LCI, Life Cycle Inventory; LCIA, Life Cycle Impact Assessment; 

PS, Low-pressure steam; MDEA, Methyl diethanolamine; MER, Melamine ether- 

fied resin; MPS, Medium-pressure steam; MSR, Methane steam reforming; MUF, 

elamine-urea-formaldehyde; NF, Nitrogen footprint; PEM, Proton exchange mem- 

rane; PF, Phenol-formaldehyde; UF, Urea-formaldehyde; WGS, Water-gas shift. 
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ative by closing material pathways and offers the potential for 

rogress towards sustainable development ( Schroeder et al., 2019 ). 

he circular or cradle-to-cradle economy offers an opportunity for 

ustainable production and consumption and is closely connected 

o resource sustainability, emission reduction, and waste manage- 

ent ( Koh et al., 2017 ) to achieve little or zero impact on the en-

ironment ( Liew et al., 2016 ). 

To meet global climate objectives, and to increase sustainable 

rowth, the use of advanced technologies and renewable resources 

n the industrial sector is crucial. A range of newly developed tech- 

ologies and materials is expected to improve the currently unsus- 

ainable state of industrial processes ( Carvalho et al., 2008 ). Mate- 

ial efficiency and material productivity, which measure the output 

aterial effectiveness, could be improved by utilizing domestically 

vailable renewable sources. Green chemicals could be produced as 

aw material sources for the chemical industries, which would con- 

ribute to environmental sustainability and the circular economy. 

Plastic pollution represents a significant global threat to the 

cosystem ( Vega et al., 2021 ), as production volume of plastic ma- 

erials is rapidly increasing every year ( Borrelle et al., 2020 ). How- 

ver, a holistic assessment of plastic shows that due to its high 

unctionality, the use of plastic can still be beneficial if circular 

conomy principles are followed ( Klemeš et al., 2021 ). One of the 
emical Engineers. This is an open access article under the CC BY license 
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ays to tackle the growing consumption and consequently waste 

reated by plastic are sustainable production practices. amongst 

he plastic products that could be produced more sustainably are 

elamine products such as Melamine Etherified Resin (MER) fi- 

res. 

MER fibres are obtained by melt-blown technology and are pro- 

uced mainly from formalin and urea. Formaldehyde is a key raw 

aterial for producing value-added chemicals like melamine, urea- 

ormaldehyde, and phenolic resins. Most formaldehyde is produced 

y subsequent processes of steam reforming of natural gas, syn- 

hesis of methanol and synthesis of formaldehyde from methanol 

nd air. Methanol can also be produced from various waste mate- 

ials, including biomass, waste plastics, and waste CO 2 . Currently, 

here are two primary formaldehyde production processes from 

ethanol: oxidation-dehydrogenation employing a silver catalyst 

nd direct oxidation using metal oxide catalysts (Formox process) 

 Hubei Sanli Fengxiang Technology Co. Ltd 2019 ). 

Urea produced from ammonia and CO 2 is mainly used for the 

roduction of fertilizers and polymers ( Huang and Tan, 2014 ). Syn- 

hesis of urea is currently amongst the major CO 2 utilization tech- 

iques, where CO 2 can be sourced from flue gas and converted to 

hemicals ( Bassani et al., 2016 ). Ammonia with lower environmen- 

al impact (compared to conventionally-produced ammonia) could 

e obtained by reacting nitrogen obtained from waste, and hydro- 

en obtained from water electrolysis or from biomass gasification 

 Bicer et al., 2017 ). Alternative electricity sources could also be 

onsidered for a more sustainable electricity mix, and could con- 

ists of hydropower, biogas, photovoltaics, wind power, wood-fired 

ombined heat and power generation, and other. Consequently, 

ore sustainable urea could be produced. In the chemical in- 

ustry, urea is a raw material for the manufacture of two main 

lasses of materials: urea-formaldehyde resins and urea-melamine- 

ormaldehyde ( Dayan Global Trade, 2018 ). 

The main goal of this study is to analyse MER fibre production 

rocesses and the production of two key raw materials, formalin 

nd urea, with lower environmental impacts. MER fibres are a ther- 

oset material, with 100% melamine properties, with fire retardant 

roperties due to its release of nitrogen gas when burnt or charred 

 Maity and Singha, 2012 ). These have various technological uses, as 

 fire blocker, as construction material, in mobility applications (in 

utomobiles, trains, buses, trucks, and aircraft), for thermal protec- 

ive clothing (workwear), heavy-duty military and firefighter gear, 

ust/hot gas filtration and various other industrial applications. 

Life Cycle Assessment (LCA) is an internationally accepted 

ethod for assessing environmental impacts and analysing prod- 

cts or services over their entire life cycles. LCA approaches are 

sed to compare alternative systems, to evaluate opportunities for 

nvironmental improvements, and to support decision-making on 

ustainability issues ( Guinée and Heijungs, 20 0 0 ). The develop- 

ent and understanding of LCA as a framework is still on-going, as 

CA can be uncertain due to the reliability of its data and the inter- 

retation of its results within a complex environment ( Pollini and 

ognoli, 2021 ). LCA is particularly relevant for chemical industry, 

f which significant part represents plastic industry. In terms of 

ssessing chemical processes, products and supply chains, LCA is 

he established method, however it presents a challenge due to the 

xisting data gaps and capturing the full life cycle of the processes 

 Kleinekorte et al., 2020 ). There are also notable challenges related 

o the frequently ignored ( Nara et al., 2021 ) social aspect of sus-

ainability, particularly with data scarcity and methodological gaps 

 Ioannou et al., 2021 ). 

Despite the considerable importance of MER fibres in our daily 

ives, to the authors’ knowledge, there have been no compre- 

ensive LCA studies dealing with the different synthesis routes 

f MER fibres from different feedstocks. Several publications re- 

ated to this study focused on LCA of different types of resins. 
480 
ife Cycle Inventory (LCI) data has been developed for urea- 

ormaldehyde (UF), melamine-urea-formaldehyde (MUF), phenol- 

ormaldehyde (PF), and phenol-resorcinol-formaldehyde resins pro- 

uced in the USA ( Wilson, 2010 ). Different processing routes via 

ifferent f eedstocks were not considered in the study. LCA of UF 

esin production in Brazil has been conducted, where the authors 

ocused on MUF resin used as a binder for wood-based panels 

 Silva et al., 2015 ). The study aimed to investigate a cradle-to-gate 

CA of MUF resin production, where only methanol produced from 

atural gas was included in LCA. LCA of UF and PF adhesives pro- 

uction has been evaluated, focusing on the potential environmen- 

al impacts and energy consumption ( Yang and Rosentrater, 2020 ). 

F adhesive was found to be the more environmentally viable al- 

ernative. Different production routes for methanol synthesis were 

lso compared by conducting LCA ( Aresta et al., 2002 ). The authors 

onsidered the alternative pathways of methanol from syngas and 

ethanol from CO 2 and hydrogen from renewables. 

The main goal of our study was to investigate different pro- 

uction pathways for MER fibres, conventional and two alterna- 

ive pathways to evaluate the potential for environmental improve- 

ents. MER fibres are of importance as a value-added product pro- 

uced from bulk chemicals such as urea and formalin. It is partic- 

larly in the production of bulk chemicals where sustainable pro- 

uction processes are essential for ‘greening’ the chemical industry. 

he novelty in this work is a study of production processes produc- 

ng plastic material (MER fibre) from renewable and waste sources. 

urthermore, environmental impact assessment was performed to 

valuate both midpoint and endpoint impacts of the different path- 

ays. The MER fibre production process has not yet been studied 

rom the perspectives of environmental analysis and sustainability 

mprovement, and similar research related to resin production has 

o far not focused on the use of renewable resources. By employ- 

ng these methods, a comprehensive picture regarding the environ- 

ental sustainability of MER fibres is provided. 

Production of an industrial MER fibre unit with a production 

olume of 8760 t/y was simulated in this study. A “cradle-to-gate”

CA approach is used to assess the environmental impacts of the 

hree different MER fibres production pathways. First, conventional 

ER fibre production was analysed, where all the inputs were con- 

idered to have a fossil-based origin. A methane steam reform- 

ng (MSR) unit was applied to produce syngas, from which hydro- 

en, methanol, and later formalin were produced. Later, two al- 

ernative options for MER fibre production are suggested, where 

nstead of fossil feedstocks, renewable and waste feedstocks were 

onsidered. In the alternative Option A, integration of CO 2 utilisa- 

ion is included, where methanol and consequently formalin are 

roduced from flue gas obtained from a coal power plant. Signif- 

cant amounts of waste CO 2 are removed from the environment 

nd converted into valuable chemicals; in this way, unburdening 

f the environment is achieved. In the alternative Option B, syn- 

hesis of wood-based methanol for formalin and further MER fi- 

re production was included. The technology considered to convert 

orest residue into syngas was gasification. In this way, significant 

mounts of wooden biomass could be better utilised, especially in 

he areas densely covered with forest. 

. Methodology 

Environmental analysis was performed for the three MER fi- 

re production pathways based mainly on simulated designs. As- 

en HYSYS® Version 10 was used to simulate and design different 

roduction systems for MER fibre production. Based on the simu- 

ations, OpenLCA software ( GreenDelta, 2020 ) was used to analyse 

nd obtain an environmentally beneficial solution using renewable, 

ecycled and waste streams. 
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Fig. 1. Flowchart of the research methodology. 
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In this section, first conventional and alternative MER fibre pro- 

uction processes are described, and subsequently, LCA methodol- 

gy is presented. A flowchart of the research method is presented 

n Fig. 1 . The method is comprised of four main steps: i) process

imulation, ii) data extraction, iii) LCI analysis, and iv) environmen- 

al assessment. 

The three evaluated MER fibre production pathways were first 

imulated using Aspen HYSYS®, where natural gas as feedstock 

as considered for the conventional process, CO 2 capture tech- 

ology was considered in alternative Option A, and wood-based 

ethanol was considered in alternative Option B. In the following 

tep, data for both material streams and energy consumption of 

he process was extracted from the simulations. For conventional 

rocess, all the inputs are considered mainly from fossil origin, 

hile for alternative processes, all the inputs are considered from 

enewable origin. For example, hydrogen from natural gas was con- 

idered in the conventional process, while hydrogen produced by 

lectrolysis was considered in the alternative Options A and B. In 

he third step, the data was converted to correspond to the func- 

ional unit of 1 kg of produced MER fibre, and organized into LCI 

ables. In the final step, LCI table data was used to evaluate en- 

ironmental footprints, potential environmental impacts and eco- 

osts. 

C

481 
.1. Process system description of conventional mer fibre production 

A simplified schematic diagram of a conventional MER fibre 

roduction process is shown in Fig. 2 . The flowsheet is composed 

f several process units, which are divided into three main parts: 

) formalin production process via MSR, ii) urea synthesis, and iii) 

ER fibre synthesis. 

Formalin is an around 37 wt.% aqueous solution of formalde- 

yde and is the most common formaldehyde product ( Millar and 

ollins, 2017 ). Most formaldehyde is produced by subsequent pro- 

esses of steam reforming of natural gas, synthesis of methanol 

nd synthesis of formaldehyde from methanol and air, as shown 

n a diagram in Fig. 2 . 

The reactions occurring to produce formalin are shown in 

qs. (1) - (6) Puhar et al., 2021 ). Eq. (1) stands for syngas produc-

ion, Eq. (2) describes a water-gas shift (WGS) reaction to enhance 

roduction of H 2 , Eqs. (3) -( (5) refer to methanol production from 

yngas and Eq. (6) represents formalin production from methanol 

nd air: 

 H 4 + H 2 O → CO + 3 H 2 , �H 

0 
r = 206 kJ / mol (1) 

O + H 2 O ↔ H 2 + C O 2 , �H 

0 
r = − 41 kJ / mol (2) 
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Fig. 2. Schematic diagram of the conventional production process of MER fibres. 
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 O 2 + 3 H 2 ↔ C H 3 OH + H 2 O , �H 

0 
r = − 49 kJ / mol (3) 

 O 2 + H 2 ↔ CO + H 2 O , �H 

0 
r = 41 kJ / mol (4) 

O + 2 H 2 ↔ C H 3 OH , �H 

0 
r = − 91 kJ / mol (5) 

C H 3 OH + 0 . 5 O 2 → 2C H 2 O + H 2 O + H 2 , �H 

0 
r = − 36 kJ / mol 

(6) 

The urea production process combines three different produc- 

ion parts: i) an air separation unit, ii) ammonia synthesis and iii) 

rea synthesis, as shown in Fig. 2 . A cryogenic distillation process 

s considered for separating air to obtain pure nitrogen for ammo- 

ia production. Production of ammonia is one of the most impor- 

ant processes in the chemical industry, and the majority (almost 

0%) of it is used for artificial fertilizers ( Pattabathula and Richard- 

on, 2016 ). Ammonia is synthesized by the well-known Haber- 

osch process, where hydrogen and nitrogen are used to form am- 
482 
onia over high temperature (480 °C) and high pressure (200 bar), 

hown in Eq. (7) ( Kandemir et al., 2013 ). The Haber-Bosch pro- 

ess currently accounts for over 96% of global ammonia production 

 Smith et al., 2020 ). Hydrogen used in this process is considered to 

e purchased and produced from natural gas. 

 H 2 + N 2 ↔ 2N H 3 , �H 

0 
r = − 91 kJ / mol (7) 

After producing ammonia, a stoichiometrically proportional 

mount of CO 2 is purchased to satisfy a molar ratio of 2:1. Urea 

ynthesis involves ammonia and CO 2 forming an intermediate 

roduct, called ammonium carbamate, as shown in Eq. (8) . The 

olid ammonium carbamate is further dehydrated to form urea, 

hown in Eq. (9) . 

 O 2 + 2N H 3 → N H 2 C O 2 N H 4 , �H 

0 
r = − 151 kJ / mol (8) 

 H 2 C O 2 N H 4 → CO ( N H 2 ) 2 + H 2 O , �H 

0 
r = 32 kJ / mol (9) 

The MER fibre production process also consists of three parts: 

) urea conversion to melamine, ii) synthesis of melamine resin 

recondensate and iii) product condensation and extrusion. First, 
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rea is converted to melamine over high temperature, as shown in 

q. (10) ( Bertini and Di Carlo, 2018 ). 

CO ( N H 2 ) 2 → C 3 H 6 N 6 + 6N H 3 + 3C O 2 , �H 

0 
r = 12 kJ / mol (10) 

Melamine is then used to produce melamine resin preconden- 

ate, which is synthesised from melamine and formalin in a molar 

atio of 1:6 in the presence of excess methanol to control the re- 

ction ( Gordon, 1967 ), as shown in Eq. (11) . Methanol is added to

he reaction in a molar ratio of 1:1 with melamine. It is used as 

 solvent and to minimize undesired polymer formation. The solu- 

ion is then condensed, and extrusion is performed to obtain MER 

bres. During extrusion, the solution is forced through a small hole 

sing a screw, forming solidified fibres ( Berbner et al., 1999 ). 

 3 H 6 N 6 + 6C H 2 O → C 9 H 18 N 6 O 6 (11) 

.2. Process system description of alternative mer fibre production 

athways 

The alternative production pathways for melamine products in- 

lude production of CO 2 and biomethanol. CO 2 may be produced 

rom flue gas via capture technology, from gasification of biomass, 

rom ethanol plants ( Matzen et al., 2015 ) and other technologies. 

he CO 2 capture process can be separated into pre-combustion, 

ost-combustion and oxyfuel processes, with various methods for 

eparating the CO 2 from a bulk gas stream, such as physical and 

hemical absorption ( Ericsson, 2017 ). Biomethanol is a renewable 

uel, and its production from biomass is amongst efficient options 

f methanol production ( Cifre and Badr, 2007 ). To assess the im- 

act of alternative production pathways, two options were investi- 

ated: methanol synthesized from CO 2 via capture technology from 

ue gas and wood-based methanol. 

.2.1. Alternative option a – utilization of CO 2 

Formalin produced from flue gas is simulated in Aspen HYSYS®, 

he flowsheet for which is shown in Supplementary material in 

igure A2. The flowsheet is composed of three different production 

arts: i) CO 2 capture from flue gas, ii) methanol synthesis, and iii) 

ormalin synthesis. 

Alternative Option A in Fig. 3 shows the formalin production 

rocess from flue gas. The production process is composed of 

hree different production parts. The first part consists of cap- 

uring CO 2 from flue gas, where absorption takes place by using 

iethanolamine (DEA and methyl diethanolamine (MDEA) as sol- 

ents. The primary outflow is an acid gas mainly containing CO 2 

nd H 2 O. Later, the acid gas is mixed in the stoichiometric ra- 

io with H 2 and introduced to the methanol production process 

see Eqs. (3) –(5) ), which is the second part of the production pro-

ess. During the methanol synthesis, 99 wt.% methanol is obtained, 

hich is then, in combination with compressed air, converted to 

ormalin, as shown in Eq. (3) . 

.2.2. Alternative option b – wood-based methanol 

Methanol is typically produced by steam reforming of methane; 

owever, any source of carbonaceous materials, such as forestry 

esidue, could be used as raw material for conversion to syngas 

nd further to methanol ( Olah et al., 2009 ). For alternative Option 

, a synthesis of wood-based methanol for formalin and further 

ER fibres is investigated, as shown in Fig. 3 . 

Since Slovenia is one of the most densely forested coun- 

ries in Europe, with forests covering almost 60% of its territory 

 The Slovenia Forest Service, 2020 ), wood biomass is a promising 

aw material for produce speciality chemicals such as formalde- 

yde. Such production is especially promising in regions such as 

o ̌cevje, which is the most densely forested area in Slovenia, with 

orest covering more than 90% of its total area ( The Slovenia Forest 

ervice, 2015 ). 
483 
The process of wood-based methanol production comprises 

hree parts. The first part consists of a biomass feedstock deliv- 

ry and preparation process as the biomass is weighed, conveyed 

hrough a separator and dried ( Lousada, 2016 ). In the second part, 

he dry biomass is gasified, and the resulting raw syngas is pu- 

ified. Finally, methanol is synthesized from syngas in the same 

anner as alternative Option A (see Equations (3) – (5)). 

.3. Life cycle assessment methodology 

The life cycle impact of MER fibres, as produced from differ- 

nt resources and technological combinations on a cradle-to-gate 

asis was studied comparatively. LCA is a technique for assess- 

ng the environmental impacts of a system throughout its life cy- 

le ( International Organization for Standardization, 2006b ). LCA en- 

bles environmental analysis at different phases of the life cycle of 

 product ( Rybaczewska-Blazejowska and Palekhov, 2018 ). Accord- 

ng to the ISO 14,040 ( International Organization for Standardiza- 

ion, 2006b ) and ISO 14,044 ( International Organization for Stan- 

ardization, 2006a ) standards, the methodology of LCA consists of 

our phases: definition of objectives and scope in the first step, in- 

entory analysis (LCI) in the second step, impact assessment (LCIA) 

n the third step, and interpretation of results in the final step. 

hese phases of LCA are linked to achieve a systematic assessment 

f the environmental impacts of the product system. 

In the phase of defining the objectives and scope of an LCA, 

he purpose of the evaluation is determined, and decisions are 

ade on the details of the system under investigation. In the sec- 

nd phase (LCI), the inputs and outputs of the production sys- 

em are collected and quantified. The LCI is preferably based on 

rimary data, while in case of missing data, data based on sec- 

ndary data suppliers such as Ecoinvent ( Ecoinvent V3.6, 2019 ), 

aBi ( GaBi Software System, 2020 ), Idea ( IDEA v2, 2020 ), Agri-

ootprint ( Blonk Consultants, 2019 ) and other can be used. The 

hird phase (LCIA) translates resources and emissions into a lim- 

ted number of environmental impact categories, applying charac- 

erization, and optionally also normalization and weighting. A va- 

iety of LCIA methods are available for conducting the LCA study, 

uch as potential environmental impacts (at the midpoint and at 

he endpoint level ( Huijbregts et al., 2016 )), environmental foot- 

rints ( ̌Cu ̌cek et al., 2012c ), eco profit ( ̌Cu ̌cek et al., 2012a ), eco Net

resent values ( Zore et al., 2018 ) and several others. 

To identify quantitative life-cycle-based indicators for measur- 

ng and monitoring environmental impacts, three different LCIA 

ethods are used in this study: selected environmental footprints, 

elected potential environmental impacts and eco-costs. Selected 

nvironmental footprints, such as the greenhouse gas (GHG) foot- 

rint, nitrogen, and energy footprints are assessed, since these are 

mongst the key environmental footprints related to the planetary 

oundaries and threats to human security ( ̌Cu ̌cek et al., 2015 ). The

ollowing potential environmental impacts are considered: acidi- 

cation, eutrophication, fossil resource scarcity and human tox- 

city potential, which are amongst the recommended indicators 

 UNEP/SETAC Life Cycle Initiative, 2019 ). It was found that the 

eCiPe ( Huijbregts et al., 2016 ) and CML ( Guinée et al., 2001 )

ethods are the most commonly used methods for conducting LCA 

tudy ( iPoint-systems, 2018 ). In this paper, acidification, eutrophi- 

ation, and human toxicity are evaluated by the CML 2001 method 

 Guinée et al., 2001 ), while the ReCiPe method ( Huijbregts et al., 

016 ) is used to access the scarcity of fossil resources. 

To convert the inventory data into environmental impacts, 

penLCA software provides tables with conversion factors, where 

ach impact category is calculated based on its related material 

ows and their corresponding factors. An example of such factors 

s provided as supplementary material in Supplementary material 

n Table A1. 
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Fig. 3. Schematic diagram of alternative production process of MER fibres. 
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Additionally, eco-costs are considered as impact assessment 

ethod at the endpoint level. They are calculated by using the 

ractical Fast Track LCA method, which utilizes Excel look-up ta- 

les where the eco-costs data is provided for flows and processes 

 Sustainability Impact Metrics, 2021 ). 
484 
. Detailed description of mer fibre production processes 

This section describes in detail simulated processes of formalin 

roduction via the conventional method and CO 2 utilization (al- 

ernative Option A). Alternative Option B is also explained in de- 
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ail. This option is not simulated, but the data for LCA analysis 

s provided by OpenLCA software with the integrated Ecoinvent 

atabase. Further, a simulated process of urea production involving 

n air separation unit, ammonia production and urea synthesis is 

escribed. Finally, a simulation of MER fibres and their production 

rocess is presented. 

.1. Formalin production via methane steam reforming (from syngas) 

The formalin production process as simulated in Aspen HYSYS®

s presented in Supplementary material in Figure A1. The first part 

f the formalin synthesis involves MSR, where methane reforming 

s performed over the Ni/ α-Al 2 O catalyst ( Hou and Hughes, 2001 ),

ollowed by the WGS reaction to obtain syngas. The inlet flows are 

ethane at 747 m 

3 /h and 2 bar, and steam at 1771 m 

3 /h and 2 bar.

n the second part, methanol is synthesised from syngas, and a 

urge gas is burnt in a furnace, yielding 7.5 MW of energy dur- 

ng combustion. In the third and final part, formalin is synthesised 

sing silver catalyst ( Qian et al., 2003 ). Roughly 38.7 t of formalin

er day is obtained in the process. For a more detailed description 

f this process, refer to previous work by the authors ( Puhar et al.,

021 ). 

.2. Formalin production from captured CO 2 

The CO 2 utilization process for formalin production as simu- 

ated in Aspen HYSYS® is presented in Supplementary material in 

igure A2. Flue gas generated from the coal-fired power plant is as- 

umed to contain 20.76% CO 2 , 1.73% H 2 O, 68.91% N 2 , 3.15% O 2 , and

.43% CO (mole percent). Flue gas at a volume flow of 2520 m 

3 /h

s fed to the acid gas absorber at the bottom. The solvent, a mix- 

ure of water, DEA and MDEA, is pressurized to 1.5 bar in pump 

1 and cooled to 25 °C and is fed at the top. Top absorber out-

ow is 1960 m 

3 /h of the remaining flue gas, which is discharged 

nto the atmosphere. The bottom outflow is a liquid phase rich in 

O 2 . It is expanded to 1 bar in valve V1 and enters separator S1,

here traces of N 2 , O 2 and H 2 O are removed. The bottom separator

tream is heated to 85 °C via a heat exchanger and introduced to 

he acid gas stripper. The stripper bottom outflow contains water, 

EA and MDEA, which are recycled to the surge tank. Acid gas at 

he top outflow contains purified 97.5 wt.% CO 2 . The 1.5 t/h stream 

s split so that 32.4% of the flow is used for urea production, while

he rest is used to synthesize methanol. In this way, all the CO 2 

hat has been produced is used in the process. 

The CO 2 stream is mixed with 137.5 kg/h hydrogen, which is 

ssumed to be purchased and produced from electrolysis. The CO 2 

H 2 mix is pressurized to 110 bar in compressors C1, C2 and 

3, where separator S2 is also used to remove a small amount of 

ater in the stream. Owing to mixing it with recycle flows, the 

tream is additionally heated to 150 °C before entering reactor R1, 

here methanol is formed, leading to a reactor outflow contain- 

ng 30.0 wt.% methanol. The stream transfers heat with the reac- 

or feed and is further cooled to 38 °C before entering separator 

3. The liquid outflow is further separated in S4, and a mixture 

ontaining 64.2 wt.% methanol enters distillation column DC1. The 

aseous outflows from both separators are compressed to 110 bar 

n compressor C4 and recombined to the process. At the distillation 

olumn, 732.2 kg/h of pure methanol is obtained. 

The methanol stream is heated to 150 °C and mixed with 560 

 

3 /h of air that has been compressed to 2 bar in C6 and heated to

he same temperature. The mixture is introduced to conversion re- 

ctor R2 to form formaldehyde. Reactor outflow is expanded from 

 bar to 1 bar and enters the formaldehyde absorber at the bottom, 

hile 618.9 kg/h of water enters at the top. The gaseous mixture 

eaving the absorber at the top has a volume flow of 1584 m 

3 /h

nd is assumed to be burnt in a furnace. The gas contains 40.9% 
485 
 2 O, 34.2% N 2 , 18.2% H 2 and 6.6% methanol and has a calorific

alue of 6.0 MJ/kg, yielding 1.7 MW of energy during combus- 

ion. Despite only hydrogen providing combustion value, the gas 

s burnt to avoid releasing H 2 emissions to the air. 

The bottom outflow is expanded from 5 bar to 1.4 bar in valve 

3 and separated in distillation column DC2 to remove traces of 

ethanol. The resulting stream contains 58.8 wt.% formaldehyde 

nd is diluted with water to obtain the desired formalin concen- 

ration of about 37 wt.%. Similar amounts of formalin are produced 

s in the conventional process (1.6 t/h or 38.7 t/day). 

.3. Formalin production via wood-based methanol 

The data for LCA analysis of alternative Option B is provided 

y OpenLCA software, with an integrated Ecoinvent database 3.6. 

ood-based methanol is an alternative pathway for producing 

ethanol via CO 2 utilization. The wood or forest residues are first 

ried and preheated in a steam dryer before being fed into the 

asifier. Drying is achieved by direct contact of the biomass in- 

ut with hot flue gas. The wet wood chips are fed into each 

iomass rotary dryer via a screw conveyor. The wood is dried 

ith flue gas from gasification to a moisture content of 5 wt.% 

 McKendry, 2002 ). Gasification is a technology that converts any 

arbonaceous material, such as wood, into synthesis gas. Carbon 

eacts in the presence of a catalyst, usually olivine ( Nzihou et al., 

013 ), with steam and oxygen or air at temperatures typically 

eaching 800 °C to produce raw synthesis gas. The by-products are 

emoved to produce a clean syngas that can be used as an essential 

hemical building block ( Breault, 2010 ). Gasification of wood chips 

an be carried out in fixed bed reactors or in fluidized bed reactors. 

n this study the process includes the production of syngas from 

ood chips, 50% from fixed bed gasification and 50% from fluidized 

ed gasification ( XYLOWATT, 2020 ) as sourced from the Ecoinvent 

atabase. Both processes refer to the conversion of wood chips into 

yngas, including drying and further comminution of wood chips, 

xed bed / fluidized bed gasification of the wood chips and treat- 

ent of the resulting syngas to remove impurities and contami- 

ants. 

The syngas is further cleaned and conditioned so that it can be 

ynthesized to methanol. The tars and hydrocarbons in the syngas 

re reformed to additional CO and H 2 . Particles are removed by 

uenching. Acid gases (CO 2 and H 2 S) are removed, and the syngas 

s compressed. The purified and conditioned syngas is converted 

o methanol in a fixed bed reactor containing a copper/zinc ox- 

de/alumina catalyst. The methanol formed is purified in flash and 

eparation columns. The reaction also yields a gaseous by-product, 

hich is burnt as a fuel for the process. This process is presented 

chematically in the alternative Option B section of Fig. 3 . 

.4. Urea production process 

The urea production process as simulated in Aspen HYSYS® is 

chematically presented in Supplementary material in Figure A3. 

n the first part, air is separated to obtain pure nitrogen. This 

s achieved using an air separation unit, which operates at cryo- 

enic conditions and utilizes distillation to produce O 2 and N 2 of 

igh purity. The cryogenic distillation process is an energy inten- 

ive process that consumes significant amounts of electrical energy 

 Zhu et al., 2010 ), but offers high purity products, also in liquid

orm ( Rizk et al., 2012 ). 

In the first stage of the process, a refrigeration loop was used 

o liquefy air using a multi-stage compression train ( Awad et al., 

019 ). 75.9 m 

3 /h of air is fed into the cold box unit. The cold box

xchanges heat between recovered cold gas streams from cryo- 

enic distillation and the inlet flow of air. The air feed is cooled 

o a cryogenic temperature of −174 °C into partially condensed air, 
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hich is expanded in valve V3, partially separated in separator S5 

nd introduced to distillation column DC3, where deoxygenation 

akes place, leading to outflows of pure nitrogen at the top and 

ure oxygen at the bottom. Pure nitrogen is fed back to a cold box, 

here it is heated to 30 °C. In the process, 3.3 t/h of pure nitrogen

s obtained. 

The heat transfer inside the cold box is driven by the refriger- 

tion cycle of a pure N 2 stream, which is expanded in expander 

1 from 50 bar to 1.5 bar, leading to a temperature reduction that 

ontributes to the cold temperature needed to refrigerate incoming 

ir. The stream is then pressurized back to 50 bar in a multi-stage 

ompression train with inter-stage coolers to 40 °C. 

Following air separation, the pure N 2 is further heated from 

0 °C to 50 °C and mixed with the hydrogen flow. The hydrogen 

s assumed to be purchased, and in the conventional production 

rocess, produced from natural gas and in the alternative produc- 

ion processes, produced by water electrolysis. 716 kg/h of hydro- 

en is introduced to the process. The mixture is compressed with 

ompressor C11 and introduced to reactor R3, where ammonia is 

ormed over a solid metal catalyst, consisting of finely divided iron 

ound to an iron oxide carrier ( Vojvodic et al., 2014 ), high temper-

ture (480 °C), and high pressure (200 bar), as shown in Eq. (7) .

he product stream containing ammonia and non-reacted N 2 and 

 2 is cooled to 26 °C and separated in S6, where a vapour mixture 

f ammonia and residual N 2 and H 2 is recycled back to the reactor 

eed mix, and 3.9 t/h of pure ammonia is produced in the bottom 

utflow. 

In the next step, the ammonia product stream is mixed with 

ecycled ammonia from the MER fibre production process. A to- 

al mass flow of 4.3 t/h is pressurized to 150 bar in pump P2 and

eated to 180 °C. 5.5 t/h of CO 2 is required for urea synthesis. This

mount of CO 2 is obtained in different ways for each process al- 

ernative. For conventional process and alternative Option B, the 

O 2 is obtained partially as a recycled input from the MER fibre 

roduction process and partially as purchased CO 2 . For alternative 

ption A, the CO 2 is obtained partially as a recycled input from 

he MER fibre production process and partially as a fraction of CO 2 

aptured from flue gas. 

The feed is compressed to 150 bar and cooled to 180 °C, the 

ame conditions as the ammonia feed, before entering conversion 

eactor R4. The process of urea synthesis involves the intermedi- 

te reaction to form ammonium carbamate, which is dehydrated 

o form urea. The top product outflow contains water and resid- 

al CO 2 and ammonia. 98.7 wt.% of this stream is recycled back 

o the reactor, while the rest is assumed to be burnt in a furnace. 

he gas being burnt contains 59.8% NH 3 , 29.9% CO 2 and 10.3% H 2 O

nd has a calorific value of 9.1 MJ/kg, yielding 8.9 MW of energy 

uring combustion. In the bottom product outflow, 1.9 t/h of pure 

rea is obtained. 

.5. MER fibre production process 

The MER fibre production process is schematically shown in 

ig. 4 . Production of MER fibres begins with melamine synthesis, 

here urea is fed into conversion reactor R5 and over high temper- 

ture (200 °C) ( Bertini and Di Carlo, 2018 ) forms pure melamine as

he bottom outflow, with an ammonia and CO 2 mixture in the top 

utflow as secondary products. 

Due to the difficulty of separating the ammonia-CO 2 mixed gas, 

 three-step series absorber and distillation-desorption system is 

sed. The gas is separated via a high-velocity bubble absorption 

rocess, taking advantage of different velocities of absorption in 

ater between ammonia and CO 2 . The bubbling absorber increases 

he feed gas velocity, generating a bubble layer, which provides 

nterface area for selective ammonia absorption in water ( Ibarra- 

ahena and Romero, 2014 ). The mixed gas is first pressurized from 
486 
 bar to 18 bar in compressor C14 and cooled to 60 °C. The sep-

ration process involves absorbing ammonia in three steps (in ab- 

orbers ABS3 to ABS5) to separate the gaseous CO 2 , distilling the 

emaining liquid (in distillation column DC 4) to separate ammo- 

ia, and finally desorbing the residual liquid (in stripper STR 2) to 

btain water used in the absorption process. 

After separation, 1.3 t/h of purified CO 2 and 1.0 t/h of purified 

mmonia are obtained. The heat energy demands of the absorber 

nd distillation-desorption system are assumed to be 7.0 MJ per kg 

f ammonia for heating, and 8.2 MJ per kg of ammonia for cool- 

ng. This method of separating an ammonia-CO 2 mixed gas and its 

elated energy calculations are based on technology suggested in 

ther work ( Cai et al., 2003 ) and is not simulated. The separated

aseous CO 2 and liquid ammonia streams are both recycled back 

nd mixed with CO 2 and ammonia flows for urea production, as 

an be seen in Supplementary material in Figure A3. 

Melamine with a mass flow of 550 kg/h is introduced to con- 

ersion reactor R6, along with 1.6 t/h of formalin and 140 kg/h of 

urchased methanol, where methanol is used as solvent in order 

o control the reaction ( Gordon, 1967 ). 980 kg/h of pure melamine 

esin, the desired product, is obtained at the bottom, while the top 

utflow is separated in S7. The liquid flow containing mostly wa- 

er is purged, and the liquid containing 98% melamine is cooled to 

00 °C and recycled back to the reactor. Melamine resin product is 

ooled to 25 °C, and extrusion is performed to obtain MER fibres. 

. Life cycle assessment of mer fibre production pathways 

The aim of the study is a comparative LCA of MER fibres pro- 

uced by different production pathways as explained above. The 

nvironmental assessment of the investigated synthesis routes is 

ccomplished employing LCA professional software OpenLCA 1.10.3 

 GreenDelta, 2020 ), with the integrated databases Ecoinvent 3.6 

 Ecoinvent V3.6, 2019 ), GaBi Professional Database ( GaBi Software 

ystem, 2020 ) and several other. The evaluated environmental 

ootprints are as follows: GHG, nitrogen, and energy footprints. The 

idpoint impact categories considered are acidification, eutrophi- 

ation, human toxicity, and scarcity of fossil resources. To calculate 

nvironmental impacts at the endpoint level, eco-costs are consid- 

red. 

.1. Goal and scope definition 

The conventional production pathway for MER fibre technology 

as compared to the emerging technologies of CO 2 capture and in- 

egration of renewable resources. Three alternative synthesis path- 

ays for producing MER fibres were analysed and compared in 

erms of the environmental impacts: i) MER fibres from the con- 

entional process with natural gas as a feedstock; ii) alternative 

ption A for MER fibre synthesis using captured CO 2 ; and iii) al- 

ernative Option B for MER fibres synthesized from wood-based 

ethanol (see Figs. 2 and 3 ). 

The functional unit that quantifies the function of the product 

ystem and provides a reference unit is defined as the production 

f 1 kg of MER fibres. MER fibre synthesis pathways are evalu- 

ted within the system boundaries from cradle to company gate. 

he study considers all the relevant mass and energy inputs, along 

ith the chemicals and emissions involved in the production pro- 

ess. For simplification, infrastructure, facilities, and workforce are 

xcluded from the analysis. MDEA degradation and losses in case 

f alternative Option A were also not considered in the LCA since 

he mass input flow is not substantial. Moreover, direct wastewa- 

er emissions are not considered, as each production facility has its 

wn on-site closed-loop wastewater treatment system. 
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Fig. 4. Diagram of MER fibre production process. 
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.2. Life cycle inventories 

The inventory phase identifies the main input and output flows 

ssociated with the MER fibre production processes. The amounts 

f inputs and outputs are taken from the Aspen HYSYS® simulation 

oftware. Secondary data for raw materials, energy and fuel sup- 

ly are taken from available databases. Due to the lack of data for 

ountry-specific processes, values and references from processes in 

ther countries with similar production technologies were used in 

he inventory phase. The country-related data for the processes 

aken from databases is presented in more detail in Supplemen- 

ary material in Table A3. 
487 
.2.1. Life cycle inventory for the conventional process 

An inventory analysis for the conventional process is conducted, 

dentifying the most important inputs and outputs in the process. 

he main inventory data to produce 1 kg of conventional MER fi- 

res is summarized in Table 1 (see also Fig. 2 ). 

The data for the hydrogen production process are taken from 

he Ecoinvent 3.6 database as “Hydrogen, liquid, at plant/RER U”. 

or conventional methanol production, an Ecoinvent 3.6 process 

methanol production | methanol | Cutoff, U” is selected. The in- 

ut for CO 2 is obtained from the Ecoinvent database as “Carbon 

ioxide liquid, at plant/RER U”. To produce compressed air, average 

ower consumption for an air blower is used. The heat needed for 
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Table 1 

Life Cycle Inventory analysis and data sources for conventional MER fibre production. 

Parameter Amount 1 Unit Flow name Data provider 

Inputs 

Carbon dioxide 1.270 kg Carbon dioxide liquid, at plant/RER Ecoinvent 3.6 

Compressed air 4.236 m 

3 Compressed air, average efficiency Ecoinvent 3.6 

Heat from industrial burner, natural gas 19.550 MJ Heat, district, or industrial, natural gas Ecoinvent 3.6 

Hydrogen 0.438 kg Hydrogen, liquid, at plant/RER Ecoinvent 3.6 

Methane 0.833 kg Methane, at the plant, from natural gas GaBi 

Methanol 0.132 kg Methanol production | methanol | Cut-off GaBi 

Water 2.074 kg Water, deionized Ecoinvent 3.6 

Electricity 73.281 MJ Electricity, medium voltage, production SI, at grid/kWh/SI Ecoinvent 3.6 

Outputs 

Carbon dioxide 1.989 kg Emission to air Calculated 

Formaldehyde 0.031 kg Emission to water Calculated 

Hydrogen 0.061 kg Emission to air Calculated 

Methanol 0.178 kg Emission to water Calculated 

Nitrogen 2.170 kg Emission to water Calculated 

Nitrogen oxides 0.145 kg Emission to air Calculated 

Wastewater 7.486 kg Elementary flows/Emission to water Calculated 

Oxygen gaseous 1.056 kg Inorganic chemicals Calculated 2 

MER - Conventional 1.000 kg Final product Calculated 

1 Amounts are taken from Aspen HYSYS® simulation. 
2 Avoided product: assuming that the oxygen is used elsewhere (outside the product system). 
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Table 2 

Electricity consumption for the simulated MER fibre synthesis [kW]. 

Process Unit Conventional Alternative Option A Alternative Option B 

Compressors 19,777.17 23,185.58 19,685.41 

Pumps 23.20 28.64 21.45 

Extruder 121.06 121.06 121.06 

Total 19,921.43 23,335.28 19,827.92 

p

(

fi

t

w

4

a

i

A

A

O

g

2  

f

M

u

e

t

a

B

i

n

n

s

b

a

v

c

M

e

team reforming is obtained from burning natural gas. Transporta- 

ion of the hydrogen and methanol to the plant is neglected. For 

he transport of CO 2 , a transport distance (freight, lorry, fleet av- 

rage) of 770 km and a transport distance (freight, rail) of 130 km 

re assumed in Ecoinvent database. 

The quantities of the inputs and outputs for the conventional 

rocess are obtained from the simulation. The data for environ- 

ental impact accounting of processes such as methanol, hydro- 

en, methane, CO 2 and heat generation systems are provided by 

he Ecoinvent and GaBi databases. 

.2.2. Life cycle inventory for alternative option a 

The inventory data for the alternative Option A for MER fi- 

re synthesis using captured CO 2 is summarized in Supplementary 

aterial in Table A2, where LCI is shown for 1 kg of MER (see also

ig. 3 ). 

In contrast to the conventional process, hydrogen for alter- 

ative Option A is obtained by an electrolysis process in which 

ater is converted to hydrogen using renewable electricity (see 

able 3 for more details). Inventory data for hydrogen produc- 

ion is obtained from the GaBi database. Various types of electrol- 

sis are available ( Uusitalo et al., 2017 ). The data set used here

s partly aggregated and covers the electrolysis of water into hy- 

rogen, including the manufacture, maintenance, and end-of-life 

f the electrolyser. The supply of electricity is additionally calcu- 

ated: according to the literature, the average electricity consump- 

ion required to produce 1 kg of hydrogen amounts to 51 kWh 

 Sternberg and Bardow, 2015 ). Data concerning the process de- 

and for captured CO 2 is calculated through process simulation. 

he average power consumption is used to generate compressed 

ir ( Radgen and Blaustein, 2001 ). 

.2.3. Life cycle inventory for alternative option b 

Inventory data for the alternative Option B for MER fibres pro- 

uced from wood-based methanol is presented in Supplementary 

aterial in Table A2 for 1 kg of the MER fibres produced (see also 

ig. 3 ). 

Like the alternative Option A, alternative Option B employs hy- 

rogen produced by electrolysis of water where renewable elec- 

ricity mix is used (see Table 3 for more details) and the aver- 

ge electricity consumption is used to produce compressed air. For 

he polymerization process of MER fibres, wood-based methanol is 

sed in this Option. The extracted data for a wood-based methanol 
488 
roduction process is sourced from the Ecoinvent 3.6 database 

“Methanol production, from biomass, cut-off”). It is based on gasi- 

cation and includes material and energy inputs, catalyst use is es- 

imated based on methanol from natural gas, emissions to air and 

ater from the process, and plant infrastructure. 

.2.4. Inventory data for energy consumption in conventional and 

lternative options 

The demands for electrical power and cooling and heating util- 

ties for the processes are mainly obtained from the simulations in 

spen HYSYS®. For conventional process and for alternative Option 

 all the data were obtained from simulation, while for alternative 

ption B, energy consumption data for biomass gasification and 

as cleaning are taken from Ecoinvent database ( Ecoinvent V3.6, 

019 ), and the data for the rest of the process are also obtained

rom simulations. The electricity consumption for the simulated 

ER fibre production processes is shown in Table 2 . The process 

nits requiring electricity are the compressors, pumps, and extrud- 

rs. 

Regarding electricity sources, the study uses mix of conven- 

ional and renewable electricity sources. The conventional process 

ssumes a standard electricity mix, while alternative Options A and 

 use renewable electricity mix. It is assumed that the electric- 

ty required for the conventional process is taken from the Slove- 

ian electricity mix ( Statistical Office of the Republic of Slove- 

ia, 2021 ), which is derived from the Ecoinvent database. It is as- 

umed that the renewable electricity mix accounts for hydropower, 

iogas, photovoltaics, wind power, and wood-fired combined heat 

nd power generation. The electricity supply mix used for the con- 

entional and alternative options is shown in Table 3 . 

Comparative utility requirements for MER fibre synthesis by the 

onventional and alternative processes are shown in Table 4 . The 

ER fibre production processes require significant amounts of en- 

rgy for heating and cooling. Three types of steam are consid- 
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Table 3 

Electricity shares used for the conventional and alternative processes of MER fibre synthesis. 

Electricity sources Conventional electricity mix Renewable electricity mix 

Wood, co-generation 0.014 0.200 

Co-generation with biogas engine 0.004 0.100 

Hard coal 0.031 –

Hydropower 0.256 0.450 

Lignite 0.287 –

Natural gas 0.028 –

Nuclear 0.379 –

Oil 0.001 –

Wind power – 0.100 

Photovoltaic 0.0001 0.150 

Table 4 

Comparative use of utilities for MER fibre synthesis for conventional and alternative options. 

Process Unit Conventional Alt. Option A Alt. Option B 

Low-pressure steam (LPS) MJ 0.207 7.049 0.284 

Medium-pressure steam (MPS) MJ 7.522 22.393 9.044 

High-pressure steam (HPS) MJ 12.179 −10.977 −3.347 

Cooling water m 

3 0.970 1.370 0.870 

Energy used for cooling MJ 22.230 24.182 16.520 
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red for hot utilities: low-pressure steam (LPS) at 125 °C, medium- 

ressure steam (MPS) at 175 °C and high-pressure steam (HPS) at 

50 °C. For cold utilities, cooling water and refrigerants are used. 

he refrigerants required to cool certain streams to temperatures 

elow 20 °C are represented as “Energy used for cooling”. Addi- 

ionally, generation of LPS, MPS and HPS are used as intermediate 

tilities to cool down hot streams. In certain cases, more steam is 

enerated than it is consumed, resulting in excess steam, which is 

ssumed as a by-product credit. 

.3. Life cycle impact assessment 

The environmental impacts of conventional and alternatives 

rocesses of MER fibre production are determined by employ- 

ng the cradle-to-gate approach. Three types of environmental im- 

act assessment methods are used in this study: i) environmental 

ootprints (GHG, Nitrogen, and Energy footprint divided into non- 

enewable and renewable energy footprint); ii) environmental im- 

acts (acidification, eutrophication, fossil resource scarcity and hu- 

an toxicity); and iii) eco-costs. 

The GHG footprint is related to human-induced climate change 

nd global warming and stands for CO 2 and other GHGs emit- 

ed over the full life cycle of a process. It is expressed as the 

ass of CO 2 equivalent (CO 2 eq.). It is calculated using the 

PCC 2013 methodology ( IPCC, 2013 ) by considering a 100 y time 

orizon ( Wiedmann and Minx, 2008 ). 

The nitrogen footprint measures all the nitrogen compounds ex- 

ept N 2 released into the environment over the life cycle of a prod- 

ct as a result of resource consumption ( ̌Cu ̌cek et al., 2012c ). It is

argely represented by emissions of NO X , N 2 O, NO 3 
– and NH 3 . The

itrogen footprint represents a disruption of the regional to global 

 cycle and its consequences, and it measures the amount of reac- 

ive nitrogen released into the environment as a result of the given 

roduction processes ( Leach et al., 2012 ). The nitrogen footprint is 

xpressed in mass units of N. 

The energy footprints represent the demand for non-renewable 

r renewable energy sources. This indicator is based on Cumulative 

nergy Demand (CED), which describes the consumption of fos- 

il, nuclear and renewable energy sources across the product life 

ycle ( Frischknecht et al., 2007 ). The non-renewable energy foot- 

rint is calculated via cumulative fossil and nuclear energy de- 

and ( Valente et al., 2020 ), and the renewable energy footprint 

s calculated based on energy production from renewable sources, 
489 
uch as hydro, solar, wind, geothermal, and biomass ( Outka, 2011 ). 

t is measured in energy units ( Valente et al., 2020 ). 

The selected categories of potential environmental impacts con- 

idered in this study are acidification potential, eutrophication po- 

ential, fossil resource scarcity and human toxicity. Acidification, 

xpressed in kg SO 2 eq., describes a change in soil acidity due to 

tmospheric deposition of sulphates, nitrates, and phosphates. The 

ain acidifying substances are NO X , NH 3 and SO 2 ( Guinée et al., 

001 ). Eutrophication (kg PO 4 
3 − eq.) can be defined as nutrient 

nrichment of the aquatic environment ( Guinée et al., 2001 ). Fossil 

esource scarcity is an indicator that quantifies impact on the ex- 

austion of natural resources. The characterization factor of fossil 

esource scarcity is fossil fuel potential, based on the heating value, 

here the unit is kg oil equivalents. The human toxicity potential 

eflects the potential harm of a unit of a chemical released into the 

nvironment and is based on both the inherent toxicity of a com- 

ound and its potential dose. This impact category is measured in 

,4-dichlorobenzene equivalents ( Guinée et al., 2001 ). 

The endpoint impact category considered in this study are eco- 

osts. Eco-costs are prevention costs which are calculated at the 

ndpoint level for the categories of human health, ecotoxicity, re- 

ource depletion and global warming, as well as total eco-costs, all 

f which are measured in monetary units. The metric is used to 

xpress the amount of investment costs required to reduce the en- 

ironmental pollution to a level which corresponds to preventing 

missions and stabilising the current ecosystem ( Sustainability Im- 

act Metrics, 2021 ). 

. Results and discussion 

This section presents the results of the assessed environmen- 

al impacts, GHG, nitrogen, and energy footprints, acidification, eu- 

rophication, human toxicity, and scarcity of fossil resources, as 

ell as eco-costs. 

.1. Selected environmental footprints 

Three environmental footprints were included in the study to 

ssess the environmental impacts of the proposed alternatives in a 

olistic way. Fig. 5 a) shows the GHG footprint of MER fibre produc- 

ion. The highest GHG footprint is obtained to produce fossil-based 

ER fibres, followed by MER fibres produced by using flue gas and 

ustainable hydrogen from water electrolysis. MER fibres produced 
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Fig. 5. LCA results of MER fibre production for a) GHG and b) nitrogen footprint. 

Fig. 6. Energy footprint of MER fibre production. 
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y using wood-based methanol (alternative Option B) yield the 

owest GHG footprint, with 5.21 kg CO 2 eq. per kg of MER fibres 

roduced. Both alternatives, CO 2 capture (alternative Option A) or 

ood-based methanol use (alternative Option B), show a reduction 

n CO 2 eq. of 12.06 and 12.56 kg per kg of MER fibres. In the al-

ernative Option A, the production system is also credited with the 

O 2 that would otherwise be emitted, but it must bear the burdens 

f purification and compression. 

Significantly higher value for the GHG footprint of the conven- 

ional process is mainly caused by the electricity mix in use (a 

onventional electricity mix is considered, see Table 3 ), which also 

ncludes hard coal, lignite, and oil, while alternatives include the 

se of a renewable electricity mix (see Table 3 ). In addition, wood- 

ased methanol is selected for the alternative Option B, and this 

lso contributes to a lower GHG footprint. 

The nitrogen footprint represents the nitrogen compounds re- 

eased into the environment and is presented in Fig. 5 b). The foot- 

rint result shows the lowest score of total nitrogen for alternative 

ption A. The increased result in alternative Option B is due to the 

se of wood-based methanol, where the biomass has a higher N 

ootprint as compared with fossil fuels ( ̌Cu ̌cek et al., 2012b ). The

ifferences between the individual alternatives range between 1.75 

nd 1.81 kg N/kg of MER produced. 

i

490 
The energy footprints represent the demand for non-renewable 

r renewable energy sources and is presented in Fig. 6 . As can be

een, the energy footprint is highest for Alternative Option A, fol- 

owed by a conventional process. The difference between the con- 

entional process and Alternative Option B is small, but the share 

f renewable energy in Alternative Option B is much higher. The 

eason for the highest energy footprint value in Alternative Option 

 is mainly due to the increased demand for electricity due to the 

ntroduction of electrolysis of water for hydrogen production. 

.2. Selected potential impact categories 

Process alternatives are also evaluated from the perspective of 

cidification potential. Acidification potential (kg SO 2 eq.) is the 

ighest for the conventional process, while both alternative Op- 

ions A and B provide lower acidification values (a 58% reduc- 

ion for alternative Option A and a 63% reduction for Option B), 

s shown in Fig. 7 a). Acidification potential is caused mainly by 

lectricity and steam generation using combined heat and power, 

O 2, and hydrogen production. The main processes of alternative B 

hat contribute to acidification are electricity generation and heat- 

ng and cooling. The most significant processes contributing to the 
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Fig. 7. LCA results of MER fibre production for a) acidification and b) eutrophication potential. 

Fig. 8. LCA results of MER fibre production for a) fossil resource scarcity and b) human toxicity potential. 
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cidification potential for alternative Option B are electricity, CO 2, 

nd methanol production. 

Analysis of the eutrophication potential in Fig. 7 b) shows ex- 

essive inputs of nutrients (nitrogen and phosphorus). The result 

f the eutrophication potential is the greatest for the conventional 

rocess, while both alternative processes have potential that is 

ower by 48% for alternative Option A and 46% for alternative Op- 

ion B when compared to the conventional process, as shown in 

ig. 7 b). The highest eutrophication potential for all the options as- 

essed can be attributed to CO 2 and electricity production, steam 

eneration and cooling processes. 

The environmental impact assessment of the evaluated pro- 

ess alternatives also included the scarcity of fossil resources as 

n important indicator of the depletion of natural resources. Fos- 

il resource scarcity is greatest when producing fossil-based MER 

bres, and the lowest by fibres synthesized using wood-based 

ethanol, as shown in Fig. 8 a). MER fibre production by wood- 

ased methanol and hydrogen based on water electrolysis (alterna- 

ive Option B) has the lowest fossil resource scarcity potential, with 

.893 kg of oil eq. Similarly, MER fibre production using flue gas 

nd sustainable hydrogen from water electrolysis (alternative Op- 

ion A) has a lower fossil resource scarcity potential, with 1.400 kg 

f oil eq. Both alternatives show a significant reduction as com- 

ared to the conventional process. 

The results for Human Toxicity Potential, shown in Fig. 8 b), re- 

ect the potential harm of a unit of chemical released into the 

nvironment. The impact on human health due to human toxicity 

s the highest for the conventional MER production option, corre- 

ponding to 7.657 kg 1,4-DB eq. per kg of MER. This is due the 

r

491 
igh-volume release of nuclear waste pollutants and GHGs by nu- 

lear systems. The lowest score is achieved by alternative Option A, 

ollowed by alternative Option B. Both alternative processes have 

hown reductions in human toxicity potential of around 75% and 

7%. 

.3. Eco-costs 

The production pathways are also evaluated at the endpoint 

evel applying eco-costs method. Fig. 9 shows eco-costs broken 

own into the following categories: eco-costs of carbon footprint, 

esource depletion, eco-toxicity and human health. 

Eco-costs are the highest for the conventional process, and are 

educed by 32% when considering alternative Option A, and by 44% 

ith alternative Option B. The most significant reductions occur 

n the category of eco-costs of carbon footprint, where both CO 2 

apture technology and wood-based process are effective in CO 2 

missions reduction. The resource depletion eco-cost category is 

ncreased when utilizing alternative pathways, which can be at- 

ributed to the different electricity mix considered. However, these 

ncreases are offset by the reduction in overall eco-costs. 

When analysing the main contributions to the overall endpoint 

mpact of eco-costs, electricity is shown to contribute the highest 

mount. A significant part of the consumption is due to electricity 

equired for electrolysis of water to provide hydrogen for ammo- 

ia synthesis and also methanol synthesis in alternative Option A. 

n terms of power consumption to run the compressors, which are 

he main electricity consumers (as seen in Table 2 ), the air sepa- 

ation unit consumes between 53 and 62% of all electricity in the 
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Fig. 9. Eco-costs of MER fibre production. 

Table 5 

Summary of the results for selected environmental impacts of MER fibre production. 

Indicator Unit Conventional Alt. option A Alt. option B 

Footprints 

Greenhouse gas footprint kg CO 2 eq. 17.77 5.71 5.21 

Nitrogen footprint kg N 1.77 1.75 1.81 

Non-renewable energy footprint MJ 313.00 63.40 40.60 

Renewable energy footprint MJ 33.10 355.80 291.90 

Environmental Impacts 

Acidification kg SO 2 eq. 0.19 0.08 0.07 

Eutrophication kg PO 4 
3 − eq. 1.72 0.90 0.92 

Fossil resource scarcity kg oil eq. 5.42 1.40 0.89 

Human Toxicity kg 1,4-DB eq. 7.66 1.91 1.75 

Endpoint Impacts 

Eco-costs EUR 4.96 3.37 2.75 
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hree analysed pathways. Air separation unit and ammonia produc- 

ion process thus present the two most significant hotspots of the 

verall MER fibre production process. 

Table 5 gives summary results for selected environmental im- 

act categories. The results show that alternative Option B is the 

ost suitable option in terms of reducing environmental impacts. 

his is followed by alternative Option A, which also shows encour- 

ging results; in certain categories such as eutrophication and ni- 

rogen footprint, it is even the best possible choice. The results 

learly show that environmental burdens are the highest for the 

onventional option mainly because of the high share of fossil en- 

rgy sources. 

. Conclusions 

In this paper, three different pathways of MER fibres were in- 

estigated. An environmental evaluation of different im plemented 

roduction processes was conducted, using three environmental 

etrics to assess the environmental impacts of production of 

 kg MER fibres: different environmental footprints (GHG, nitrogen, 

enewable and non-renewable energy footprints), potential en- 

ironmental impacts (acidification, eutrophication, fossil resource 

carcity, human toxicity) and eco-costs. 

The conventional production pathway based on fossil resources 

as compared to two alternative options. Alternative Option B has 

he lowest GHG footprint and the lowest acidification potential 
492 
mongst the options assessed and can be considered the most en- 

ironmentally benign. Compared to conventional process, the GHG 

ootprint was reduced for alternative Option B by 71%. Significant 

eductions were achieved in fossil resource scarcity (reduced by 

4%), eutrophication potential (reduced by 46%) and human toxi- 

ity (reduced by 77%). 

Alternative Option A also showed a reduced GHG footprint, 

longside significant reductions in fossil resource scarcity, eutroph- 

cation potential and human toxicity potential compared to con- 

entional process. Similar results were obtained when calculat- 

ng eco-costs as an endpoint impact category, where alternative 

ption B was shown to offer the lowest environmental impacts, 

ollowed by alternative Option A. The production of MER fibers 

rom captured CO 2 with accompanying water electrolysis (alterna- 

ive Option A) and from sustainable resources (sustainable electric- 

ty, wood-based methanol) (alternative Option B) offers a credible 

lternative to the conventional natural gas-based MER facilities. 

An important limitation of this work is that the entire water 

ystem was not included in the assessment; therefore, no water 

ootprint was provided. Another limitation is in the lack of eco- 

omic and social analysis, which would contribute to a broader 

erspective when comparing the processes and add insight for fu- 

ure decision-making. LCA assessment could also be limited by un- 

ertainty regarding its data quality. Finally, it would be interesting 

o analyse the environmental footprint of other CO 2 capture tech- 

ologies, such as membrane-based separation, adsorption, cryo- 
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enic fractionation ( Wang et al., 2017 ) and others, including var- 

ous solvents. 

In determining the feasibility of the process, it is important to 

ssess all aspects of sustainability, including techno-economic fea- 

ibility, social aspects, and environmental impacts. While the eco- 

omic viability of alternative renewable resources is still weak, the 

ncreasing scarcity of fossil resources will likely push the market 

owards more sustainable raw materials. The industrial relevance 

f this work on MER fibres produced in such a way as to reduce or

ven eliminate the environmental burden offers improved opportu- 

ities for placing them on the market, owing to the increasing level 

f awareness amongst users. The use of wood-based methanol, hy- 

rogen produced by water electrolysis and a renewable electric- 

ty mix constitutes an ecologically cautious approach to producing 

ER fibres with lower environmental burdens. 

This work on alternative MER fibre production pathways pro- 

ides insight for the potential of a sustainable chemical production 

rocess. With the investigated alternative options, MER fibres could 

e produced by feedstocks taken from either renewable sources 

uch as air and biomass, or from waste such as flue gases, thereby 

orming a circular process. By utilizing the alternative pathways 

imulated in this study, MER fibres, which are considered a value- 

dded product, could be produced in a way that promotes sustain- 

ble chemistry. 

Additionally, as significant amounts of hydrogen are used in this 

rocess, its production will be studied in more details in the fu- 

ure. There is a variety of hydrogen production pathways, and more 

ustainable production would be highly beneficial. Considering the 

ossibilities of process integration and intensification could reduce 

he environmental burdens even further. Similarly, also for forma- 

in and its precursor, methanol, several production pathways are 

vailable with different environmental impacts. 

Research focus will also be directed to the end-of-life phase of 

ER fibre use. As a thermoset plastic product, MER fibres present 

 significant waste disposal issue as they cannot be recycled. How- 

ver, using different treatment methods (chemical, biological, ther- 

al, combined), they could be valorised to produce valuable mate- 

ials. A cradle-to-cradle LCA will be conducted as an addition to 

he current research, and to further reflect the potential of this 

rocess for the circular economy. 
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