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ANOTACIJA

Sa briza aktualitate ir ilgtsp&jas jautajumi, atkritumu apsaimnieko$ana, klimatneitralitate un
kopuma Eiropas Savienibas nospraustais Zalais kurss. Sie ir sarezgiti jautajumi —izaicinajumi,
kas sastav no loti daudzam niansém. Sos izaicindgjums pamata risinas nakotnes tehnologijas, no
kuram daudzas ir vél tikai iedigli. Tomer tehnologijas ir ne tikai jarada, bet arT jégpilni
jaizmanto, jakombin€ un jaoptimize. Ir jabiit skaidrai izpratnei, ar kadu izejvielu, atkritumu,
blakusproduktu vai atlikumu stradat ka ar resursu, vai jebkur§ atlikums ir izmantojams ka
resurss, kads ir optimals tehnologiskais process, kadi aspekti javerté analizgjot. Tatad katrs
potenciali izmantojamais resurss, katra tehnologiska vieniba un katrs planotais produkts ir
rlpigi javerte caur resursu paterina, razoSanas, resursu aprites potenciala, ietekmes uz klimata
parmainam, atkritumu apsaimnieko$anas, energijas parvaldibas un ekonomisko aspektu
prizmu, lai rezultata ieglitajam produktam butu maksimali augsta pievienota vértiba. Tads ar1
ir §T promocijas darba vadmotivs: septinreiz noméri, pirms griez jeb investe!

Darba mérkis ir izp&tit, kadas metodes ir lietojamas un ka tas ir kombingjamas, lai raZzoSanas
procesa atlikumus vai produktus, kas ir sava dzives cikla nosléguma, izmantotu ka resursus
jauna, augstakas pievienotas vertibas produkta razoSana.

Promocijas darbs ir veidots ka publikaciju kopa, kas sastav no astonam tematiski vienotam
zinatniskajam publikacijam, kas sarakstitas doktorantliras studiju laika. Tas ir publicétas
zurnalos ar augstu ietekmes faktoru (kvartelés Q1 un Q2) un indeksétas starptautiskaja datubaze
SCOPUS.

Promocijas darbs sastav no ievada, ¢etram nodalam un pielikuma apkopotam visam
astonam originalajam publikacijam anglu valoda. Ievaddala aplikota t€mas aktualitate,
hipotéze, mérki un uzdevumi, darba strukttira un informacija par darba aprobaciju. Promocijas
darba Cetras nodalas sastav no literatiiras analizes, metodologijas, pétijumu rezultatiem un
diskusiju dalas. Darba nosléguma ir apkopoti biitiskakie secinajumi par izstradato promocijas
darbu un sniegtas rekomendacijas par turmakajiem nepiecieSamajiem soliem aprites
ekonomikas attistibai.



ANNOTATION

Sustainability issues, waste management, climate neutrality and the overall “Green Deal”
path set by the European Union are topical at the moment. These are complex issues, rather
challenges, which are made up of a great many nuances. Future technologies, many of which
are still in their infancy, will be at the heart of these challenges. But technologies need not only
to be created, but also to be used, combined, optimised and rationalised. There must be a clear
understanding of what raw material, waste, by-product or residue to work with as a resource.
And is any residue usable as a resource? What is the optimal technological process to design?
What aspects to analyse? So every potentially usable resource, every technological unit and
every planned product must be carefully analysed through the prism of resource consumption,
production, resource cycling potential, climate change impacts, waste management, energy
management and economics in order to produce a product with the highest possible added
value. This is the guiding principle of this thesis, measure seven times before you cut or invest!

The aim of the work is to investigate which methods can be applied and how they can be
combined to use residues or products at the end of their life cycle as a resource to produce a
new product with the highest possible added value.

The thesis is a collection of eight thematically coherent scientific publications written
during the doctoral studies. They have been published in high impact factor journals, quartiles
Q1 and Q2, and indexed in the international database SCOPUS.

The thesis consists of an introduction, four parts and an appendix summarising all eight
original publications in English. The introductory part contains the topicality of the topic, the
hypothesis, the aims and objectives, the structure of the thesis and information on the validation
of the thesis. The four parts of the thesis consist of a literature review, methodology, research
results and discussion. The thesis concludes with a summary of the main conclusions of the
thesis and recommendations on the most immediate steps needed for the development of the
circular economy.
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SAISINAJUMI

SEG - siltumnicefekta gazes

ES — Eiropas Savieniba

MCDA — daudzkritériju lémumu pienemSanas metode

ACN - aprites cikla novertgjums

COVID-19 — koronavirusa slimiba

CO/PES — kokvilnas un poliestera kombinacija

OSB — orientgto skaidu platne

PB — skaidu platne

MDF — vidgja blivuma kokskaidu platne

IPCC — Klimata parmainu starpvaldibu padome

LPTP — labakais pieejamais tehniskais pan€miens

CLT — skérsam Itméta koksne

reCLT — otrreizgji parstradata CLT

EoL — péc kalposanas laika beigam

CBM — aprites uznéméjdarbibas modeli

MKF — melamin-karbamida formaldehids

PUR - poliuretans

FCM — izpludus$o kognitivo karSu modeléSanas metode

BHET — bis(2-hidroksietil)tereftalats (monomeérs jeb starpprodukts, kas rodas, parstradajot PET
plastmasu)



IEVADS

Eiropas Savieniba (ES) ir noteikusi skaidru kursu uz ilgtspgjigu attistibu, uzsverot
nepiecieSamibu pariet no linearas ekonomikas uz aprites ekonomikas modeli. Tradicionala
pieeja — “panem—izmanto—izmet” vairs nav uzskatama par dzivotsp&jigu risinajumu misdienu
resursu patérina un vides slodzes konteksta. Aprites ekonomika piedava alternativu, kuras
centra ir eso$o materialu un produktu dzives cikla pagarinasana, atkartoti tos izmantojot,
remontg&jot, parstradajot un atgriezot tautsaimnieciba. Sada pieeja lauj batiski samazinat
atkritumu daudzumu un veicina resursu efektivitati visa ekonomisko vertibu k&de.

Statistikas dati liecina, ka ES ik gadu rodas vairak neka 2,2 miljardi tonnu atkritumu, no
kuriem ievérojama dala joprojam tiek apglabata poligonos. Vienlaikus riipnieciskie procesi un
produktu lietosana veido 9,1 %, bet atkritumu apsaimniekosana — 3,32 % no kop&am
siltumnicefekta gazu (SEG) emisijam ES Iimeni. Jau produkta izstrades stadija tiek noteikts Iidz
pat 80 % no ta kopgjas ietekmes uz vidi. Tas nozimé, ka ilgtsp&jigai razosanai ir jabalstas
stratégiskaja plano$ana jau agrina posma. So apsvérumu dél Eiropas Parlaments 2021. gada
februarl pienéma rezoliiciju par jauno aprites ekonomikas ricibas planu, nosakot ambiciozus
merkus oglekIneitralitates sasniegSanai 11dz 2050. gadam, ka arT saistoSus krit@rijus attieciba uz
materialu izmantosanu Iidz 2030. gadam [177].

ES politikas dokumentos TpaSa uzmaniba pieversta nozarém ar augstu resursu patrinu un
bitisku ietekmi uz vidi. Viena no §adam jomam ir tekstilrtipnieciba, kas 2022. gada marta kluva
par meérki IpaSai ilgtsp&jas, inovaciju un parstradajamibas veicinaSanas stratégijai. ES
tekstilizstradajumu produktu grupu ir noteikusi ka vienu no septinam galvenajam produktu
vertibu kedem, kuram pareja uz aprites ekonomiku tiks pieskirta prioritate [7]. Tas apliecina,
ka aprites ekonomikas ievieSana nav vien teorétiska koncepcija, bet gan praktiska
nepiecieSamiba un politiski atbalstits virziens.

Vienlaikus, neskatoties uz skaidri defin€tiem meérkiem un ricibas virzieniem, praksé
joprojam pastav biitiski izaicinajumi: ka izvertet iesp&jamos ieguvumus, kadi riki lietojami
ilgtsp&jibas analizei un kada aspektu struktiira jaformulé investiciju lémumi. Sads strukturals
skattjums vienkopus ir fundamentals aprites ekonomikas virzibai un ir §T promocijas darba
pamata.

Promocijas darba ietvaros ir veikta resursu (tekstila atlikumu, kokapstrades atlikumu,
partikas parstrades blakusproduktu, energijas atlikumu) analize. Ir lietota daudzkritériju
analize, aprites cikla novert€jums, bibliometriska analize, sistémdinamika, izpluidusas
kognitivas kartes un CO: aprékini, ka arT defin@ti un nemti véra izaicinajumi cela uz produktu
ar augstaku pievienoto vértibu.



Darba aktualitate

Eiropas Parlaments ir izstradajis un noteicis par nepiecieSamu pareju no lineara ekonomikas
modela uz aprites ekonomikas modeli. ST briza aktualitate ir maksimali samazinat atkritumu
apjomu, pagrinat produkta aprites ciklu, ideala gadijuma — viena razo$anas procesa atkritumus
padarit par cita razoSanas procesa izejvielu vai resursu, ta atgriezot atpakal tautsaimnieciba.
Rezolucija par jauno aprites ekonomikas ricibas planu paredz papildu pasakumus, lai lidz
2050. gadam panaktu ogleklneitralu, ekologiski ilgtsp&jigu, netoksisku aprites ekonomiku,
tostarp stingrakus parstrades noteikumus un saistoSus mérkus attieciba uz materialu
izmantoSanu un patérinu lidz 2030. gadam [177], tacu katrai dalibvalstij ir jarod savs
visefektivakais risinajums mérku sasniegSanai dazadas tautsaimniecibas jomas.

Darba méerki un uzdevumi

Darba mérkis ir izp&tit, kadas metodes ir lietojamas un ka tas ir kombingjamas, lai razoSanas
procesa atlikumus vai produktus, kas ir sava dzives cikla nosléguma, izmantotu ka resursus
jauna, augstakas pievienotas vertibas produkta razosana. Jebkura resursu parstrade mazina
ietekmi uz klimatu, nodroSina celu uz ilgtsp&jigu attistibu un veicina produktu ar augstaku
pievienoto vértibu attistibu.

Lai sasniegtu mérki, tika izvirziti tris uzdevumi:

1) atlasit resursus, kas ir razoSanas atlikumi vai produkti sava dzives cikla nosléguma,
fokusgjoties uz potencialajiem resursiem, kuri ir pieejami liela apjoma vai kuri lielos
apmgeros tiek noglabati poligonos;

2) izveleties atbilstoSas analidzes metodes, definét izaicinajumus cela uz produktu ar
augstu pievienoto vertibu, radit metozu kopumu vai kombinaciju ka riku sist€mu aprites
ekonomikas attistibai;

3) aprob&t metozu kopumu, izvertgjot dazadus razoSanas procesus, novertet iegltos
rezultatus un veikt pamatotus secinajumus.

Zinatniska novitate

Promocijas darba visaptveroSais unikalais jaunievedums ir dazadu zinatnisko metozu
izmantoSana vienkopus, to seciga kombin&S$ana, lai attistitu un paatrinatu virzibu uz aprites
ekonomiku cela uz produktu ar augstaku pievienoto vertibu. Tapat metozu kopums izmantots
ievieSanas solu dinamiskai precizgSanai, identificgjot visnozimigakos aspektus un defingjot
problému potencialos risinajumus. Darba ir izstradati jauni un saderigi lietoto zinatnisko
metozu atlases kriteriji. Katra razoSanas procesa identific€tas stipras un vajas puses resursu
patérina, energoefektivitates, atkritumu mazinasanas un emisiju apjoma konteksta.

Darba izstrades gaita vairakkart un dazadas kombinacijas lietotas dzives cikla novertgjuma
un daudzkrit€riju analizes metodes. Izmantota sisttmdinamikas model&Sana, izpludusa
kognitiva karte un SEG (CO2) emisiju aprékini. Dazados griezumos loti plasi analizgta
zinatniska literatiira.



Sada dinamiska daudzlimenu un daudzdimensiju analize ka strukturals skatfjums vienkopus
ir kategoriski nepiecieSama aprites ekonomikas virzibai un uzskatama par promocijas darba
centralo zinatnisko novitati.

Hipoteze

Aprites ekonomikai cela uz ilgtsp&jigu attistibu viens no galvenajiem virzieniem ir produktu
patrina samazinajums.

Praktiska nozime

Promocijas darba paustas atzinas un secinajumi ir noderigi Latvijai aprites ekonomika, it
1pasi tekstilatkritumu un koksnes izmanto$anas joma, politikas izstrades un pilnveides procesa,
ieverojot I1dzSingjos atseviskos centienus $aja sektora Latvija. Darba rezultati ir svarigi dazada
limena institlicijam un tiem sabiedribas locekliem, kuri iesaistas vai arf ir gatavi iesaistities
riipniecibas razo$anas blakusproduktu izmantoSana un jaunu uznpémumu izveide.

Tekstilatkritumu atkartota izmantoSana ir svariga gan ministriju un valsts agentiru
ierédniem, gan pasvaldibam jaunu investoru piesaistei, gan ar1 jaunuznémumu investoriem.

Koksnes pilnvertigai izmantoSanai piedavatie risinajumi ir nozimigi meza un koksnes
parstrades potencialajiem investoriem.

Partikas razoSanas blakusproduktu plaSais klasts ir potencialo investoru nakotnes
izaicinajums. Promocijas darba zinatniskas izp&tes piemérs $ada joma var€tu risinat un
iedrosinat mekl@t risinajumus So blakusproduktu izmantoSanai.

Energijas atlikumu izmanto$ana ir aktuala visiem energijas lietotajiem.

Darba struktiira

Promocijas darba pamata ir astonu zinatnisko publikaciju kopa, kuras galvena uzmaniba ir
pieversta resursiem, kas ir cita razo$anas procesa atlikumi vai produkti, kas jau ir sava dzives
cikla nosléguma, un to celu uz produktu ar augstaku pievienoto vertibu, izmantojot dazadas
metodes, saskaroties ar problémam un izaicinajumiem.

Promocijas darba veikts literatiiras apskats, kur izklastitas diskusijas par potencialajiem
resursu veidiem, kuri sakotngji ir Skiroti vai neskiroti atkritumi, vai cita razaSanas procesa
blakusprodukti, ka arT apliikota Iidz Sim giita pieredze mérku sasniegSanas akad@miskaja
analizg.

Darba izmantotas seSas p&tniecibas metodes:

1) daudzkrit€riju lemumu pienemsanas metode;
2) izpludusas kognitivas kartes;

3) sistemdinamika;

4) dzives cikla analize;

5) SEG emisiju aprékini;

6) bibliometriska analize.



Promocijas darba noverteti un atlasitie risinajumi produktiem ar augstu pievienoto vertibu,
izvertgjot augstako iesp&jamo potencialu.

Promocijas darba struktiira konceptuali veidota ka zieda modelis, kur auglenica simbolizg
aprites ekonomikas centralo jédzienu un teorétisko kodolu. Ziedlapinas att€lo dazadus aprites
ekonomikas aspektus un to savstarpgjas sakaribas, kas kopuma veido sistemisku skatfjumu uz
pétamo problému. Katras ziedlapinas atskiriga krasa un forma norada uz konkréta elementa
unikalo pienesumu kopgja koncepcija, savukart visa ‘zieda’ kopaina ilustre aprites ekonomikas
plasumu, integrétibu un starpdisciplinaro raksturu. Uzskatdma promocijas darba struktiira

atspogulota 1. attéla.

Daudzkritériju
émumu

pienemsanas
metode

Sistemdinamika

Aprites
ekonomikas Dzives cikla
lémumu noveértéjums

IzpliidGsas pienemsanas + SEG aprékini
kognitivas aig ortme
kartes

Bibliometriska
analize

Pekstila attikur™

E"e"goresursu attiku™

1. att. Promocijas darba struktiira.

Lai darba iegiitie rezultati biitu péc iesp&jas plasak izmantojami, izvertéjamie resursi tika
izveleti iesp&ami dazadi un analizets, kuri resursi rada vislielako ietekmi uz vidi vai kuru
apjoma piecauguma tendences ir loti ievérojamas. Darba apskatiti $adi resursi:

1) tekstlila atlikumi;

2) kokapstrades atlikumi;

3) partikas razosanas blakusprodukti;

4) energoresursu atlikumi.

Darba strukturas sasaiste ar publikaciju kopu ir paradita 2. attela. Resursu izp&te atspogulota
§adas publikacijas: “Analysis of Textile Circularity Potential”, “CO. Storage in Logging
Residue Products with Analysis of Energy Production Scenarios”, “Unleashing Energy
Potential: Insights of Energy Audit Practices”, “What Drives the Circular Economy? Textile
Sorting or Consumtion Reduction”, “Recycling of Mixed Post-Consumer Textiles:
Opportunities for Sustainable Product Development”. Tehnologiju izp&te atspogulota $adas
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publikacijas: “CO:2 Storage in Logging Residue Products with Analysis of Energy Production
Scenarios”, “Bioeconomy Towards Green Deal. Case Study of Citric Acid production Through
Fuzzy Cognitive Maps”. Savukart produkta izp&te ir atspogulota $adas publikacijas: “Analysis
of Textile Circularity Potential”, “Recycled Cross-laminated Timber as a Low Environmental
Impact Alternative to Virgin Material: Latvia Case Study”, “Uncertainty of Life Cycle
Assessment Studies for Blended Textiles”, “Bioeconomy Towards Green Deal. Case Study of
Citric Acid Production Through Fuzzy Cognitive Maps”.

Resurss Tehnologija Produkts

(Publ.1,2, 5, 6, 8) (Publ.2,7) (Publ.1,3,4,7)

2. att. Darba struktiiras sasaiste ar publikaciju kopu.

Tehnologiskas sistémas risindjuma izvéles un ievieSana praksg, ka ari problému analize,
metodologijas lietojums un saistiba ar promocijas darba analizes limeniem ir apkopoti 1.tabula.
Publikacijas izmantotas metodes un iegiitie rezultati veido promocijas darba pamatdalu.

1. tabula

Promocijas darba metozu un publikaciju parskats

Resurss Metode Publikacijas Publikacijas nosaukums
numurs

Tekstila Daudzkriteriju lemumu 1 Analysis of Textile Circularity

atlikumi pienemsSanas metode Potential

Tekstila Daudzkriteriju Ilemumu 8 Recycling of Mixed Post-Consumer

atlikumi pienemsanas metode Textiles: Opportunities for
Sustainable Product Development

Kokapstrades ~ Daudzkrit€riju lemumu 2 CO; Storage in Logging Residue

atlikumi pienemsanas metode un Products with Analysis of Energy

SEG (CO,) emisiju Production Scenarios
aprekini

Kokapstrades 3 Recycled Cross-laminated Timber as a

atlikumi Low Environmental Impact
Alternative to Virgin Material: Latvia
Case Study

Tekstila Dzives cikla novert&jums 4 Uncertainty of Life Cycle Assessment

atlikumi un bibliometriska analize Studies for Blended Textiles

Energoresursu =~ Bibliometriska analize 5 Unleashing Energy Potential: Insights

atlikumi of Energy Audit Practices

Tekstila 6 What Drives the Circular Economy?

atlikumi Textile Sorting or Consumtion
Reduction

Partikas Izpladusas kognitivas 7 Bioeconomy Towards Green Deal.

apstrades kartes Case Study of Citric Acid Production

atlikumi Through Fuzzy Cognitive Maps
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Darba nosléguma apspriesti pétijuma rezultati, izdariti secinajumi un izstradatas
rekomendacijas, lai ieviestu aprites ekonomikas modeli dazadas tautsaimniecibas nozargs.
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1. LITERATURAS APKOPOJUMS

1.1. Aprites bioekonomikas pamatprincipi

Cilvéce turpina pat@ret dabas resursus un pakalpojumus neilgtsp&jigi, parsniedzot atrumu,
ar kadu $ie resursi var vairoties un/vai atjaunoties, tadgjadi palielinot spiedienu uz klimatu,
ekosistémam, dzivotném un biologisko daudzveidibu [76]. Zala kursa mérkis ir risinat klimata
parmainu problémas, censoties parverst 27 valstu bloku par taisnigu un plaukstosu sabiedribu
ar modernu, resursefektivu, konkur&tspgjigu, zemu oglekla dioksida emisiju ekonomiku,
aizsargat un stiprinat ES dabas kapitalu un uzlabot dzives kvalitati pasreiz€jam un nakamajam
paaudzem [77], [78], [79]. Kopgjie merki, ko izvirzijusi ES, ir [78], [79]:

¢ sasniegt klimatneitralitati Iidz 2050. gadam;

e aizsargat cilvéku dzivibu, dzivniekus un augus, samazinot piesarnojumu;

e palidz&t uznémumiem klat par pasaules lideriem tiru produktu un tehnologiju joma;
¢ nodrosinat taisnigu un ieklaujoSu pielagoSanos.

ES izaugsmes stratégija norada uz nepiecieSamibu atri mainit pasreiz&jo situaciju, ieguldit
finan$u resursus pétnieciba, veicinat inovacijas, nodro§inat tiru energiju, stimulét nozares
pareju uz tiru ekonomiku, rikoties energoefektivi un resursefektivi, atrast risinajumus partikas
dro§ibai un dabas resursu parvaldibai, samazinat klimata parmainas un atkaribu no fosilajiem
resursiem, palielinat Eiropas konkur&tspgju, radit jaunas darba vietas un veicinat bioekonomiku
[76], [80], [81]. Musdienas bioekonomika tiek uzskatita ne tikai par bioresursu ekonomiku, bet
ar1 par ilgtsp&jigu bioresursu paterinu, kas rada pievienoto veértibu sabiedribai. Lai gan ES
Direktiva 2008/98/EK ir noteikts, ka razoSanas blakusprodukti netiek klasificeti ka atkritumi,
uzn€mumos tos biezi uzskata par tddiem un nosiita uz atkritumu pliismam vai zemas vertibas
plismam, pieméram, biogazes vai cieta kurinama razosSanai [30]. Bioekonomikas attistiba,
balstoties uz inovaciju prasmém un ieguldijumiem zinasanas, ir neizb&gami nepiecieSama, lai
sasniegtu lielu dalu no izvirzitajiem mérkiem [82]. Bioekonomikas pamata ir tris ilgtsp&jigas
attistibas principi: ekonomika, sabiedriba un daba. Siem trim fundamentalajiem principiem
javeido slégts cikls, kura procesa blakusprodukts (atkritumu produkts) ir cita procesa
izejmaterials [30]. Sada pieeja bioekonomikai palielina un uzlabo produktu pievienoto vértibu,
aizstaj fosilos kurinamos energijas razo$ana un samazina SEG emisijas. Promocijas darba
merkis ir radit un piedavat bioekonomikas iesp&jas, demonstr&jot, analiz€jot un aprakstot
iesp&jamos risinajumus ar dazadu pieméru palidzibu. Tas ir ilustrativs un demonstrativs
petijums par to, ka radit iespgjamos bioekonomikas risinajumus, kas veicinatu Zala kursa mérku
sasniegSanu un biitu piemeroti ievieSanai Latvija.

1.2. Tekstilriipniecibas aprites ekonomika
Tekstilizstradajumi ir vieni no pasaulé senakajiem un visplasak izmantotajiem

maksligajiem materialiem. Tekstilizstradajumus izmanto ne tikai apgérba, bet arl veselibas
aprupé, transporta, blivnieciba un citas jomas [3]. Pedgjo divu desmitgazu laika globala
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tekstilizstradajumu razoSana un paterin$ ir dubultojies [1], radot negativu ietekmi uz vidi, jo
tekstilrlipnieciba ir loti piesarnojosa. Paslaik tekstila sistéma plasi izmanto aprites ekonomikas
prakses, un tas pamata galvenokart ir linearas ekonomikas modelis. Tomer tekstila sist€émai ir
liels aprites ekonomikas potencials, jo lielako dalu materialu var&tu parstradat vai atkartoti
izmantot. levieSot aprites ekonomiku modes tekstila vertibu kede, varétu panakt, ka 95 %
tekstilizstradajumu tiek atgriezti piegades kede [4]. Pieaug petijumu skaits par ilgtsp&jibu un
aprites ekonomikas potencialu tekstila nozaré [59], kas apliko dazadus aspektus, pieméram,
ekomark&jumu [18], paterétaju iesaisti [14], aprites piegades kedi [60] un atkritumu
apsaimniekosanu [61], [62]. Tomér var novérot biutiskus trikumus: datu nenoteiktiba,
novecojusi dati vai datu trokums. P&tjjumi atklaj neatbilstibas datos dazados aspektos,
pieméram, globalaja emisiju dala un apgerbu patérina. Pieméram, tekstila nozares emisiju dala
no kop&jam globalajam emisijam literattira svarstas no 3 % lidz 10 % [3], [63], [64]. Nozarei
arT trukst aktualu datu. Pieméram, ES konteksta jaunakie dati par atkritumiem, emisijam un
resursu paterinu ir no 2020. gada [65]. Tacu Sie dati atspogulo COVID-19 pand@mijas ietekmi,
kas Sobrid var nebut aktuala, un triikst vairaku datu, pieméram, tekstilizstradajumu $kiro$anas
raditaja. Nakamie jaunakie dati ir no 2018. gada [66]. Literatiira ir vérojams arT datu trikums.
Kopuma ir pieejami dati par patérinu, $kiroto tekstilizstradajumu dalu un tekstilizstradajumiem,
kas nonak atkritumu plisma. Tekstila nozares galvenie aprites ekonomikas raditaji ir apkopoti
1.1. tabula. Sie raditaji ir visatbilstodakie aprites ekonomikai tekstila nozarg. Tomer triikst datu
par tekstilizstradajumu daudzumu razo§ana un mazumtirdznieciba un par tiem izstradajumiem,
kas pec paterina tiek iznicinati. Tas ir butisks datu trukums, jo §is raditajs un ta prognozetais
pieaugums sniedz ieskatu par aprites ekonomikas potencialu tekstilizstradajumu dzives cikla.

1.1. tabula.
Aprites ekonomikas galvenie raditaji tekstila nozaré un to prognozes
Baze Planotas parmainas tuva nakotné
Apgerba paterin$ 4,38 miljoni tonnu gada [66] + 63 % [67]
Apgérba mizs 3,3 gadi [68] —50 % [69]
Tekstila $kiroSanas atrums 38 % [66] +33-90 000 tonnas gada [66]

Tekstils, kas izmests jaukta  3,3-3,7 miljonu tonnas gada [66] Nav zinams
atkritumu pliisma péc
patérina

Ir vairaki iesp&jamie celi, lai sasniegtu ES aprites ekonomikas merkus [42], ar diviem
galvenajiem izaicinajumiem tekstila sistéma: uzlabot skiroSanu un parstradi, ka arT samazinat
patérinu. Tekstilriipnieciba liels uzsvars tiek liekts uz kiro$anu un parstradi. Sie procesi ir
savstarpgji saistiti: efektivai parstradei nepiecieSama augstas kvalitates savakSana un Skiro§ana,
savukart parstrades uzlabojumi var palielinat SkiroSanas rentabilitati [70].

Galvenais savak$anas un SkiroSanas izaicinajums ir pasa biznesa modeli. Nozare trikst
struktiiras un skaidras komunikacijas starp ieinteres€tajam pusém, kas padara sistemu
neefektivu un var radit izmaksas, kas parsniedz ienémumus [71]. Paslaik lielaka dala iep€mumu
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nak no tekstilizstradajumu talakpardoSanas atkartotai izmantoSanai, nevis no parstrades [72].
Turklat augstas kvalitates savakSanas un $kiroSanas infrastruktiira ir nepietickami attistita, un
trakst arT tehnologisko risinajumu, jo Skiro$ana joprojam lielda méra ir manuala un rada
izaicinajumus, jo atkritumu pliismas turpina pieaugt [71].

Savukart slégtas cilpas parstrade saskaras galvenokart ar tehniskam problémam, 1pasi, ja
runa ir par jauktam Skiedram. NepiecieSami tehnologiskie uzlabojumi, ka ari uzlabota
informacija par tekstilizstradajumu sastavu un iesp&jamiem piesarnotajiem [72]. Turklat
tekstilizstradajumi var radit parstrades problémas piesarnojuma vai slikta sakotngja dizaina del.
Pastav ar1 ierobezoto parstrades ciklu probléma, kas prasa inovativas pieejas, jo mehaniski
parstradata kokvilna ar 1sam Skiedram var pat neizturet otro parstrades ciklu [72].

Otrais lielais izaicinajums un galvenais tekstila sistémas virzitajspeks ir patérins. Saja
nozar€ patérin$ ir Ipasi neilgtsp&jigs un strauji augoss. Atra mode un parmerigs patérins ir
centralais jautajums, jo augsts pieprasijums veicina atras modes tendences un padara
tekstilizstradajumus pieejamakus [73]. Atra mode radas, kad lielie zimoli saka izmantot
razo$anu zemakas izmaksas valstis, pieméram, Indija un Kina [73]. ST pareja izraisija razo$anas
apjomu strauju pieaugumu, veicinot gan vides, gan socialos traucgjumus. Atra mode prioritize
apjomu par dizainu, kvalitati un produkta kalpoSanas laiku, tomér neilgtsp&jigs pieprasijums ir
visa pamata.

Patérétaju uzvediba rada butisku izaicinajumu ilgtsp&jibas un aprites ekonomikas prakses
ievieSanai tekstilriipnieciba. Ta ir sarezgita, un to ietekmé vairaki faktori, pieméram, ieks$gjie
faktori, personiba un motivacija, argjie faktori, tostarp kultira un socialas grupas, situacijas
ietekmes, piem@ram, politiskie un ekonomiskie apstakli, un marketinga faktori arT cena un
reklama [74]. Nemot véra $o sareZzgitibu, patérétaju uzvedibas izpratne un maina ir batiska, lai
veicinatu aprites ekonomiku tekstila nozarég.

Petijumos visbiezak uzmaniba tiek pieveérsta tekstilizstradajumiem kopuma vai tikai
apgerbam. Iepriek$ nebija veikti petijumi par tekstilizstradajumu grupam to izmanto$anas
konteksta aprites ekonomika, tapéc tika veikts pétijums, salidzinot un analiz&jot aprites
ekonomikas attistibas iespgjas tris tekstilizstradajumu grupas: modes, majas un tehniskie
tekstilizstradajumi [75]. Rezultati paradija, ka modes tekstilizstradajumiem ir vislielakais
potencials aprites ekonomikai, tap&c nakamaja p&tijuma analizéta tie§i apgerbu vertibu kede.

1.2.1. Tekstil§kiedras

Tekstilriipniecibai ir butiska ietekme uz vidi, jo razoSana ir resursietilpiga un
tekstilizstradajumu pieprasijums ir augsts [41]. ES tekstilizstradajumi ir tresa lielaka kategorija
zemes un Udens izmantoS$anas zina un ceturta lielaka kategorija negativas ietekmes uz vidi un
klimata parmainu zina [42]. ST ietekme tikai pieaugs, jo, turpinot pasreizgjo biznesa pieeju,
visticamak, strauji pieaugs patérins. Tekstilizstradajumu razoSana ir visietekmigaka to dzives
cikla dala, jo ta patéré lielu daudzumu energijas, tdens un kimisko vielu [43], [44]. Kopuma §1
ietekme var veidot gandiiz 70 % no kopgjas dzives cikla ietekmes uz vidi: Skiedru razoSana
(38 %), dzijas razoSana (8 %), auduma razoSana (6 %) un mitra apstrade (15 %) [45]. Tomér
tas ir atkarigs no Skiedru veida, apstrades metodém un tehnologijam.
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Tekstilizstradajumus var izgatavot no maksligam, dabigam un jauktam Skiedram. Visbiezak
izmantota dabiga Skiedra tekstilizstradajumu razoSana ir kokvilna, kas veido 23 % no visam
pasaul@ razotajam Skiedram [4]. Neskatoties uz dabisko izcelsmi, kokvilnas razosanai ir biitiska
negativa ietekme uz vidi un sabiedribu. So ietekmi izraisa intensiva zemes, Gidens, pesticidu un
kimisko vielu izmanto$ana razoSanas procesa [46].

Maksligas Skiedras var klasificét p&c to poliméru izcelsmes: dabiskie un sintetiskie poliméri
[46]. Poliesteris ir visplasak izmantota sintétiska skiedra, veidojot 52 % no tekstilskiedram [4].
Vides problémas galvenokart saistitas ar atkaribu no fosilajiem resursiem materialu un energijas
iegliSanai [47]. Poliesteru tekstilizstradajumu razos$ana kaitigas kimiskas vielas un krasvielas
biezi tiek iegiitas arT no fosilajiem resursiem. V&l viena probléma ar sint€tiskajiem
tekstilizstradajumiem ir mikroplastmasas veidoSanas to lietoSanas laika un dzives cikla beigas
[2].

Jauktie tekstilizstradajumi tiek plasi izmantoti, jo divu vai vairaku Skiedru tipu sajaukSana
nodroSina kombinétas un unikalas Ipasibas [48]. Visizplatitakais jauktais tekstilizstradajums
tirgdi ir kokvilna/poliesteris (CO/PES), kas tiek izmantots dazadas proporcijas. Sis maisTjums ir
tik populars un plasi izmantots ikdienas apgerba, jo poliesteris nodro$ina izturibu, pretkroku
ipasibas, atru ztSanu un formas saglabaSanu, savukart kokvilna piedava komfortu, mitruma
kontroli un auduma elpojamibu [49]. Tomer, kad jauktais tekstilizstradajums sasniedz dzives
cikla beigas, rodas biutiskas problémas, jo dazadie maisTjumi un sareZgitas struktiiras padara
parstradi sarezgitu [48]. Kokvilnas un poliestera maisijumi nav iznémums. Turklat dazadas
maisljumu procentualas attiecibas nelauj izveidot standartiz€tu sisttmu to atdaliSanai un
parstradei.

Visplasak izmantota metode produkta ietekmes uz vidi novért€Sanai ir aprites cikla
novertgjums (ACN) [50]. Analize var aptvert visu dzives ciklu, sakot no izejvielu ieguves lidz
dzives cikla beigam, piemé&ram, iznicinaSanai vai parstradei. ACN metodi izmanto arl
tekstilizstradajumu  novértéSanai. Ir veikti daudzi ACN pétfjumi, lai novertétu
tekstilizstradajumus, nemot véra tadus mainigos lielumus ka Skiedra, apstrades metodes un
razota tekstilizstradajuma veids [51], [52], [53]. Dazi pétijumi koncentr&jas arT uz konkrétu
dzives cikla posmu [54], [55].

1.2.2. Tekstilatkritumi ka resurss

Iedzivotaju skaita pieaugums, dzives [imena uzlabosanas un tekstilizstradajumu kalpoSanas
laika samazinasanas p&dgjos divdesmit gados ir veicinajusi tekstilizstradajumu patérina un lidz
ar to arl razoSanas divkarSu pieaugumu pasaulé [1]. Tam ir negativa ietekme uz vidi, jo
tekstilrlipniectba ir loti piesarnojosa, resursu ietilpiga un rada daudz atkritumu. Visa aprites
cikla aptuveni 87 % no ievaditajam Skiedram nonak izgaztuves, un mazak neka 1 % tiek
parstradats atpakal tekstilizstradajumos. Zaudgtas iesp&jas 2017. gada tika novertetas vairak
neka 93 miljardu EUR apmeéra [2].

Tekstilripniecibas nozarei ir liela nozime pareja uz klimatneitralitati. P&tfjumos secinats,
ka tekstilripnieciba ir atbildiga par lielu dalu no pasaules oglekla emisijam [3].
Tekstilrlipniecibas sistémai parejot no linearas [2] uz aprites ekonomikas sisteému, lielako dalu
tekstilizstradajumu potenciali varétu parstradat vai atkartoti izmantot. Pieméram, ja modes
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tekstilizstradajumu veértibu k&de tiktu ieviesta aprites ekonomika, aptuveni 95 % modes
tekstilizstradajumu varétu atgriezt atpakal piegades kédé — vairak neka 60 % no visiem
apgerbiem vargtu izmantot atkartoti, 35 % parstradat un tikai 5 % noglabat poligona [4].

Pareja no linearas uz aprites ekonomiku ir nepiecieSamiba. Misu sabiedriba pateré vairak,
neka Zeme sp€j sarazot. To parada “Zemes parslodzes diena” (anglu val. Earth Overshoot Day),
kas katru gadu norada datumu, kad tiek izsmelti visi dabas resursi, kas var€tu atjaunoties $aja
pasa gada. 2022. gada tas bija 28. julijs [5]. Aprites ekonomikas biitiba ir noverst atkritumu
raSanos visas sisteémas, pagarinot produkta dzives ciklu, labojot, atkartoti izmantojot un
parstradajot [6]. ES tekstilizstradajumu produktu grupu ir noteikusi ka vienu no septinam
galvenajam produktu vertibu k€deém, kuram pareja uz aprites ekonomiku tiks pieskirta prioritate
[7]. Turklat aprites ekonomikas attistiba tekstilripniecibas nozaré atbilst vismaz seSiem no
septinpadsmit Apvienoto Naciju Organizacijas ilgtsp&jigas attistibas mérkiem (3.; 6.; 8.;9.; 12.;
14. mérkis) [8].

Tris galvenas tekstilizstradajumu pliismas ir modes, majas un tehniskais tekstils. Modes
tekstilizstradajumi ietver apgérbus un apavus, bet $aja pétijuma galvena uzmaniba pievérsta
apgerbiem. ST kategorija ir vislielaka, ta veido aptuveni 60 % no kopgja tekstilizstradajumu
apjoma, un paredzams, ka tada ta arT paliks [2]. Majas tekstilizstradajumi ietver visus
tekstilizstradajumus, ko izmanto iek$telpam un mébelém. Saja pétijuma galvena uzmaniba
pieversta gultas, un virtuves velai, pieméram, gultasvelai, dvieliem un galdautiem. Majas
tekstilizstradajumu patérin$ laika gaita ir bijis sam@ra stabils. 2020. gada tas nedaudz
palielinajas, bet apgérbu paterin$ samazinajas [9]. To var izskaidrot ar COVID-19 pandémiju.
Tehniskais tekstils ietver audumus, kuru galvenie kriteriji ir funkcionalitate, nevis asketisms.
Sos tekstilizstradajumus izmanto daudzas nozarSs, pieméram, buvnieciba, automobilu,
aviacijas, sporta, aizsardzibas un lauksaimniecibas nozar€. To plasa lietojuma del ta ir strauji
augosa tekstilizstradajumu kategorija [10].

Ir daudz pétijumu par ilgtsp&ju un iesp&jam pariet uz aprites ekonomiku tekstilripniecibas
nozar€ [13]. Autori apluko tadas témas ka paterétaju uzvediba [14], tekstilizstradajumu
parstrade un atkartota izmantosana [4], ietekme uz vidi [15], atkritumu veidoSanas nozare [16],
konkreta tekstilizstradajuma aprites cikla novertejums [17], ekomark&ums [18] utt. Lielaka
dala So pétjumu ir versti uz visu tekstilripniecibas nozari vai tikai uz modes
tekstilizstradajumiem. Tome@r, cik zinams, nav apkopota informacija par katru
tekstilizstradajumu grupu atseviski, un aprites ekonomikas attistibas iesp&jas visos $ajos
segmentos nav analiz&tas. Nemot vera minéto, §T pétijuma merkis ir apkopot informaciju no
zinatniskas literatliras un izvertét, kurai tekstilizstradajumu grupai ir vislielakais aprites
ekonomikas izaugsmes potencials, pamatojoties uz ekonomiskajiem, vides, socialajiem un
tehniskajiem kriterijiem.

Tekstila razo$ana un patrin$ pasaulé pieaug, un lidz ar to palielinas arT tekstila atkritumu
apjoms [1]. Paslaik aptuveni 75 % apggérba atkritumu pasaulé tiek noglabati poligonos vai
sadedzinati, 25% tiek parstradati vai atkartoti izmantoti, bet tikai 1% tiek parstradats atpakal
tekstilmaterialos [2]. Tad&jadi pareja uz aprites ekonomiku tekstila nozarg ir cieSi saistita ar
vairakiem Apvienoto Naciju Organizacijas ilgtsp&jigas attistibas merkiem [3], 1pasi ar 12.
mérki — atbildigu paterinu un razoSanu.
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Tekstila atkritumu probléma ir aktuala arT ES, kur $T nozare ierindojas ceturtaja vieta pec
ietekmes uz primaro izejvielu un tidens patérinu un piektaja — p&c ietekmes uz siltumnicefekta
gazu emisijam [4]. Nemot to veéra, ES tekstilu ir ieklavusi starp septinam galvenajam produktu
vértibu k&dém, kuras jatransformé aprites ekonomikas virziena. Sis parejas ietvaros Atkritumu
pamatdirektiva paredz, ka no 2025. gada 1. janvara visas ES dalibvalstis jaievie$ atseviska
tekstila atkritumu savakSana [5]. Tomér atseviska savakSana ir tikai pirmais solis — SkiroSana
un parstrade ES vel joprojam nav pietickami attistita [6]. Ja netiks vienlaikus attistita art
Skirosanas un parstrades kapacitate, pastav risks, ka saSkirotais tekstils joprojam tiks
sadedzinats, noglabats vai eksportéts arpus ES ka atkritumi [7].

Tekstila atkritumus klasifice tris galvenajas plismas: pe&crazoSanas, pirmspaterina un
pecpatérina atkritumos [1]. Pecrazosanas atkritumi rodas razoSanas procesa, pirmspatérina
atkritumi ir produkti, kas nav pardoti vai ir bojati, bet nav lietoti, savukart lielaka p&c patérina
atkritumu dala veidojas péc lietoSanas. ES vid&ji uz vienu iedzivotaju gada rodas 15 kg tekstila
atkritumu, no kuriem 85 % ir patérétaju izmesti apgerbi un majas tekstils, t. i., pecpatérina
atkritumi [6]. Sie atkritumi sastav no dazadu tekstilu maisTjuma, galvenokart kokvilnas un
poliestera, ar papildu elementiem, pieméram, pogam un ravgjslédzgjiem, ka arT vielam,
pieméram, krasvielam, parklagjumiem un liesmu slapétajiem [8], [9]. Sis Tpasibas apgritina
tekstila parstradi ar $obrid pieejamajam tehnologijam.

Viens no iesp&jamajiem risinajumiem ir §kiro$anas uzlabo$ana, lai nodrosinatu maksimali
tiras tekstila pliismas, kas piemérotas parstradei. Tomér cela uz to pastav vairaki §kérsli. Sobrid
Skirosana lielakoties notiek manuali, padarot to laikietilpigu un dargu [9]. Turklat tekstils reti
sastav no vienmateriala Skiedram — tekstila atkritumi ir daudzkomponentu un biezi jaukti
materiali. Tos iesp&jams klasificét vairak neka 300 dazadas kategorijas atkariba no izmeéra,
sastava un Skiedru veida [1]. Dazi no tiem ir griiti parstradajami vai prasa specializ&tas
tehnologijas. Tapat ari atkritumu kvalitate nav garantéta, jo tekstils var bt bojats vai piesarnots
[1]. So $kerslu dél rodas jautdgjums, vai ir iesp&jams parstradat jauktos tekstila atkritumus ka
vienotu pliismu bez plasas ieprieksgjas skiroSanas.

Lai gan ir veikti daudzi p&tijumi par dazadu tekstilu, tostarp jaukto tekstilu, parstradi [10],
[11], [12], [13], [14], [15], tomer netika atrasts p&tljums, kas vispusigi apkopotu pieejamas
zinaSanas par pécpatérina jaukta tekstila atkritumu parstradi. Sobrid ari nav pieejamu
komerciali dzivotspgjigu tehnologiju, kas lautu parstradat jauktos tekstilus atpakal
tekstilmaterialos vai augstas pievienotas veértibas produktos.

Neskaidrs ir jautdjums, vai pastav tadi produkti, kurus vartu iegiit no pé&cpatérina
jauktajiem tekstila atkritumiem. Ja tadi produkti pastav, butu javerté, kur§ no tiem bitu
vispieme@rotakais turpmakai attistibai, balstoties uz ekonomiskiem, vides, socialiem un
tehniskiem faktoriem. Produktu identificéSanai izmantota literatiiras analize, bet salidzinas$anai
un izvert€sanai tika piemerota daudzkriteriju lemumu pienemsanas metode, kas lauj pamatoti
izvertét dazadus risindgjumus p&c noteiktiem kritérijiem [16], [17].
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1.3. Kokriipniecibas aprites ekonomika. SEG emisiju mazinasana

1.3.1. Koksnes resurss

Ilgtspgjiba tiek apskatita daudzos cilvékiem nozimigos sektoros. Viens no Siem sektoriem
ir tekstilripnieciba, kas pieminéta iepriek$gja nodala. ArT mezsaimniecibas sektora tiek aktivi
izverteta ilgtspejiba. Mezsaimniecibas nozaré no mezsaimnieciba ieglistamas razas rodas liels
daudzums atkritumu un atlieku. Tas var radit ievérojamas apsaimniekoSanas problémas, jo
izmesta biomasa var kaitet videi. Tikmer, pieaugot pasaules iedzivotaju skaitam un palielinoties
pieprasijumam pé&c biivniecibas produktiem un materialiem, ir nepiecieSami ilgtsp&jigi
energijas avoti un izejvielas. Mezsaimniecibas atkritumi un mezizstrades atlikumi ir
nepietickami izmantoti resursi energijas un materialu razoS$anai. Lidz §im ir veikts maz
pasakumu, lai Sos resursus izmantotu “zema oglekla satura” veida. Tiek 1ésts, ka uz katru
kubikmetru nocirstas koksnes meza paliek kubikmetrs atkritumu un atlikumu (pieméram,
celmi, zari, zalumi). Paslaik no visas pasaul@ sarazotas koksnes biomasas 20 % var uzskatit par
primaras produkcijas zudumiem, kas atstati meza, lai sadalitos, un ko var€tu izmantot ka
izejvielu dazadu produktu razo$ana, tostarp kurinama, polim&ru, btivmaterialu un izstradajumu
razosana [19].

Koksnei un no tas izgatavotiem izstradajumiem ir svariga prieksrociba salidzinajuma ar
citiem biivmaterialiem — tie ir butisks CO2 piesaistes avots. Noverots, ka pastav tieSa korelacija
starp piesaistita CO2 daudzumu un no koksnes iegiitas biomasas daudzumu, kas tiek novakta,
lai razotu augstas pievienotas vertibas produktus. Palielinoties novaktas koksnes daudzumam
vai pieaugot koksnes izmantoSanas efektivitatei, palielinas arT oglekla piesaistiSanas apjoms
[20]. Kopgjos dekarbonizacijas risinajumus var panakt, ja tiek Istenoti ilgtsp&jigi oglekla cikli,
tostarp izmantojot oglekla uztverSanas un izmantosanas tehnologijas (sk. 1.1. attelu) [21], [22],
[23], [24].
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1.1. attels. Ilgtsp&jigs koksnes cir§anas atlikumu oglekla cikls [19].

Koksnes izstradajumu nozaré ievérojamu CO: sekvestracijas potencialu var saistit ar
koksnes platnu un koksnes inzenierijas izstradajumu razoSanu [25], [26]. 2017. gada veiktaja
pétijuma par oglekla uzglabasanu koksnes produktos apliikots oglekla sekvestracijas potencials
trim dazadiem koksnes platném: orientéto skaidu platném (OSB), skaidu platném (PB) un vidgja
blivuma kokskaidu platném (MDF). Saskana ar /PCC metodologiju visi $ie tris produkti ir
ieklauti valstu inventarizacijas zinojumos ka nocirstas koksnes produkti, kas uzkraj oglekli,
tadgjadi samazinot kop&jo COz2 bilanci atmosfeéra. Aprekinats, ka kubikmetrs PB un OSB platnu
sekvestre 720 kg CO2 katrs un ka kubikmetrs MDF sekvestré 820 kg CO2, nemot véra materialu
razoSanas radito emisiju skaitu [27].

Tomer, neraugoties uz $o prieksrocibu, $adu platnu razosana ir diezgan energoietilpiga.
Labako pieejamo tehnisko panémienu (LPTP) atsauces dokumenta koksnes platnu razoSanai
noradits, ka vidgjais siltumenergijas daudzums, kas nepiecieSams viena kubikmetra materiala
razoSanai, ir 0,955 MWh PB platném, 0,4 MWh — OSB platném un 1,65 MWh — MDF platném.
Vidgjais elektroenergijas daudzums, kas nepiecie$ams viena kubikmetra materiala razo$anai, ir
0,155 MWh PB, 0,115 MWh — OSB un 0,505 MWh — MDF platném [27], [28]. Savukart tadu
siltumizolacijas materialu ka Ecowool un mineralvates razoSanai ir nepiecie$ams 0,00416 MWh
un 0,200 MWh elektroenergijas vienam kubikmetram produkta. Lai gan cietas platnes ir
populars siltumizolacijas materials, tas lielakoties razo no putupolistirola vai poliuretana putam.
Abas razo no fosilajiem resursiem, izslédzot iesp&ju $ados produktos uzkrat CO2. Tomer arvien

popularakas kliist cietds un lokanas platnes no koksnes $kiedram. Sadu materialu razo$anas
tehnologija ir lidziga citiem kokskiedras materialiem, kas sikak aprakstiti turpmak.
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Lai gan viena kubikmetra cietas platnes izolacijas materiala CO:2 sekvestracijas ieguvumi
biis mazaki neka OSB, PB un MDF platném, nemot véra zemaku koksnes blivumu materiala,
ta razo$anai blis nepiecieSams mazak energijas un izejvielu. Latvija un daudzas citas valstis
zemas efektivitates un nesiltinatu eku joprojam ir daudz, kas nozimg, ka €ku siltumizolacijas
materiali parskatama nakotne joprojam biis pieprasits produkts. Miisdienas ir pieejams plass
siltumizolacijas materialu klasts, un katram no tiem ir savas prieksrocibas un trikumi. Tomer
musdienu pat€rétajiem rip ne tikai materiala fizikalas un mehaniskas ipasibas, bet art ietekme
uz vidi. Izolacijas materialu razoSana varetu kliit par vienu no Latvijas meZsaimniecibas nozares
nakotnes iesp&jam. Mezizstrades un razoSanas procesa neizbégami rodas blakusprodukti un
atlikumi. Sobrid meZsaimniecibas uznémumi $os blakusproduktus galvenokart izmanto
energijas razoanai vai pardod citiem uznémumiem. So blakusproduktu eksports joprojam ir
neefektivs, jo Sobrid tos pardod ka produktus ar zemu pievienoto vertibu. Ta ka
meZsaimniecibas nozares uznémumi censas palielinat razoSanas efektivitati un produktivitati,
atkritumu un atlikumu, kas ieprieks tika uzskatiti par mazvertigiem, izmantoSana kliist arvien
pievilcigaka. So blakusproduktu izmanto$ana siltumizolacijas razo$ana ir viens no
potencialajiem risinajumiem, ka palielinat to vertibu [29], [30].

Pedgjas desmitgadés CO: emisiju mazinasana ir kluvusi par vienu no svarigakajiem
jautajumiem, tap&c ir loti svarigi izprast procesus lauku CO2 ekonomikas nozargs, faktorus,
savstarpgjas saiknes un ietekmi uz vidi un dabas kvalitati, ka ari turpmakas darbibas
pamatnostadnes. COz2 parstrade, tostarp tieSa uztverSana, parveidota CO2 parstrade vai ieprieks
apstradata CO2 otreiz€ja izmantoSana, var pozitivi ietekm&t CO2 emisiju samazinasanu un lauku
teritoriju attistibu [21], [22], [23], [24]. Izmainas koksnes atkritumu apstrades praks€ un cieto
platnu razoSana no mezizstrades atlikumiem var pozitivi ietekmét CO2 emisiju samazinasanu,
nodroginot ta uzkrasanu produktos. ST darba mérkis ir analizét izolacijas materiala ietekmi uz
vidi. Nepietiekami novertéta resursa izmantosana siltumizolacijas materiala razoSanai var biit
dzivotspgjiga no ekonomiska un tehnologiska viedokla. ST prakse varétu biit izdeviga no
produktu pieprasijuma un izejvielu piegades viedokla, pievienojot vértibu koksnes veértibu
kedei.

1.3.2. Koksnes atlikumu lietojums biivnieciba

Bivniecibas nozare veido 40 % no ikgad&jam oglekla dioksida emisijam pasaulg, ko liela
méra nosaka izmantotie biivmateriali, jo Tpasi terauda un betona razoSana un izmanto$ana. Abi
Sie materiali ir pazistami ka materiali ar lielu ietekmi uz vidi [31]. Tap&c Zalais kurss un citas
iniciativas cenSas panakt izmainas $aja nozar€, izvirzot mérkus, lai sasniegtu zemaku emisiju
Itimeni. Mérkus varétu sasniegt, uzlabojot razoSanas tehnologiju efektivitati vai izstradajot un
izmantojot jaunus materialus ar mazaku emisiju ietekmi. Skérsam Iim&ta koksne (CLT) tirgi ir
pieejama jau aptuveni 30 gadus. Ta ir izradijusies daudzsoloss alternativs materials betonam un
téraudam, jo CLT mehaniskas ipasibas ir pietickamas, lai to varétu izmantot ka konstrukcijas
materialu, un biivniecibas izmaksas, izmantojot CLT, ir konkur&tspgjigas salidzinajuma ar
popularakajiem biivniecibas panémieniem, izmantojot téraudu un betonu [32]. Eku biivnieciba
ar CLT klist arvien popularaka klimata apsvérumu dél — atjaunojama materiala un oglekla
uzglabasanas potenciala dgl, aizstajot energoietilpigo betona razoSanu [33]. Lidz ar CLT
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izgudroSanu biivéSana no koka ir atguvusi savu popularitati, koksnes izmantoSanas gadijumi ir
paplasinajusies lidz vid&ja augstuma €kam [34].

L1dz ar Zala kursa ievieSanu pat klimatam labveligas CLT &kas ir bijusas paklautas lielakai
aprites principu ienakSanai Saja biivniecibas nozar€. Aprites princips CLT €kas ir ieklauts
vairakos veidos. Ir svarigi ieklaut CLT vispargjos eku otrreizgjas parstrades centienos, kuru
mérkis ir uzlabot nojaukto €ku materialu atkartotu izmantoSanu. Lai gan tuvakajos gados no
CLT izgatavotas €kas netiks nojauktas liela apjoma, jo salidzinosi nesen uzsakta biivnieciba ar
CLT [32], pienaks laiks, kad CLT &ku kalpoSanas laiks biis beidzies. Popularakais pieneémums
par CLT kalpoSanas laiku ir 50 lidz 60 gadi [31]. Turklat CLT raZoSanas posmu, kads tas ir
paslaik, var uzlabot, palielinot aprites cikliskumu [35], [36].

Lai nodrosinatu efektivu materialu apriti, ir svarigi labak uzskaitit izmantotos materialus,
atpazit to apjomus un veidus nojaukSanas posma, bet otrs solis ir fiziska SkiroSana, atkartota
izmantoSana un, ja nepiecieSams, otrreiz€ja parstrade. P&tijumi liecina, ka CLT aprites cikla
vislielaka ietekme uz vidi rodas CLT razoSanas posma [36]. Lai gan biivdarbu sagatavoSanas
faz€ radusos atgriezumus var izmantot parstradatu CLT platnu razo$anai, parstrades tehnologija
vel nav sasniegusi tirgu, lai nodroSinatu pietickamu parstradi, »eCLT Latvija tiek razots no
viengimenes dzivojamo maju p&crazo$anas atgriezumiem [37]. Tad&jadi, izmantojot otrreizgjas
izejvielas lielakos apjomos, kop@ja ietekme uz vidi vargtu but mazaka. Ieprieks veiktie p&tijumi
par CLT izmantoSanu p&c kalpoSanas laika beigam (EoL) liecina, ka lielakajai dalai aprites cikla
ietekmes kategoriju ir mazaka negativa materiala otrreizgjas parstrades ietekme salidzinajuma
ar izmantoSanu energijas regeneracijai [37]. Rezultati paradija, ka atgriezumu otrreizéja
parstrade var bt lietderiga, lai samazinatu pasas bivniecibas ietekmi uz vidi, jo atgriezumi tiek
nosititi atpakal razoSanas posma, tadgjadi aizstajot neapstradatu materialu, kas nepieciesams
CLT razo$anai. lepriek§ aprakstita CLT parstrades tehnologijas pamata ir izcilas kvalitates
atgriezumu parstrade, bet CLT parstrades nakotnei biis nepiecieSamas tehnologijas, kas
parstradas lietotu CLT. Péc tam, kad CLT ir paklauta mitruma iedarbibai, tas strukttru boja
sénites un higrotermiskie procesi [38]. Lai nodroSinatu materiala kvalitati, bojatos slanus var
nakties aizstat ar jaunu materialu, tap&c ir ierosinata jauna tehnologija, ka rikoties ar CLT
platném, kuru argjie slani ir bojati. Pirms parzagesanas, pargrieSanas un $kérsgrieSanas lidz
vajadzigajiem izmé&riem ar€jo slani nonem, lai platni talak izmantotu ka izejmaterialu otrreizgji
parstradata CLT (reCLT) razoSanai, izvairoties no ietekmes, ko rada serdes slana razoSana.
Turklat esosas koksnes atkritumu izmantoSana palielina biogéna oglekla uzkrajumu ekonomika
[317, [39].

Buvmaterialu ietekme uz vidi kltist arvien nozimigaka, jo uznémumi ir sakusi detalizétak
uzskaitit oglekla emisijas saskana ar Pasaules Biznesa padomes ilgtsp&jigai attistibai un
Pasaules Resursu institlita izstradato SEG protokolu. Saskana ar 3. darbibas jomu uzpémumi
zino par piegadataju emisijam no iegadatajam preceém, tas ietver visus biivmaterialus, kas tiek
izmantoti uznémgéjdarbiba [40]. Tas dod prieksrocibas uzpémumiem, kas var nodro$inat
lidzvertigus produktus ar zemakam emisijam. Ir pieradits, ka, izmantojot aprites
uznéméjdarbibas modelus (CBM), var samazinat koksnes izstradajumu dzives cikla kopgjo
ietekmi [36]. Nemot véra mingto, §a petljuma mérkis ir novertet no pec razosanas sarazotajiem
CLT atgriezumiem un platném ar pazeminatu kvalitati sarazota atkartota CLT starpposma un
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gala punkta ietekmi. Salidzinot abu produktu ietekmi uz globalo sasil§anu, cilvéku toksicitati,
tdens patérinu, zemes izmantoSanas izmainam un daudz ko citu, var novertét ieguvumus no
CLT aprites palielinaSanas Latvija.

1.3.3. Koksnes parstrades blakusprodukti

CLT platgu razoSana veidojas otreizéjie blakusprodukti — CLT atgriezumi, kuru
izmantoSana ir loti svarigs priekSnoteikums ilgtsp&jibas nodrosinasanai CLT platnu razotn@s.
Kopuma atgriezumu parstrade sastav no seSiem posmiem: koksnes SkelSanas, format€Sanas,
piespieSanas, pirmas [iméSanas un pres€Sanas, otras ITm&Sanas un presé$anas un iepakoSanas
(sk. 1.2. attelu). Sistemas robezas ir noraditas ar tumsi zilu partrauktu Iiniju. SIA ‘FORMA”
sniedza datus par apstrades un razoSanas procesu. JaatzZimé, ka §1 raZoSanas sisteéma ir
izm&ginajums uzlabotai §kérsam limetas koksnes atgriezumu parstradei.

CLT atgriezumi
Eol koksnes atkritumu ]
scendrijs Latvija

! |

Eol z&gskaidu atkritumu
scendrijs Latvija |

Trarsports Koksnes skeBana atgriezumi

Y

Elektriba Formatésana

zagskaidas
v ~

> Savienodana

'

Pirma im&ana un _
- . [ MKF [ime
preséiana

!

Otra limé3ana un l-PUR lime
presésana e—Mikstkoksnes déli

!

Pakofana <y lepakojums

+

Parstradatas CLT platnes

1.2. attels. CLT razoSanas no CLT atgriezumiem pliismas shéma ar sist€mas robezam.

CLT atgriezumi p&c razoSanas ir galvena ienako$a plusma. Tie ir dazada lieluma un
biezuma. Tie tiek Skiroti péc izmantojamas platibas un biezuma. Sarezgitas geometriskas
formas tiek atdalitas, atstajot tas, kuru atkartoti izmantojamas virsmas laukums ir lielaks par
1 m?. Uznémums apstrada 80 mm, 100 mm, 120 mm, 140 mm, 150 mm, 160 mm un 200 mm
biezus CLT atgriezumus. Saja analizé 80—120 mm biezuma atgriezumi tika izslégti, jo to
parstradei nav nepiecieSama biezuma sadaliSana, un mazaka biezuma atgriezumu parstrade ir

24



aprakstita publikacija [37]. Kokmaterialu atgriezumi ir iegiiti no trim dazadam CLT razotném
Latvija (Cross Timber Systems, Nordic CLT ) un Igaunija (Arkwood) un parstradati SIA
“Arkwood”, Dardu iela 3, lerikos, Latvija. Vidgjais braukSanas attalums ir 163 km. Kad CLT
atgriezumi tiek nogadati parstrades vieta, visi procesi notiek vienuviet, tadgjadi samazinot
turpmako transporté$anas nepiecieSamibu.

Atgriezumu parstrades proces jau bija izstradats, to 2021. gada petijuma aprakstija Vamza
et al. [37], tacu uznemums atklaja taja trakumu: parstradatas CLT platnes nav salidzinami ar
jaunrazotajiem, jo tam ir vizuali pamanami savienojumi, kas samazina to izmantoSanas
iesp&jas. Lai atrisinatu $o problému un palielinatu biezaku atgriezumu parstradajamibu,
parstrades process tika parveidots. Parstrades tehnologijas uzlabojumi ietver argjo slanu
nonemsanu pirms CLT atgriezumu savieno$anas un jauna slana uzklasanu procesa beigas, lai
nosegtu Suves. ST parstrades pieeja paplasina parstradato CLT izmantoSanu, jo péc ilgsto3as
ekspluatacijas slani var bt bojati, tadgjadi samazinot platnu mehaniskas 1pasibas [108].

Jaunais parstrades process sakas ar argjo slanu nonemSanu no ienakoSajiem CLT
atgriezumiem. Nonemtie slani nonak atkritumu pliisma. Lai atdalitu slani no pargjas CLT
platnes dalas, izmanto elektribu. Ipasais elektroenergijas patering ir 0,044 kWh uz nonemto
metru. Argjie slani ir 20 mm biezi. Tiek pienemts, ka CLT vidgjais blivums ir 490 kg/m> [109].

Kad argjie slani ir nonemti, CLT atgriezumi tiek talak formatgti, lai iegfitu taisnas Iinijas un
90° stirus. Formatesanas laika tiek nonemti 6 cm pa perimetru. Formatésanu veic ar elektrisko
zagi, kas patéré 0,01 kWh/m elektroenergijas. Nonemtas malas nonak atkritumu plasma.
Zaggjot rodas arT zagskaidas, kas nonak atkritumu plisma. Uz Katru izgriezto metru tiek zaudéti
5 mm. Visi $ajos procesos radusies atkritumi tiek nostititi kurinama granulu razotajiem, un $aja
pétijuma tie nav ieklauti. Pilniga aprites cikla $o granulu sadedzinalanas energiju var&tu
izmantot koksnes apdedzinaSanas krasnis.

Kad ir iegiiti vajadzigie izmeri, ir japarliecinas, vai platnes var savienot sava starpa. To
panak, izmantojot piesprausanas procesu, kura laika malas tiek izgriezti pirkstu savienojumi. S
savienojuma vizuals att€lojums ir sniegts Vamza et al. petijuma [37]. Parstradatas CLT platnes
argjais perimetrs (18 m) paliek bez pirkstu savienojumiem. Arl §is process tiek veikts ar
elektrisko zagi, kas patéré 0,16 kWh/m. Griezuma dzilums ir 54 mm. Nemot v&ra Iimlentes
garumu un platnes biezumu, tiek iegiits pirkstu savienojumu apjoms. Tads pats tilpums tiek
zaudets zagskaidas.

P&c tam atgriezumus salime un saspiez kopa. Parstradatas CLT platnes galigie izmeri ir 3x6
m. Malu savieno$anai izmanto melamin-karbamida formaldehida (MKF) limi. MKF Iimes
attieciba pret cietinataju ir 50:50. Limg&jot vienu pusi parklaj ar MKF Iimi un otru pirkstu
savienojuma pusi parkla;j ar cietinataju, tadgjadi nodrosinot, ka sacietéSana notiek tikai tad, kad
detalas tiek saspiestas kopa. Limes patérins ir 0,3 kg uz m? savienojuma virsmas. Savienojuma
virsma ir 0,58 m%m. Péc limes uzklaSanas platnes presé ar hidraulisko presi, kas patere
0,09 kWh uz vienu presésanu. Vidgji vienlaikus var presét tris gatavos izcirtnus.

Otrais ITm&Sanas un pres@Sanas posms ir jauno ar&jo slanu uzklasana. Virsgjais slanis ir
izgatavots no skujkoka déliem, kuru izméri ir 480 cm, 17 ¢cm un 2 cm. Virsgja slana
piestiprinasanai izmanto poliuretana (PUR) Iimi. Paneli p&c tam velreiz presg, lai iegiitu galigo
izstradajumu. PUR Ifmes patéring ir 0,15 kg/m?.
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P&dg&jais process ir gatava produkta iepakoSana. Iepakosana tiek veikta manuali, tap&c
netiek patéréta elektroenergija. Turklat tiek pienemts, ka iepakoSanas procesd nerodas
atkritumi, jo tiek izmantoti iepriek$jos procesa posmos iegitie atgriezumi. Katriem 50 m?
jauna produkta (parstradata CLT) tiek izmantots 1 m? izgriezumu no iepriek3gjiem procesiem.

1.4. Partikas rapniecibas bioekonomika

Bioekonomika ka starpdisciplinara un uz ilgtsp&jibu orientéta pieeja ir kluvusi par vienu no
butiskakajiem attistibas virzieniem partikas ripnieciba. Tas mérkis ir radit augstas pievienotas
vértibas produktus un pakalpojumus, efektivi izmantojot atjaunojamos biologiskos resursus un
vienlaikus samazinot vides noslodzi. Literatiira uzsvérts, ka partikas ripniecibas sektora
bioekonomikas koncepcijas ievieSana sniedz biitiskas iesp&jas gan resursu optimizacija, gan
atkritumu apjoma samazinasana, ipasi koncentrgjoties uz aprites ekonomikas principiem [171],
[172].

Viens no centralajiem aspektiem partikas bioekonomika ir partikas atkritumu un
blakusproduktu parstrade un izmantoSana ka izejviela jaunu produktu radiSana. Literatiiras
avoti apliecina, ka tadgjadi iesp&jams iegtit biokurinamo, biokimiskas vielas un biopolim&rus,
kas var buitiski samazinat atkaribu no fosilajiem resursiem [173], [174]. Turklat bioekonomikas
attistiba partikas sektora tiek saistita ar inovaciju veicinaSanu, digitalizacijas risinajumu
ievieSanu un jaunu, ilgtsp&jigu biznesa modelu izveidi [175].

P&tijumos arT noradits, ka partikas riipniecibas bioekonomikas attistiba prasa daudzlimenu
parvaldibas un starpnozaru sadarbibas stiprinasanu. Svariga loma ir ar patérétaju izglitoSanai
un iesaistei, jo pieprasijums pec videi draudzigiem un &tiski razotiem produktiem bitiski
ietekm@ razo$anas un tirgus struktiiras [176].

Kopuma literatiiras analize liecina, ka partikas riipniecibas transformacija bioekonomikas
virziena nav tikai tehnologisks vai ekonomisks jautajums — ta ir sist€émiska pieeja, kas prasa
integrétu skatfjumu uz vides, socialajiem un ekonomiskajiem aspektiem. Ta ir butiska
sastavdala cela uz ilgtsp&jigu un konkurétsp&jigu partikas sist€mu nakotné.

Partikas riipnieciba ir seviSki plaSa nozares. Ta sava biitiba ir tik loti dazada, ka ir izaicino$i
piemeklét kopigus un lidzvertigus krit€rijus tas izvertésana, lai sekmétu bioekonomikas virzibu,
tade] Sis petijjums piedava veidu, ka izve€leties razoSanas procesus, tos uzlabot un optimizet,
kategorizét un klasificet atbilstoSi ilgtsp€jibas principam, analiz€t razoSanas procesu
uzlaboSanu ar dazadam metodeém un salidzinat tas, lai izkristaliz&tu labakos un piemérotakos
procesus no bioekonomikas un ilgtsp€jibas viedokla. Petijuma merkis ir radit un piedavat
bioekonomikas iespgjas, demonstr&jot, analiz&jot un aprakstot iespgjamos risinajumus ar
dazadu pieméru palidzibu. Lai salidzinatu dazadas razoSanas procesa metodes, kas palidz
saprast, kura no tam vislabak atbilst noteiktajiem ilgtsp&jibas kriterijiem, tika izmantota
izpluduSo kognitivo karSu (anglu val. fuzzy cognitive maps (FCM)) model€Sanas metode.
Kopuma ir izvéleti 16 dazadi raZzoSanas procesi, no kuriem dala ir tiesSi partikas ripniecibas
nozares razoSanas procesi, tadéjadi aprobgjot un pieradot, ka ar izpliduSo kognitivo kar§u
modeléSanas metodi ir iesp&jams salidzinat sava starpa griiti salidzinamus, sava biitiba
atSkirigus razoSanas procesus, kuri biezi sastopami partikas ripnieciba.
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Labakie iesp&jamie risindjumi ir tadi, kuri versti uz esoSa raZoSanas procesa biitisku
uzlaboSanu, optimizg&jot to, samazinot izmeSu, atlikumu un blakusproduktu daudzumu,
samazinot elektroenergijas patérinu un virzoties uz tiraku razoSanu, ka ari razoSanas procesu
atlikumu atkartotu izmantosanu cita produkta razo$ana. Sava starpa salidzinati un analizeti sadi
razosanas procesi:

e citronskabes razoSana,

e sudraba nanodalinu sinteze;

e kompozitmaterialu razoSana;

e nanocelulozes razoSana;

¢ kosmetikas razoSana no piena siikalam;
e ksilana razoSana;

e polilaktida razoSana;

e dabisko natru Skiedru razoSana;

e biodizeldegvielas razoSana;

e Dendrolight Sinmateriala razoSana;
e granulu raZoSana;

e bioetiléna razoSana;

e celulozes razosana;

e tanina bazes putu razoSana;

o skuju ekstrakta razoSana;

¢ lignina raZoSana.

Saskana ar bioekonomikas attistibas virzieniem un Eiropas Zala kursa pamatprincipiem §1
pétijuma uzmanibas centra ir biotehnologisko raZo$anas procesu modelésana, izmantojot FCM
metodi. Par pieméru kalpo citronskabes biosinté€zes process, kas analizéts ka potenciala pieeja
ilgtspejigas razoSanas attistibai, ievérojot labako pieejamo tehnologiju principus. Ipasa
uzmaniba pieversta otrreiz€ji izmantojamu biologisko resursu, pieméram, auglapstrades
blakusproduktu, ka izejmateriala izmantoSanai.

Literattiras analize apliecina, ka pareja uz $adiem inovativiem raZzoSanas modeliem nereti
prasa biitiskus ieguldijumus, detaliz&tu risku izvertejumu un specifiskas zinasanas. Tomer $ada
transformacija tiek uzskatita par logisku un nepiecieSamu soli ilgtsp&jigas attistibas konteksta.

1.5. Energoresursu atlikumi, energoefektivitate, energoparvaldiba

Energosektoram virzoties uz ilgtsp&jibu, svarigi ir nodroSinat augstu energoefektivitati gan
energoresursu ieguveé, gan energijas razosana, gan ari energolietotaja visas iekartas. Lai to
istenotu, vispirms ir jaatrod speka pielikSanas punkti un tikai péc tam jaisteno pasakumi.
Pirmaja posma svarigu lomu spélé energoaudits, ar kura palidzibu tiek definétas iesp&jamas
energijas patérina mazinasanas vietas un pasakumi ta Istenosanai.

Energoauditi, ietverot tehniskos, ekonomiskos un vides aspektus, ir biitiski ari, lai sasniegtu
ES klimata mérkus, kas paredz energgtiskas neatkaribas palielina$anu un emisiju samazinasanu
par 55 % lidz 2030. gadam. Energoefektivitates iniciativas cina pret klimata parmainam,
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energijas patérina samazina$ana un ilgtsp&jigas attistibas veicinasana ir loti butiskas. Lai gan
dalibvalstim ir jaiegist informacija par energijas patérinu un ta potencialajiem ietaupijumiem
visaptverosa Iiment visas nozargs, €ku ipasniekiem, komercialiem operatoriem un pakalpojumu
sniedz&jiem ir janoverte ar savs energijas pat€rin$ un iesp&jamie ietaupijumi. Attiecigi §is ir
viens no energoefektivitates un energoaudita jédziena krustpunktiem. Energoefektivitate
nozimé veiktspéjas, pakalpojuma, preéu vai energijas produkcijas attiecibu pret energijas ievadi
[178]. Tomér energoauditu mérkis ir ieglt pietickamas zinaSanas par €kas, rUpnieciskas vai
komercialas darbibas, iekartas vai privata vai publiska pakalpojuma energijas patérinu un
rezultata identificét un kvantific&t iesp&jas rentablai energijas ietaupisanai, identificét rentablas
atjaunojamas energijas izmantoSanas vai razoSanas potencidlu un zinot par konstat§jumiem
[178]. Respektivi, energoauditi ir instrumenti, kas sniedz informaciju un ieteikumus uzp€mumu
ipaSniekiem, apsaimnieko$anas uzp€mumiem, maju Ipasniekiem, investoriem, dazadam
finanSu iestadém un citam attiecigajam pus€m par €ku energijas pat€rinu un stavokli,
iesp&jamiem tehniskiem uzlabojumiem un Iidz ar to energijas paterina samazinasanu [184].
Izmantojot energiju efektivak un tadgjadi patérgjot mazak, visi ES valstu iedzivotaji un
uznémumu Ipasnieki var samazinat savus energijas rékinus, palidzet aizsargat vidi, mazinat
klimata parmainas, uzlabot dzives kvalitati, samazinat ES atkaribu no import&tiem naftas un
dabasgazes piegadatajiem, atbalstit ilgtsp&jigu izaugsmi un veicinat ES un citu valstu
ekonomiku [182]. Lai sasniegtu Sos ieguvumus, energoefektivitate ir jauzlabo gan piedavajuma,
gan pieprasijuma pusg, sakot no razoSanas lidz galapaterinam [179], [180]. Lai virzitos uz Zala
kursa mérkiem un ievérotu direktivu prasibas, daudzas valdibas ir izveidojuSas un istenojusas
dazadas iniciativas, noteikumus un planus, kas paredz energoefektivitati veicinoSus pasakumus
un politiku, IpaSu uzmanibu pievérSot energijas parvaldibas sist€mu ievieSanai un energoauditu
veik§anai, jo tie ir noderigi instrumenti energoefektivitates palielinasanai [183], [184].
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2. 1ZPETES METODES

2.1. Daudzkriteriju léemumu pienemsanas metode (MCDA)

Daudzkrit€riju lémumu pienemSanas metode (MCDA) ir izplatita metode I[@mumu
pienemsanas problému risinasanai. Ta ir piemérota jebkurai jomai, kura var definét problému,
kritérijus un alternativas, kas jasalidzina [11]. ST darba ietvaros ta lietota gan tekstila aprites
potenciala izvért€§jumam, gan jaukta tekstila atkritumu parstrades izveérte§jumam.

Promocijas darba izmantotais TOPSIS analizes modelis

Lai uzsaktu daudzkritériju lémumu pienemsanas metodes aprékinus, viens no posmiem ir
kriterijiem pieskirt svariguma koeficientu, kas norada katra kritérija nozimigumu. Kritériju
svarigumu var noteikt ar dazadam metod€m, pieméram, analitiskas hierarhijas procesu [18] vai
jutiguma analizi [17]. Saja gadfjuma, nemot véra, ka analizéjamo kritériju skaits parsniedz
septinus, analitiskas hierarhijas metodi izmantot nav iesp&ams, jo iegiitie rezultati biitu
nekonsekventi [18]. Tap&c $aja petijuma pienemts, ka visiem kriterijiem ir vienada nozime, t. i.,
visiem tika pieskirts vienads svariguma koeficients.

P&c ievaddatu un svariguma koeficientu noteikSanas analizei lietota TOPSIS metode. Ta
sastav no pieciem posmiem [18].
1. Lémumu matricas normalizacija:

X
R=—, (2.1.)
VZ X2
kur R ir normaliz&ta matricas vertiba un X ir krit€rija vertiba.
2. Svaru lieto§ana lémumu matricai:
V=RW, (2.2)
kur Vir sverta veértiba un W ir kriterija svariguma koeficients.
3. Ideala un antiideala vertibu noteikSana:
kur V" ir maksimala svérta veértiba, J~ — minimala.
4. Attaluma aprekinasana lidz idealajam un antiidealajam vértibam:
2
df = Z(V*—V) , (2.4)

kur d,* ir attalums lidz idealajam risinajumam.
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B - 2
dy =\x(r-r), (2.5))
kur d, ir attalums lidz antiidealajam risinajumam.

5. Relativa tuvuma apréekins:

o,
C,=—2=2 2.6.
T (26)

kur C, ir relativa tuviba idealajam risinajumam. Vislabako alternativu nosaka, salidzinot to
relativo tuvibu idealajam risinajumam.

Jutiguma analize

Jutiguma analize tiek veikta, lai novertetu kriteriju ietekmi uz gala rezultatiem un
apstiprinatu to ticamibu. Jutiguma analizei ir vairaki posmi [23].

Sakotng&ji pienem, ka visiem krit€rijiem ir vienads svarigums:

w=—, (2.7)
n

kur w' ir sakotng&jais svariguma koeficients un n — kritériju skaits.

Tad viena kritérija svarigums tiek mainits atbilstosi vienibas variacijas koeficientam:
! 2]
Wy =Bn - W (2.8)

kur:

W't — mainamais svariguma koeficients;
Brm — vienibas variacijas koeficients;
k=1,2,3...n;

m=1,2,3...n.

Pargjo kritériju svariguma koeficientus aprékina p&c $adas formulas:

(=)
Wign = (n—l) . (2.9.)

Darba veikta jutiguma analize ar pieciem vienibas variacijas koeficientiem (B = 0,01; 0.5;
1,5; 2; 2,5). Parbauditi art lielaki koeficienti, piem&ram, 3 un 4, tacu kriteriji jau pietickami
reaggja uz izmainam, tade] saglabati sakotngjie koeficienti. Koeficientu veértibas palielinatas pa
0,5 soliem, kas nozimé, ka ar katru nakamo soli attieciga kriterija ietekme (svarigums)
proporcionali palielinds. Rezultata iegiitie svariguma koeficienti izmantoti TOPSIS aprékinos,
lai iegiitu jutiguma analizes rezultatus. ST procediira veikta visiem kritgrijiem.
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2.1.1. Daudzkriteriju lemumu pienemsanas metode tekstila aprites potencialam

Kriteriju izvele

MCDA analize sakas ar kritériju atlasi. Kriteriji izv€lgti, pamatojoties uz to atbilstibu
petijuma mérkim un pieejamajiem datiem. Lai novertetu aprites ekonomikas attistibas iesp&jas
tekstilizstradajumu grupam [75], kriteriji parstav Cetras kategorijas: vides, ekonomiskos,
socialos un tehniskos aspektus. [zveletie piecpadsmit krit€riji ir paraditi 2.1. tabula. Tehniskais
aspekts tika ieklauts, lai analize biitu daudzveidigaka un vairak saistita ar aprites ekonomikas
attistibu.

2.1. tabula.
Daudzkriteriju lémumu analizes kriteriji
PO . IO Ideala
Kritériju kategorija Kriteriji vertiba
Vides aspekti Ietekme uz vidi — produkta globalas sasilSanas potencials, +
kgCOzeq kg!.
Mazga$anas reizes — lietoSanas ietekme uz vidi, ko nosaka péc +
tekstilizstradajuma mazgasSanas reizém vidgji.
Paredzamais kalpoSanas laiks — vidg€jais produkta kalposanas laiks -
gados.
Poligona apglabato atkritumi — poligona apglabato atkritumu +
attieciba pret kopg&jo atkritumu daudzumu, %.
Parstradatie atkritumi — parstradato atkritumu Ipatsvars no kopgja -
atkritumu daudzuma, %.
Auduma izcelsme - sintétisko materialu attieciba, %. +
Ekonomiskie Tirgus pieprasijums — pasaules tirgus apjoma novertejums, +
aspekti miljardi EUR.
RazoSanas apjoms — sarazota produkta apjoma attieciba, %. +
Starptautiska tirdznieciba — eksportetas produkcijas apjoma +
attieciba, %.
Darba razigums — bruto pievienota vértiba uz vienu nodarbinato, +
tikst. EUR.
Pievienota vértiba — pievienotas vértibas ipatsvars kopgja +
razoSana, %.
Tehniskie aspekti ~ RazoSanas tehnologiju energoefektivitate — energijas patérina +
attieciba produktu raZo$anas posma pret energijas pat€rinu visa
dzives cikla, %.
Inovacijas kapacitate — patentu skaits, kas iesniegti no 2015. lidz +
2019. gadam, patenti.
Socialie aspekti Nodarbinatiba — nozaré nodarbinato personu patsvars, %. +
Uzné€mumi — nozares uznémumu patsvars, %. +
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Ideala vertiba att€lota ka “+” vai “—". Ja ideala vertiba ir maksimala vertiba, tad kriteriji tiek
attéloti ar plusa simbolu, bet, ja idedla vértiba ir minimala vértiba, tad ir pretgjs simbols. Saja
gadijuma tekstilmaterialu aprites potenciala analizes publikacijas [75] mérkis bija atrast, kura
grupa ir vislielakas iespgjas aprites ekonomikas attistibai, nevis kura nozar€ jau ir visaugstaka
aprites efektivitate. Vides un tehnisko aspektu idealas vertibas ir pretruna. Piem&ram, augstaka
ietekme uz vidi tiek definéta ka idealais gadijums, jo, ja tekstilizstradajumu grupai ir augsta
ietekme uz vidi, ta, visticamak, nav veikusi ilgtsp&jibas uzlabosanas pasakumus, piemé&ram,
aprites ekonomikas pasakumus, tap&c $aja nozar€ ir daudz iesp&ju aprites ekonomikas attistibai.
Vel viens piemérs ir parstradatie atkritumi. Jo mazak atkritumu kada nozarg tiek parstradats, jo
vairak tos var parstradat, tapec ir lielakas iespgjas attistit aprites ekonomiku.

Vides aspekti

Pieméra par tekstilmaterialu aprites potencialu [75] ietekme uz vidi tika noteikta p&c aprites
cikla novértgjuma (ACN) pétfjumiem. Nav ACN pétjumu, kuros tiktu petita visa
tekstilizstradajumu grupa. Tap€c, novértgjot So raditaju, tika nemts véra katras plismas
tekstilizstradajumu ACN. Izstradajuma globalas sasilSanas potencials (GSP) bija kvantitativais
raditajs, ko izmantoja turpmakaja analizg.

Lai novertétu tekstilizstradajumu lietoSanas dzives posmu, tika ieviests mazgaSanas laika
kriterijs. Aptuveni 14 % no tekstilizstradajumu ietekmes uz klimata parmainam ir lictoSanas
posma, jo ievérojams tidens un energijas patérin$ rodas materialu mazgaSanas un zavé$anas
laika [65]. ArT $aja aprites cikla posma jiiras vidé veidojas piesarnojums ar kimiskam vielam
un mikroplastmasu [67]. Tadgjadi Sis kriterijs tiek izmantots, lai novertetu ietekmi uz vidi.

Otrs izvEletais lietoSanas posma Kritérijs bija paredzamais kalpoSanas laiks. Ta ka
mazgaSanas biezums ir atkarigs no tekstilizstradajuma, mazgaSanas raditajs nevar pilniba
raksturot ta kalpoSanas laiku. Piem&ram, T-krekls tiek mazgats biezi, bet tam ir 1ss kalpoSanas
laiks [83], [84], kas norada, ka liels mazgasanas gadijumu skaits izstradajuma kalposanas laika
ne vienmér norada, ka izstradajumam ir ilgs kalpoSanas laiks. Kalposanas laiks liela méra ir
atkarigs no tekstilizstradajuma kvalitates un lietotaja [69]. Tekstilizstradajuma kalposanas laiks
ir svarigs ietekmes uz vidi raditajs. Jo ilgak tekstilizstradajums tiek lietots, jo mazaka ir ta
ietekme uz vidi. Pieméram, tiek I&sts, ka ietekme uz vidi samazinatos par 20 % lidz 30 %, ja
apgerba kalpoS$anas laiks butu devinus ménesus ilgaks [85].

Lai novertétu ietekmi uz vidi péc ekspluatacijas beigam, tika pievienoti divi kriteriji:
poligonos apglabatie atkritumi un parstradatie atkritumi. Tekstilizstradajumi p&c lietoSanas
posma visbiezak nonak atkritumu poligona vai tiek sadedzinati [2]. Ja tekstilizstradajumi tiek
Skiroti, tie lielakoties tiek parstradati vai atkartoti izmantoti. Ir pieejami dati par
tekstilizstradajumu  atkritumu apsaimnieko$anu visa pasaulé, tacu tie nav sadaliti pa
tekstilizstradajumu plismam. Pasaulé aptuveni 73 % apgérbu péc lietoSanas tiek apglabati
poligonos vai sadedzinati [2]. Ir butiski atzimét, ka lielakaja dala ACN pétijumu tiek pienemts,
ka visiem tekstilizstradajumiem aprites cikla beigu posms ir vienads, tacu patiesiba, pat ja
izstradajums ir izgatavots no viena un ta pasa skiedras veida, ietekme uz vidi ir atSkiriga [3].

Bitisks faktors tekstilizstradajuma ietekmes uz vidi novert€§juma ir izmantota materiala
veids [86]. Ta ka Saja petijjuma ietvertas tekstilizstradajumu plismas, nevis konkréti
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izstradajumi, tika apliikotas divas galvenas materialu kategorijas: sintetiskas un dabiskas
Skiedras. Sintétisko materialu attieciba parada, cik daudz katra grupa tiek izmantoti
neatjaunojamie resursi.

Ekonomiskie aspekti

Lai novertetu ekonomiskas izaugsmes iesp&jas, tika izmantots tirgus pieprasijums. Tirgus
apjoms norada aprites ekonomikas attistibas rentabilitati. Tika izveidots razoSanas kriterijs, lai
labak izprastu tekstilizstradajumu tirgus sadaltfjumu. Kopgjas tekstilizstradajumu produkcijas
sadalfjums pa nozarém norada tekstilizstradajumu plismu lielumu. Jo lielaki ir razoS$anas
apjomi, jo lielakas ir ekonomiskas attistibas iesp€jas. Dati par razoSanas sadalfjumu pasaul& nav
pieejami, tapec tika nemti dati par ES.

Eksports veicina katras valsts ekonomisko izaugsmi. Tacu, ta ka $aja petijuma aplikots
pasaules mérogs, §is raditajs tika izveidots, lai atspogulotu starptautisko tirdzniecibu
tekstilizstradajumu sistémas. Vides piesarnojums rodas izplatiSanas posma, bet, ta ka Sis
kritérijs tiek aplikots ekonomiskaja aspekta, jo lielaks ir eksportéto produktu ipatsvars, jo
akttvaka $aja produktu pliisma ir starptautiska tirdznieciba.

Pievienota vértiba norada katras tekstilizstradajumu grupas ekonomisko nozimi. Lai to
novertetu, tika noteikti divi kriteriji: darba razigums un pievienota vertiba. Pirmais kriterijs
parada bruto pievienoto vértibu uz vienu nodarbinato. Jo lielaka pievienota vértiba uz vienu
nodarbinato, jo efektivaka ir nozare. Otrais kritérijs rada pievienotas vertibas Ipatsvaru kopgja
produkcija, kas norada katras tekstilripniecibas nozares ekonomisko nozimi kopgja razosanas
nozare.

Tehniskie aspekti

Lai $aja pétijjuma ieklautu tehnisko aspektu, tika noveért€a raZzoSanas tehnologiju
energoefektivitate. Tika izmantoti dati par tekstilizstradajumiem katrai grupai atseviski, jo nav
veikti pétljumi par kop&jo ainu. Tika novértéta tehnologiju efektivitate raZoSanas posma un
tapec izmantota attieciba starp energijas patérinu izstradajumu raZoSanas posma un energijas
patérinu visa aprites cikla. Jo lielaks ir energijas patérina procentudlais ipatsvars, jo
neefektivakas ir raZoSanas tehnologijas.

Lai novértétu katras nozares tehnologisko attistibu, tika parbaudita inovacijas spgja.
Tekstilriipnieciba regulari tiek ieviestas inovacijas jaunu materialu, lietojumu, risinajumu un
produktu veida. Inovacijas sp&ju var novertet péc patentiem, dizainparaugiem, pre€u zZimém un
uznémumu pétniecibas un attistibas izdevumiem [87]. Saja gadijuma inovacijas kapacitati
noteikta p&c patentu skaita. Vairak patentu nozimé lielaku inovacijas sp&ju.

Socialie aspekti

Socialais aspekts ir ietekmiga sastavdala pareja uz aprites ekonomiku, tapéc $aja petijuma
tika ieklauts arT socialais aspekts. Meérkis bija novertet nodarbinatibu katra tekstilizstradajumu
grupa, tapec ka raditaji tika nemta nodarbinatiba un uzpémumi. Nodarbinatiba norada uz
pasreizgjo situaciju, savukart uzn€mumu skaits ieZim€ nakotnes iespgjas. Lielaks uzn€mumu
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skaits nozZimé lielakas un daudzveidigakas darba iesp€jas nozaré. Jo vairak uzp€mumu, jo
lielaka iesp€ja, ka tiks raditas jaunas darba vietas.

MCDA

Ieprieks tika apskatiti aspekti tekstilmaterialu aprites potenciala noteikSanai un to
raksturojosSie krit€riji. Datu analizei izmantota TOPSIS metode un min&taja tekstilmaterialu
aprites potenciala piemera gadijuma visi dati ir kvantitativi, bet $§aja metod€ var izmantot art
kvalitativus datus [11]. Rezultats ir alternativu attalums lidz idealajam punktam. Idealais punkts
$aja metodg ir vertiba viens, kas nozimé, ka alternativa, kuras vértiba ir vistuvak vienam, ir

vislabaka [11]. TOPSIS aprekiniem izmantots MS Excel. MCDA ir ti1s posmi [88].

1. Ieejas datu definéSana — visi aprékini ir balstiti uz ieejas datiem un izvél&tajam alternativam
un krit€rijiem. 2. tabula ir noraditi piecpadsmit kriteriji, un alternativas ir tris galvenas
tekstilizstradajumu grupas: modes, majas un tehniskais tekstils.

2. Kiriteriju svarigums— kritérijiem tiek pieskirti dazadi svari, lai salidzinatu kriteriju nozimi.
Svarus var noteikt, izmantojot analitiskas hierarhijas procesu (AHP) un jutiguma analizi.
Ta ka ir vairak neka septini kritériji, rezultati, izmantojot AHP, biitu pretrunigaki [11].
Tapéc jutiguma analize tika izmantota pieméra par tekstilmaterialu aprites potencialu ar
pieciem vienadiem variaciju koeficientiem (0,01; 0,5; 2; 3; 4). Analizes soli ir izskaidroti
Peiyue Li et al. ptijuma [89]. Kritériji tika iedaliti tris grupas, pamatojoties uz jutiguma
analizes rezultatiem: augsta, vidéja un zema jutiba. Kriteriju sadaltjumu pa grupam noteica
pec videjas starpibas starp augstako un zemako alternativu relativa tuvuma idealajam
risinajumam. So vidgjo vértibu sauc par jutiguma raditaju. Ja jutiguma raditajs bija mazaks
par 0,1, tad ta jutigums tika uzskatits par zemu; ja tas bija lielaks par 0,2, tad tas tika
uzskatits par augstu; un ja tas bijano 0,1 Iidz 0,2 ieskaitot, tad krit€rija jutigums bija vidgjs.
Augstas jutibas kriterija svaru ieguva, reizinot sakotn&jo svaru ar 1,5, bet zemas jutibas
kritérija svaru ieguva, reizinot ar 0,5. Vidgjas jutibas kritérija svaru aprékin3ja, dalot
atlikuSo svaru ar kritériju skaitu. Iegiitie svariguma raditaji tika saskanoti ar nozares
ekspertiem, lai parliecinatos, ka svérumu sadalfjums ir pareizs.

3.  TOPSIS aprekini — tika izmantoti pieci aprékinu soli, pamatojoties uz Zlaugotne B. et al.
[11] p&tijumu.

2.1.2. Daudzkritériju lemumu pienems$anas metode jaukta tektstila atkritumu
parstradei

Daudzkriteriju lemumu pienemsanas metode ir pietickami universala un ar plasu lietojumu
loku. P&tijuma [Analysis of Textile Circularity Potential] daudzkrit€riju 1emumu pienemsanas
metode tika lietota modes tekstila aprites potenciala izvertéSanai, savukart nakamaja petijuma
[Recycling of Mixed Post-Consumer Textiles: Opportunities for Sustainable Product
Development] daudzkriterjiju 1émumu pienemsanas metode tiek lietota ar citiem uzsvariem,
fokusgjoties uz jaukta tekstila atkritumu parstrades procesu izvert&jumu. Ta ir piemerojama
jebkura joma, kur iesp&jams formulét problemu, noteikt kriterijus un salidzinamas alternativas
[18]. Pastav vairakas MCDA metodes, tacu katrai no tam ir savas aprékinu darbibas, tap&c
rezultati var atskirties pat tad, ja ievaddati ir identiski.
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Saja pétijuma tika izvéléta metode “Tehnika izvéles secibas noteikanai péc lidzibas ar
idealu risinajumu” (anglu val. Technique for Order Preference by Similarity to Ideal Solution —
TOPSIS), pamatojoties uz autores ieprieksgjo petijumu, kura tika veikta produktu salidzinaana
[17], kas ir arT §1 petijuma merkis. TOPSIS metode piedava salidzinoSi vienkarSus aprékinu
solus, lauj izmantot neierobezotu krit€riju un alternativu skaitu, un ievaddati var biit gan
kvalitativi, gan kvantitativi [18]. Rezultata iegiitais vert€jums atspogulo attalumu no
alternativas Iidz idealajam punktam, kas $aja metode ir vienads ar viens. Jo tuvak vert&jums ir
skaitlim viens, jo piemérotaka ir alternativa. TOPSIS aprekini tika veikti, izmantojot MS Excel
programmaturu.

MCDA analize tika veikta, sekojot autores ieprieksgja petijuma izstradatajiem soliem [17]:

1) produkta identific€$ana. Pirmais solis bija literatiiras analize, lai identificétu produktus;

2) kritériju izvéle un datu vaksana. Saja posma tika atlasiti kritériji un savakti ievaddati;

3) TOPSIS analize. Saja posma tika veikti aprékini un iegiiti gala rezultati;

4) jutiguma analize. NoslédzoSais solis bija rezultatu parbaude, izmantojot jutiguma

analizi.

Produkta identificéSana

Literatliras analizes mérkis bija identific€t produktus, ko iesp&jams iegiit no jauktiem
tekstilmaterialiem péc lietoSanas. Tika izmantotas tris zinatniskas datubazes: Scopus, Science
Direct un Web of Science. Visas datubazes tika lietota atslegvardu kombinacija “post-consumer
mixed textile recycling”. Ta ka Web of Science datubazg tika atrasts nepietickams rakstu skaits
(33 rezultati), atslegvardi tika nomainiti uz “textile waste recycling products”. Kopuma péc
Siem atslégvardiem tika atrasts ieverojams skaits publikaciju: Science Direct— 2678
rezultati, Scopus — 944 un Web of Science — 799. Tika atlasits saturs anglu valoda, kas nav
vecaks par desmit gadiem (no 2014. gada). Katras datubazes pirmie 100 ieraksti tika parskatiti,
sakartoti p€c atbilstibas. Turpmakajam pétljumam ieraksti tika atlasiti p&c virsraksta un
anotacijas.

Lai izv€l&tos rakstus pec diviem kriterijiem (izmantoti tekstilizstradajumi pec lietoSanas un
tie ir jaukti tekstilmateriali), bija nepiecieSama papildu kvalitativa analize. Visi produkti tika
izvertéti atbilstosi Siem diviem kriterijiem. Mérkis bija identificét produktus, kas atbilst abiem

nosacfjumiem.

Kriteriju izvele un datu vakSana

Visi aprékini tika balstiti uz ievaddatiem, izvEletajam alternativam un noteiktajiem
kritérijiem. Turpmakai alternativu analizei tika izveleti produkti un produktu komplekti, kas
iegliti no jauktiem tekstilatkritumiem péc lietoSanas. Produkti tika kategorizeti, balstoties uz
petnieciskajiem rakstiem. Piem&ram, petijuma, ko veica Andini u. c. [19], tika iegtti Cetri
galvenie produkti, tacu tie netika vertéti atseviski, jo visi tika iegiiti viena razoSanas cikla,
izmantojot to pasu izejmaterialu.

P&c salidzinamo alternativu noteikSanas nakamais solis bija kritériju izvéle. Kritériji tika
izveleti, pamatojoties uz to atbilsttbu p&tfjuma mérkim un pieejamajiem datiem. Lai novertétu
produktu attistibas potencialu, kriteriji tika iedaliti Cetras kategorijas: vides, ekonomiskie,
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socialie un tehniskie aspekti. Sis kategorijas tika izvéletas tadel, ka tehniskie parametri ir batiski
tehnologijas izverté$ana, bet ilgtsp&jas aspekti — attistibas novérté§ana [20]. IzvEletie devini
kriteriji ir paraditi 2.2. tabula. Visos gadijumos ideala vertiba ir maksimala, proti, jo augstaka
vertiba, jo labaka alternativa.

2.2. tabula.

Daudzkriteriju lémumu analizes kriteriji

Kritériju s
Kategorija Kriterijs Apraksts
Vides aspekti Vides ietekme Globalas sasilSanas potenciala salidzinajums jaunajam
un traicionalajam produktam (reizes)
Resursu efektivitate  Citu atkritummaterialu izmanto$ana razo$ana (svara
Tpatsvars, %)
Ilgmtiziba un Produkta kalposanas ilgums un ta parstrades potencials
parstrade (punktu vertgjums)
Ekonomiskie Produkta cena Jauna un tradicionala produkta cenas salidzinajums
aspekti (reizes)
Tirgus pieprasijums  Globala tirgus apjoma novert€jums (miljardi EUR)
Tehniskie Tehnologiju Tehnologiskas gatavibas limenis (TRL 1-9)
aspekti gatavibas limenis
Izp&tes limenis P&tijumu skaits par lidzigiem produktiem (punktu
vertejums)
Tirgus Jauna un tradicionala produkta Tpasibu salidzinajums
konkurétspgja (punktu vértéjums)

Socialie aspekti Socialie aspekti Drosibas un veselibas risku novertgjums razoSanas laika

un darba rakstura specifika (punktu vértgjums)

Vides aspekti

Vides ietekme tika noteikta, pamatojoties uz dzives cikla novert€§juma (Life Cycle
Assessment, LCA) petijumiem. Ta ka analiz&tie produkti ir inovativi, tiem LCA p&tijumi vél nav
veikti, tade] tika atlasiti [1dzigi produkti, kuriem jau ir veikti LCA pétijumi. Ka kvantitativais
indikators tika izmantots globalas sasilSanas potencials (Global Warming Potential, GWP), kas
ir plasi lietots raditajs vides ietekmes komunikacija [21]. Ja pétijuma jau bija pieejami dati par
tradicionalajiem produktiem, tie tika izmantoti salidzinajumam. Ja $adu datu nebija, tie tika
iegliti no Ecoinvent 3.10 datubazes, izmantojot to pasu metodi, kas tika lietota salidzino$aja
petijuma. Esosa produkta vertiba tika dalita ar jauna produkta vertibu, lai iegtitu, cik reizes
iesp&jams samazinat vides ietekmi. Ja §1 vertiba ir mazaka par vienu, tas nozimé, ka jauna
produkta vides ietekme peéc GWP ir lielaka.

Lai novertetu aprites ekonomikas potencialu, tika ieklauts kritérijs “Resursu efektivitate”.
Izveletie produkti jau veicina aprites ekonomiku, jo to izejmaterials ir tekstila atkritumi, tapec
Sis kriterijs lauj analiz€t, vai razoSanas procesa tiek izmantoti ari citi blakusprodukti vai

36



atkritumi, kas vel vairak palielinatu ieguldijumu aprite. Raditajs tiek noteikts ka attieciba pret
galaprodukta svaru. Ja netiek izmantoti citi blakusprodukti, alternativa sanem vért€jumu nulle.

Pirmie divi kriteriji attiecas uz razoSanas fazi, savukart kriterijs “Ilgmiiziba un
parstradajamiba” ieviests, lai novertetu art lietoSanas posmu un produkta dzives cikla beigas.
Sis kritérijs ietver gan produkta kalpo$anas ilguma, gan parstradajamibas novértgjumu. Abi
aspekti verteti trispunktu skala. Parstrades vert€éSanas skala: (1) nav parstradajams vai parasti
netieck parstradats, (2) parstradats zemakas kvalitates produktos vai ir biologiski noardams,
(3) parstradats slégta cikla. KalpoSanas ilguma veértéSanas skala: (1) vienreizgjs lietojums,
(2) izmantojams 1idz 10 gadiem, (3) izmantojams ilgak par 10 gadiem. Abus vert€jumus
sareizinot, ieglist maksimalo rezultatu — 9 punktus.

Ekonomiskie aspekti

Produkta cena ir biutisks indikators, lai noteiktu ta ekonomisko dzivotsp&ju un
konkurgtsp&ju. Cena ir konkrets raditdjs (cena uz produkta vienibu) atSkirtba no citiem
ekonomiskajiem indikatoriem, kurus ir griitak salidzinat, pieméram, sakotngjas investicijas, kas
liela mera ir atkarigas no razoSanas apjoma. Tapat ka LCA pétijumos, arl Seit inovativiem
produktiem biezi vien ekonomiskais novértéjums nav veikts, tade] tie salidzinati ar lidzigiem
tradicionalajiem produktiem. Arl tradiciondla produkta cena noteikta salidzinaSanai. Eso$a
produkta veértiba tika dalita ar jauna produkta cenu, lai aprékinatu, cik reizes jaunais produkts
ir 1etaks. Ja rezultats ir mazaks par 1, tas nozZimée, ka jauna produkta cena ir augstaka un Sobrid
tas nav ekonomiski pamatots. Otrs ekonomiskais aspekts ir versts uz pieprasijumu. Globala
tirgus apjoms izmantots, lai noteiktu, vai produkts ir pieprasits. Jo lielaks tirgus novertgjums,
jo augstaks pieprasijums péc attieciga produkta.

Tehniskie aspekti

Tehnologiskas gatavibas Iimenis (Technology Readiness Level, TRL) izmantots, lai
novertetu, cik attistitas un mérogojamas ir pétijuma izstradatas tehnologijas. TRL ir atzita ka
efektiva metode jaunu tehnologiju attistibas posmu komunikacijai dazadas nozarés [22].
NoverteSana veikta pec devinu punktu skalas. Lai nodroSinatu padzilinatu izpratni un
vertéjumu, izmantots J. Mankinsa TRL apraksts [22].

Lai noveértetu produkta izp€tes Iimeni, ieviests kriterijs “Izp&tes Iimenis”, kas lauj analizét
publikaciju skaitu par attiecigo tému. ST kritérija izvérté$anai izmantota Scopus datubaze.
Katras alternativas atslégvardu pamata ir produkta tips, izmantotd metode, un tie ietvéra
terminu “fextile”. Atrastas publikacijas kvalitativi analizEtas, izskatot to anotacijas un
nosaukumus. Talakai izveértéSanai atlasitas tikai tas publikacijas, kuras bija minets lidzigs
produkts un izmantoti tekstilmateriali.

Pirmajai alternativai izmantoti atslegvardi “textile hydrothermal liquefication”. Atrastas 13
publikacijas. Otrajai alternativai izmantoti atslégvardi “textile reinforced composites building”.
Sadi atrastas 138 publikacijas. Saja gadijuma pievienots papildinajums “AND NOT” ar vardiem
“concrete” un “cement”, lai izslégtu analizei neatbilstoSos rakstus. Tresas alternativas
meklgjumos izmantoti atslégvardi “microwave assisted glycolysis textile”, atrodot divus
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rezultatus. Ceturto alternativu analiz€jot, izmantoti atslégvardi “mycelium composite textile”,
atrodot 35 rezultatus.

Kriterijs “Tirgus konkurétsp&ja” ieklauts, lai izveértétu produkta tehniskas ipasibas.
Analiz€tas izveleto alternativu 1pasibas, kadas tas noraditas attiecigajos pé&tfjumos, un
salidzinatas ar tradicionalo produktu raksturlielumiem. Ja salidzinajums jau bija veikts
apliikotaja petijuma, izmantoti taja ietvertie dati. Tradicionala produkta raksturlielumi noteikti
papildus. Lai gan atskiribas var izteiktas procentos vai lidzigos raditajos, Sie dati nav tiesi
salidzinami starp dazadam produktu grupam. Dazas nozar€s nelielas atSkiribas ir nenozimigas,
bet citas — loti biitiskas, tade] raksturlielumi noveértéti punktos. VertéSanas sisteéma: (1) pasibas
sliktakas neka tirgus produktiem, (2) 1pasibas lidzigas, (3) uzlabotas Tpasibas.

Socialie aspekti

Socialie aspekti verteti ar punktiem. Nemti véra divi aspekti: darba specifika un drosiba
razoSanas procesd. Darba specifika izvertéta pec nepiecieSama darbaspeka kvalifikacijas un
zinaSanu Iimena, lai analiz€tu iesp&jamo ietekmi uz darba tirgu. Ja produkta razo$ana
nepiecieSams darbaspeks ar dazadu prasmju un izglitibas limeni, tas pozitivi ietekmé darba
tirgu. VeértéSanas sist€ma: (1) augsti specializéti darbi, (2) specializéti darbi, (3) darbi ar
dazadiem prasmju limeniem. Nemti véra ari darba dro$ibas un veselibas riski. Sis aspekts
vertets péc $adas sist€mas: (1) augsta riska darbs, (2) vidgja riska darbs, (3) minimala riska
darbs. Abi vertéjumi sareizinati, iegiistot maksimalo iespg&jamo punktu skaitu — 9.

2.1.3. Daudzkriteriju lemumu pienems$anas metode CO:z uzglabasanai meZizstrades
atlikumos

Pétijumam izvéléta cieto koka platnu izolacijas materiala razosana. Razo$anas metodologija
sastav no tadiem posmiem ka razoSanas procesa apraksts un nepiecieSamas izejvielas, kas lauj
aprékinat CO2 daudzumu, ko var uzkrat galaprodukta. Energijas avoti cieto platnu raZo$ana,
izmantojot daudzkrit€riju analizes metodi, arT tika salidzinati tris dazados scenarijos. Visi
metodologijas posmi ir redzami 2.1. attgla.

RazoSanas procesa
bilance

Cieto platnu raZzosana »  RaZoSanas izejvielas

I _ RaZoSanas energijas Uzglabata CO, daudzuma
Daudzkritériju analize | . gl - 8 -2
avoti aprékins

2.1. att. Metodologijas algoritms.

Cieto platni razo Iidzigi ka citas kokSkiedras platnes, pieméram, MDF un LDF. P&c
zaveéSanas materials tiek forméts, preséts un profiléts. VienkarSots cieto platnu izolacijas
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razoSanas process ir paradits 2.2. att€la. Attiritas un izzavetas koksnes Skiedras sajauc ar
svekiem, veido slani, ko péc tam pres€ un cietina. CietinaSana notiek, caur matgtu materialu
caurlaizot tvaiku, lai masa tiktu nedaudz uzsildita. Salidzinot ar parasto MDF razoSanu, darba
spiediens ir zemaks un procesa nav nepieciesama karséta prese. Neliela temperattra un nelielais
tdens daudzums sacietina svekus. Cieto platnu razoSana izmanto tikai pMDI (polim&ru
metiléndifenildiizocianatu) svekus. Cietas platnes razo dazados biezumos no 18 mm lidz
244 mm, to blivums ir no 100 kg/m? lidz 220 kg/m?®. Tas galvenokart izmanto izolacijai.
Neapstradatas platnes tiek izlaistas caur profiléSanas iekartu, lai iegiitu rievotu apdari [28].

Koksnes skiedras Sveki
\ 4 4
AttiriSana > Kaltésana > Veidosana
\J
Profilésana - Presésana

Gatava cieta kokskiedru
platne

2.2. att. VienkarSots cieto platnu raZzoSanas process [28].

Galvena cieto platnu razoSanas izejviela ir mezizstrades atlikumi, galvenokart no
skujkokiem, kas ir domin&jo$a Latvija ceértamo koku grupa. Koksnes Skeldas razo$ana izmanto
galvenokart zarus, mazakus balkus un, iesp&jams, celmus, kurus neizmanto parastaja razoSana.
Pienemts, ka visas skujas un citi zalumi nokrTt vai tiek nonemti no izejvielam to uzglabasanas
un razoSanas laika. Lai razotu kokskiedras izolacijas platnes, ir jaiegust stipras un viendabigas
kvalitates koksnes Skiedras. Lai gan MDF un citu kokskiedru platnu razotaji ka izejvielu
tradicionali izmanto apalkoksni, jaunas metodes koksnes atkritumu vai razo$anas atlikumu
attirisana un $kiroSana ir lavusas izmantot alternativus koksnes materialu avotus specialas
razoSanas Imnijas [28]. 2013. gada veikta p@tfjuma par Skeldu, kas razota no mezizstrades
atlikumiem, secinats, ka §adas Skeldas mitruma saturs ir 50 %, un ta ir piemérota izmantosanai
maza un vidgja izméra katlos [91]. Pienemts, ka no mezizstrades atlikumu izejvielam iegtas
koksnes Skeldas kvalitate bus pietiekama, lai raZzotu kokskiedru platnes.
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Jauna kokskiedru platnu izolacijas materialu bilance ir paradita 2.3. tabula. Materiala
blivums ir pienemts ka maksimalais iesp&jamais blivums cietajam platném no LPTP koksnes
dokumenta [28]. Materiala bilance izv€leta, pamatojoties uz datiem par kokskiedru platném un
izolacijas platn€m no Meza produktu konversijas faktoru dokumenta [92], pienemot, ka ir
palielinats mizas un samazinats koksnes saturs. Pamatojoties uz izvéleto materiala blivumu un
materialu bilanci, aprékinats mizas, saistvielu un pildvielu, mitruma un koksnes masas saturs
viena kubikmetra gatavas izolacijas plaksnes.

Jauna kokskiedru platnu izolacijas materiala razoSanas procesam izvélets standarta sausais
razoSanas process no LPTP dokumenta par koksnes platnu razo$anu [28], kas ir modific&ts cieto
platnu razosanai (2.2. att€ls).

2.3. tabula.

Skiedru platnu izolacijas materialu bilance

Saturs, kg/m?3 Bilance, % Avots
Blivums 220 100 [28]
Miza 6,6 3 (93]
Saistvielas un pildvielas 11 5 [93]
Mitrums 13,2 6 [93]
Koks 189,2 86 [93]

Pienemts, ka, pamatojoties uz vid€jo riipnicu jaudu nozarg, jaunaja riipnica gada tiks
sarazoti 300 000 m? Skiedru platnu izolacijas materiala [28]. Lai aprékinatu konkréto
siltumenergijas un elektroenergijas daudzumu, kas nepiecieSams, lai sarazotu vienu kubikmetru
materiala, izmantoti dati par eso$ajam izolacijas materialu razoSanas rupnicam. Pienemot, ka
eso$a razotne darbojas ar elektrisko jaudu 5 MW un siltuma jaudu 10 MW [94] un 8000 stundas
gada, lai sarazotu vienu kubikmetru kokskiedru platnu izolacijas materiala, razosanas iekartai
blitu nepiecieSsams 0,13 MWh elektroenergijas un 0,26 MWh siltumenergijas.
Energoietilpigako razo$anas procesu energijas patérin$ ir paradits 2.4. tabula. Visvairak
energijas, galvenokart siltumenergijas veida, patéré koksnes Skiedru zaveéSana, jo Skiedras

— =

ventilatorus, kas patéré elektroenergiju. Otrs energoietilpigakais process ir Skiedras attiri$ana.
Tam nepiecieSami jaudigi motori, kas patéré visvairak elektroenergijas. RafinéSanai ir
nepiecieSama arT siltumenergija, lai nodro8inatu karstu tvaiku koksnes $keldas variSanai un
mazgasanai. Skiedru platpu paklaja presésanai ir nepiecieSama siltumenergija tvaika un
elektribas veida preses veltniem; tomeér cieto platnu izolacijas raZo$ana energijas patérin$ ir
minimals, jo nepiecieSama temperatira ir salidzino$i zema. Visbeidzot, grupéti visi pargjie
procesi, kam nepiecieSama elektroenergija, piemé&ram, $keldoSana, zag€Sana un profiléSana
[28].
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2.4, tabula.

Energijas paterin razo$anai

RaZoSanas process Elektroenergija, MWh/m* Siltumenergija, MWh/m?3
Zavesana 0,03 0,16
Rafinésana 0,08 0,08
Spiezot 0,01 0,02
Slgeldo§ana, zaggsana, profilésana 0,01 —

Kopa 0,13 0,26

Lai aprékinatu materiala uzkrata COz iesp&jamo daudzumu, parskatiti un izmantoti astoni
dazadi standarti biogéna oglekla uzskaitei produktos un dazadi tehniskie standarti aprites cikla
analizei (ACA) ar citam oglekla uzskaites metodeém un pieejam. Tomer $aja gadijuma izmantoti
tikai tie standarti, kas attiecas uz meza biivmaterialiem un biogé€no oglekli. Izmantotos
standartus var iedalit grupas, kas attiecas tikai uz blivmaterialiem (ISO-21930, EN-15804,
CEN/TR-16970, EN-16485), un standartos, kas aptver visus produktus (PAS-2050, ISO/TS-
14067, PEF). Standartus var atkirt arT péc geografiska parklajuma, jo dazi ir starptautiski
standarti (ISO-21930, PAS-2050, ISO/TS-14067), bet citi attiecas tikai uz Eiropu (EN-15804,
CEN/TR-16970, EN-16485), PEF), un tiem ir cieSaka saikne ar valsts regulgjumu [92], [95],
[96]. Ta ka pasSlaik nav zinatniskas vienpratibas par to, kur§ standarts un metode ir
vispiemérotakie, izmantota vidgja vertiba, kas ieglita no visiem standartiem.

Pienemts, ka sakotng&jais aprékins materiala uzkratajam COz ir vienads visiem standartiem,
un to aprékina [95] p&c 1. vienadojuma:

m.m

WlCO2 = msauss (kOkSne) : Cf . <0, ) (210)

m.mg

kur

mcoz — sekvestra CO2 masa (kgCOx);

msauss(koksne) — gatavaja izstradajuma esosas koksnes sausais svars;
Cr — procentualais oglekla daudzums sausné (koksnei = 0,5);
m.mcoz — CO2 molekulara masa;

m.mc — oglekla atommasa.

Aizstajot oglekla un CO2 masas, 2.10. vienadojumu var parveidot:

Meo, =My, (koksne)-0, 5-% =C, -my,, (koksne)-1,833, (2.11.)

kur
mcoz2 — gatavaja izstradajuma piesaistita CO2 masa;
msauss(koksne) — gatavaja izstradajuma esosas koksnes sausais svars.
Jauna produkta CO2 daudzumu aprékina, izmantojot tikai datus par koksnes un mizas saturu.
Pienemts, ka oglekla saturs miza ir tads pats ka koksné (50 %).
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Lai maksimali palielinatu jauna Skiedru platnu izolacijas materiala CO2 uzglabasanas
potencialu, ir japarskata un jaanalizé energijas raZoSanas avoti raZoSanas procesa, jo energijas
razosana ir vienigais nozimigakais emisiju avots, kas potenciali var kompenset izvairisanos no
produkta materiala uzkrata COa. Siltumenergijas un elektroenergijas razo$ana no videi
visnekaitigakajiem atjaunojamajiem avotiem butu labakais veids, ka Iidz minimumam
samazinat razo$anas raditas emisijas. Tomér tas ne vienmér var biit tehnologiski un ekonomiski
dzivotspgjigakais risinajums, tapéc energijas ieguve produktu razoSanai ir jaizveérte vides
aizsardzibas aspekta, vienlaikus nemot véra tehnologiskos un ekonomiskos aspektus. Izvertéti
tris energijas razoSanas scenariji, pamatojoties uz izvéléto razoSanas iekartas jaudu: 5 MW
elektriska jauda un 10 MW siltuma jauda [92], paSreiz&jam tendenc@m nozare un iesp&jamajam
nakotnes tehnologijam. Tris izvél&to scenariju tehnologiskie, ekonomiskie un vides dati ir
paraditi 5. tabula. Energijas razoSanas iekartu jaudas izvélétas atbilsto$i razoSanas iekartas
nepiecieSamajai minimalajai siltuma jaudai 10 MW, jo viss procesa siltums ir jarazo uz vietas,
lai apmierinatu vajadzibu péc siltuma un tvaika. Energijas razoSanas iekartas elektriska jauda
var biit mazaka par razoSanas ickartas elektrisko pieprasijumu, jo elektroenergiju var piegadat
arT no elektrotikla. Pirmais scenarijs paredz siltuma un elektroenergijas razoSanu biomasas
kogeneracijas stacija, kura ka kurinamo izmantotu koksnes $keldu. Izvéleta kogeneracijas
tehnologija ir koksnes Skeldas katls apvienojuma ar tvaika turbinu. Otrais scenarijs ir
dabasgazes kogeneracijas stacija ar rupnieciskiem procesiem labi piemérotu gazes turbinas
tehnologiju. TreSais scenarijs ir koksnes biomasas sadedzinasanas iekarta (CP), kas razo tikai
siltumenergiju, ka kurinamo izmantojot koksnes $keldu, apvienojuma ar fotoelementu (PV)
paneliem elektroenergijas razoSanai, izmantojot saules energiju.

Lai novértétu ietekmi uz vidi, katram scenarijam nemtas véra piecas dazadas emisiju
vertibas: NO»x (slapekla oksidi), CO (oglekla monoksids), GOS (gaistoSie organiskie
savienojumi), PM (cietas dalinas) un CO: (oglekla dioksids).
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2.5. tabula.

Energijas raZoSanas scenariju tehnologiskie, ekonomiskie un vides parametri

Koksnes biomasas  Dabasgazes Koksnes biomasas

Parametrs kogeneracija kogeneracija CP+ PVpaneli Avoti

Elektriska jauda, MWe 5 7,5 4 [97], [98],
[99]

Siltuma jauda, MWth 12 10,7 12 [97], [98]
Elektriska efektivitate, % 25 29,2 - [98], [100]
Siltuma efektivitate, % 60 41,4 85 [98], [100]
Kopgja efektivitate, % 85 70,6 85 [98], [100]
Kapitala izmaksas, EUR/kW? 3310 1510 965° [101]
O&M izmaksas, %CAPEX 2 2,5 2b [101]
Degvielas izmaksas, EUR/MWh 25 81,2 25 [102], [103]
NO; emisijas, g/MWh* 29 27 9,1 [98], [104]
CO emisijas, g/MWh® 8 31,5 2,5 [98], [104]
GOS emisijas, gMWh*® 0 27 0 [98], [104]
PM emisijas, g/MWh* 44 0 13,6 [98], [104]
CO; emisijas, kg/MWh! 0 202 0 [105]

2 Pamatojoties uz kogeneracijas elektrostaciju elektrisko jaudu un CP siltumjaudu.

b Neietver PV panelu izmaksas.

¢ Attiecas uz elektroenergiju, kas raZota kogeneracijai, un siltumenergiju, kas paredz&ta CP.
4 Attiecas gan uz saraZoto elektroenergiju, gan siltumenergiju.

Pienemts, ka autonomas biomasas sadedzinaSanas iekartas kapitalizmaksas ir par 30 %
zemakas neka tadas paSas siltumjaudas kogeneracijas stacijas izmaksas. Tomer tas ir
parrekinatas atbilstoSi sadedzinaSanas iekartas siltumjaudas jaudai. Lidzigi pienemts, ka
autonomas biomasas sadedzinaSanas iekartas emisiju limenis ir tads pats ka biomasas
kogeneracijas stacijai. Tomér emisiju limeni r parrékinati kopgjai siltumjaudas efektivitatei
85 %, nevis 60 %, un attiecas tikai uz sarazoto siltumenergiju.

Saules panelu kapitalieguldijumu izmaksas un ekspluatacijas un uzturéSanas izmaksas
izveletas atbilstosi saules panelu uzstadiSanas maksimalajai jaudai. Pienemts, ka saules panelu
iekartas ar elektrisko jaudu 4 MWe maksimala jauda ir 5,4 MWp. Sada lieluma iekartas
kapitalizmaksas ir 510 EUR/kWp, bet O&M izmaksas — 6,5 EUR/kWp [99].

Salidzinot tris energijas razo$anas scenarijus, izmantojot TOPSIS metodi, scenariji jeb
alternativas noverteti, lai atrastu idealo iesp&jamo risinajumu. Par vislabako scenariju
uzskatama alternativa, kas ir vistuvak idealajam risinajumam [106]. Kritériji izv€leti, nemot
vera ekspertu viedokli, kuru darba profils ir tiesi saistits ar biivniecibu, ilgtsp&ju un inovacijam,
ka arT literatiiras analizi. Analizei izv€l&tie krit€riji ir paraditi 2.6. tabula.
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2.6. tabula.

Izveletie daudzkritériju analizes kritériji

Tehnologiskie kritériji Ekonomiskie kritériji Vides Kkriteriji
Kurinama energétiskais saturs, GJ/m*> Kapitalizmaksas, EUR/m? NO; emisijas, g/m’
Degvielas izmaksas, EUR/m? CO emisijas, g/m’
O&M izmaksas, EUR/m? GOS emisijas, g/m?

Pirkta/pardota elektroenergija, EUR/m* PM emisijas, g/m3
CO; emisijas, kg/m®

Lai veiktu daudzkritériju analizi, ir janosaka kriteriju svarigums. Tie noteikti, izmantojot
analitiska hierarhijas procesa (AHP) metodi [106]. Vispirms kritriji sarindoti péc svariguma,
pieskirot prioritati ekonomiskajiem un tehnologiskajiem kritérijiem, un péc tam sarindoti vides
kriteriji p&c to globalas sasil§anas potenciala. P&c tam noteikti katra kriterija svarigums atkariba
no to ranga, tadgjadi tos savstarpgji salidzinot.

Izmantojot iegiitos krit€riju svarus, iegiiti daudzkriteriju analizes rezultati. Tie paraditi ka
relativas tuvibas koeficients idealajam risinajumam. Rezultatiem var biit veértiba no 0 1idz 1,
ideala risinajuma vertiba ir 1. Jo tuvak alternativas koeficients ir maksimalajai vertibai 1, jo
tuvak ta ir idealajam risinajumam.

2.2. Aprites cikla novertejums (ACN)

Tapat ka daudzkriteriju lémumu pienemsSanas metode tika apskatita no tekstilrfipniecibas
un kokapstrades sektoru pusém, arT aprites cikla analizi var lietot, p&tot tekstilripniecibas un
kokapstrades sektorus

Jaatsaucas uz aprites cikla analizes tekstilriipniecibas avotu, jo ar1 petijuma “Uncertainty of
Life Cycle Assessment Studies for Blended Textiles” izmantota bibliometriska analize. Izp&tot
ACN pétijumus par CO/PES maisjumiem, identificéta zinasanu plaisa. Ir veikti vairaki
petijumi par §1materiala ietekmi uz vidi [50], [56], [57], [58], tacu tie neaptver detaliz&tu dzives
cikla inventarizaciju ACI. Veronika Vagnere ar1 ir identificgjusi So zinaSanu plaisu [50]. Lai
izstradatu pilnigu ACN CO/PES maisijumiem, ir nepiecieSams literatliras parskats. Tas uzlabos
izpratni par to, kas 11dz Sim ir petits, kadi pien€mumi ir veikti jaukto tekstilizstradajumu ACN
un kapéc nav izstradats visaptvero§s ACI. ST pétijuma mérkis ir parskatit literatiiru par
kokvilnas un poliestera maisijumu razoSanas vides novert€juma p&tjjumiem un identificet, kadi
pienémumi Iidz §im ir veikti un ka Sie pieneémumi varétu ietekmet novertjumu. Ir zinams, ka
tekstilizstradajumu razoSana un paterin$ veicina vides degradaciju un SEG emisijas, tacu $1s
ietekmes faktiskie apméri joprojam nav skaidri un tiek apspriesti [44]. Tadgjadi solis tuvak
pilnigai dzives cikla inventarizacijai var palidzet precizak novertet tekstilizstradajumu ietekmi
uz vidi, uzlabojot zinasanas par to ilgtspgjibu.

ACN ir visparatzits instruments, ko izmanto, lai novertetu visu aprites cikla darbibu ietekmi
uz vidi. To izmanto, lai kvantitativi noteiktu produkta vai procesa ietekmi uz vidi. Starptautiska
standartizacijas organizacija (ISO 14040) nosaka, ka ACN jaievero sist®ma, kas sastav no
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Cetriem savstarpgji saistitiem posmiem: mérkis un darbibas joma, aprites cikla inventarizacija
(ACI), aprites cikla ietekmes noveértéjums (ACIN) un interpretacija [107].

Analize sakas ar pétijuma mérka, funkcionalas vienibas (FV), sistemas robezu, pien€mumu
un ierobezojumu, iedalfjuma un izvéletas ACIN metodes defingSanu sadala “Merkis un
darbibas joma”. P&c tam tiek izstradata ACI, kura ieklautas fidens, energijas un materialu ieejas
plismas un izejas, tostarp atkritumu pliismas un izplades gaisa, ident un zemé. ACIN dala tiek
izveletas ietekmes kategorijas, kategoriju raditaji un raksturoSanas modeli. Lidztekus visiem
procesiem interpretacijas procesa tiek novertéts analizes pilnigums, jutigums un konsekvence,
ka arT noteikti secinajumi, ierobezojumi un ieteikumi.

2.2.1. Skérsam limétas koksnes aprites cikla novértejums

Merkis un darbibas joma

Ka piemérs ACN veikSanai ir izvelets petijums par Skersam Iime&tas koksnes (CLT)
atgriezumu parstrades ietekmi uz aprites ciklu. Seit ACN mérkis ir noteikt platnes, kas
izgatavotas no $k&rsam lime&tas koksnes atgriezumiem, kas iegiiti to parstrades procesa, ietekmi
uz vidi un salidzinat to ar tradicionali razotu Skérsam Iim&tas koksnes platnes ietekmi uz vidi.
Saja petijuma funkcionala vieniba tika defingta ka 1 m? §kérsam I[imétas koksnes platne.

ACN veikts saskana ar ISO 14040/14044 standartu. Analizei izmantota SimaPro
programmatiira. Ievaddatu kopas tika nemtas no datubazes Ecoinvent 3.8. Tika izveéleta ReCiPe
Midpoint (H) ACIN metode. P&tijuma netika veikts raZzoSanas procesu sadalfjums. Veikts ACN
“no vartiem Iidz vartiem”. Arpus razo$anas procesa tehniskajam robezam bija resursu ieguve,
resursu transporté$ana, energijas ieguve, iepakojuma materialu razo$ana un iekartu razoSana.

Pienémumi un ierobeZojumi

Saja sadala uzsvérti modeléSanas pienémumi, izvéloties materidlus vai procesus no
Ecoinvent datubazes. Parstrades process ir aprakstits sikak, jo no uzn@muma nebija pieejami
dati par jaunu CLT razoSanu.

Visur izmantotas nevis sistemas datu kopas, bet gan vienibu datu kopas. Visi izejmateriali
nemti no tirgus, ka noradits pie sist€mas robezam, un to razoSana nav nemta vera. CLT
atgriezumi, kas nonak parstradei, ir bez apgriitinajuma, tap&c tiek radita jauna materialu plisma.
Parstrades procesa visi procesi tika veidoti no jauna, izmantojot datubazg pieejamas materialu
plismas.

Materialu un procesu atraSanas vieta izvéleta prioritara seciba: Latvija, Eiropa, pasaule.
Transports izmantots tikai CLT atgriezumu transport€Sanai, un nemts veéra transports, kravas
transports, kravas automasina, 16—32 metriskas tonnas, EUROS. Visu procesu elekteroenergijai
izmantoti Latvijas elektrotikla dati: elektroenergijas tirgus, vidgjais spriegums. Vidgjais
spriegums izvElets tapec, ka tas izmantots datubazé pieejama Skérsam Iimétas koksnes
razosanas datu kopa.

Parstradata CLT un jauno CLT raZoS$ana izmantotas divu veidu limes: melaminvielas
karbamida formaldehids un poliuretans. Abi Sie CLT nemti no Ecoinvent. Parstradata CLT
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razo$ana izmanto jaunu ar&jo slani, kas ir skujkoksne, tapec tika nemts sads datu kopums:
zagmateriali, d€li, skujkoksne, kaltéta (u=10 %), eveléta.

Parstradata CLT razoSana rodas divu veidu atkritumi: zagskaidas un atgriezumi.
Atgriezumiem piemit CLT 1pasibas, bet tika izveléts tuvakais atkritumu veids, ko vargja
izmantot model&Sanai. [zvel&tais atkritumu veids bija neapstradati datubazg ieklautie koksnes
atkritumi. Ta atkritumu politikas scenarijs bija Latvijas gadijums ar 3 % atklatu dedzinasanu,
15 % atklatu izgasanu, 4 % nesanitaru izgasanu, 77 % sanitaru izgaSanu [110]. Otrs atkritumu
veids ir zagskaidas, kas tika uzskatitas par datubaze ieklauta veida atkritumiem (zagskaidas,
irdenas, mitras, mé&ritas sausa masa). Analiz€ izmanto zagskaidu atkritumu scenariju [111].
Tome@r vairuma gadijumu uzn€mumi nodro$ina atkritumu nodoSanu cieta kurinama granulu
razotajiem. ST iemesla dél 3aja modelétaja scenarija ir ieklauta zagskaidu savak3ana un
uzglabasana, bet nav ietverts tas, kas ar tam notiek beigas (tas tiek apglabatas poligona,
sadedzinatas u. c.), jo tas var mainities. Tas tika darits tap&c, ka ST procesa ietekme uz vidi
kop@&ja novertgjuma ir nenozimiga.

CLT parstrades uzn€mums nerazo neapstradatu CLT, tap&c tika veikts literatliras apskats,
lai atrastu CLT razoSanas aprites cikla uzskaiti. Izvéleta produkta vides deklaracija aprakstija
neapstradata CLT razoSanu Latvija, tad€jadi nodro§inot datus salidzinajumam.

Parskatot vairakas razojumu vides deklaracijas, atklajas, ka trikst datu par elektroenergijas
patérinu un atkritumiem vai arT tie ir apkopoti par vairakiem aprites cikla posmiem, no kuriem
dazi $aja petijuma nav ieklauti [112]. Tas, visticamak, bija datu aizsardzibas apsveérumu dgl.
Zinatniskaja literatiira nebija pieejams pilnigs CLT razoSanas aprites cikla apraksts, kas buitu
salidzinams ar $aja petfjuma apliikoto gadijumu, tap&c izmantots Ecoinvent iestradatais process,
jo tas atspogulo vidgjo situaciju Eiropa [113].

SimaPro ieklautais process (Ske€rsam Itmetu kokmaterialu razoSana) tika modificets,
pielagojot §1 petijuma robezam un Latvijas gadijumam. Sakotn&jo datu pamats ir CLT razoSana
Vacija [19]. Pirma liela atSkiriba bija sistémas robezas, jo process ietver iekartu razoSanu, kas
tika iznemta, jo neatbilda S§1 p&tfjuma robezam. Talak tika iznemts sint€tiskais kaucuks, jo
Latvijas gadijuma tas netiek izmantots. Tapat, nemot véra nelielo razoSanas jaudu, procesa
netika ieklautas smerellas, kas nepiecieSamas iekartu uzturgSanai. Tika iznemtas atkritumu
plusmas, kas saistitas ar izslégtajam izejvielu plismam.

Papildu pamatojums iekartu iznemsanai bija atSkirigais CLT un parstradata CLT razoSanas
mérogs, jo parstradata CLT razoSana ir tikai izm&gindgjuma meroga, atbilstoss iekartu
salidzinajums biis iesp&jams p&c parstradatd CLT razoSanas palielinaSanas vismaz lidz TRL9.

2.2.2. Aprites cikla novertejums tekstila parstrade

ACN datu avoti ir gan datus kopas, kas satur uzneémuma noverojumus, ka tas tika ieprieks
apskatits petTjuma par Sk&rsam Itmetas koksnes aprites cikla novértéjumu, gan datu kopas, kas
iegiitas no literatliras analizes, p ieméram, apskatot ierobeZojumus un pienémumus, kas ir
izmantoti kokvilnas un poliestera maistjumu vides novertgjuma.

Saja gadijuma literatiiras analizei izmantota ACN metode. Analizes mérkis bija novertst
iespgjamo ietekmi uz CO/PES (kokvilnas un poliestera) jaukto tekstilizstradajumu vides
novértéjumiem, kas radusies pieejamo datu un literatiira izdarito pienémumu atskiribu dgl.
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Visdetalizetakais ACN izmantots ka bazes scenarijs, bet pargjie scenariji tika izveidoti, mainot
datus, kas parklajas. Rezultati nesniegs kvantitativus datus. Ta vieta secingjumi tiks izmantoti,
lai parbauditu ACN rezultatu atskiribas, jo scenariji balstiti uz bazes scenarija ievaddatiem. Tas
nozimé, ka tika mainiti tikai tie parametri, kuri parklajas, bet pargjie palika nemainigi. Ir svarigi
atzimet, ka katram pétfjumam, uz kura ir balstiti scenariji, ir dazadi ievaddati un procesi ar
dazadam tehnologijam. Izmantots ACN “no $fipula Iidz kapam” un aptver $adus procesus:
Skiedru ekstrakcija, dzijas raZoSana, auSanas sagatavoSana (izm&ru noteikSana), auSana,
pirmapstrade, nepartraukta krasoSana un auduma apdare. Detaliz&taks procesu apraksts sniegts
Veronikas Vagneras et. al. p&tijuma [50]. ACN veikts saskana ar ISO 14040/14044 standartu.
Analizei izmantota programmatiira SimaPro. Saja pétijuma funkcionald vieniba tika definéta
ka 1 kg kokvilnas un poliestera sajaukta tekstilizstradajuma. Ievaddatu kopas tika nemtas no
Ecoinvent 3.8 datubazes. ReCiPe Midpoint (H) V1.08 dzives cikla ietekmes novért&juma
metode tika izvElEta, jo ta izmantota arT ACN pétijuma par lidzigiem tekstilizstradajumiem [50].

2.3. Bibliometriska analize

2.3.1. Jaukta tekstila aprites potenciala bibliometriska analize

2.2.2. nodala apskatits datu ACN analizes aspekts, novert€jot ierobeZojumus un
pienémumus, kas izmantoti kokvilnas un poliestera maisTjumu vides novértgjumos. Sie dati
iegiiti ar bibliometriska analizes palidzibu.

Literatiiras analize sakas ar bibliometrisko analizi, lai giitu priekSstatu par p&tamo jomu un
noteiktu galvenos atslégvardus turpmakai izmantosanai. Bibliometriska analize ir kvantitativa
metode, ko izmanto, lai novertétu pasreiz&jo stavokli petniecibas joma, apliikojot savstarpgjas
attiecibas starp zinatniskajam publikacijam $aja joma [114]. Analizes pamata ir liels skaits
zinatnisku publikaciju, kuras tiek analiz&tas, izmantojot programmatiiru, kas izmanto statistikas
un tikla rikus. Saja pétfjuma izmantota programmatiira VOSviewer. Mérkis bija git ieskatu
petijumos par jauktu tekstilizstradajumu, ipasi CO/PES maisjjumu, ietekmi uz vidi.
Bibliometriskajai analizei ieteicamas Scopus vai Web of Science datubazes [115]. Saja pétijuma
izmantota Web of Science datubaze, jo atbilstosi noteiktajiem atslégvardiem tika atrasts 381
rezultats, savukart Scopus datubazé tika atrasti 211 rezultati. Atslégvardi tika kombinéti starp
ietekmi uz vidi un vides novert§jumu un starp jauktiem tekstilizstradajumiem,
tekstilizstradajumu maistjumiem un kokvilnas poliestera maisijumiem. Kopuma atlasiti sesi
atslégvardi, kas atdaliti ar “OR”. P&c pirmas analizes originalaja datng& tika identificéti un
mainiti vairaki vardi, jo tiem bija tada pati nozime, bet atSkiriga pareizrakstiba. P&c tam tika
izvelets gadijumu slieksnis. Atslégvardu gadijumu skaits virs 12 tika izveléts, jo tika veidotas
logiskas kopas, un vardu skaits nebija parak liels. [zmantojot identific&tos atslégvardus, veikta
turpmaka literatiiras analize, lai apkopotu petijumus par CO/PES maisijumu razo$anas vides
novertejumu. Lai to izdaritu, galvenokart izmantoti atslégvardi no aprites cikla noveérteéSanas
kopam, bet reiz€m izmantoti atslégvardi no citam kopam, pieméram, notekiidenu un
toksicitates. Papildus jau esoSajiem atslégvardiem tika mekl@ti arT petijumi par konkr&tiem
tekstilizstradajumu razoSanas posmiem (dzijas izméru, ausanu, priekSapstradi, krasoSanu un
apdari). Izmantotas tris datubazes: Web of Science, Google Scholar un Scopus. Petijumi tika
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kvalitativi noverteti, un turpmakai analizei atlasti tikai tie, kuriem bija pietickami kvantitativi
dati. P&c literatiiras apskata izpétita ar1 Ecoinvent datubaze, jo ta izmantota turpmakaja analizg.
Datubaze satur datu kopas par dazadam nozarém, pieméram, energijas raZo$anu, transportu un
materialiem. Taja ir vairak neka 20 000 savstarpgji saistitu datu kopu [116]. Tapéc tika
parbaudits, vai datubazg ir ieklauti CO/PES maisijumu raZzoSanas procesi.

2.3.2. Energoaudita praksu bibliometriska analize

Bibliometriskas analizes metode lietota ari pétijjuma par energoauditiem. P&tijumam par
energoaudita praksi atbilsto$as literatiras identificeSana ietveéra rezultatu analizi par
dokumentiem un Zurnalu rakstiem, kas publicéti laika no 2009. lidz 2024. gadam.
Bibliometriska analize veikta pé&tjjumiem, kas publicgti uzticamos zinatniskos publikaciju
kopsavilkumos, kuri atrodami cité$anas datubazés Scopus un MDPI. Sis datubazes ietver plasu
teému klastu, sniedz publikaciju metriku un ir brivi pieejamas, kas atvieglo to izmantoSanu.
Meklgsana koncentrgjas uz energoaudita praksi, energoefektivitates pasakumiem un
saistitajiem tiesibu aktiem ES dalibvalstis.

Meklgsana veikta, izmantojot vairakus vaicajumus. Atlasitie vaicajumu iestatijumi ietvéra
defingtu atslégvardu mekleésanu dokumentu nosaukumos, kopsavilkumos un atslégvardos; dazi
vaicajumi ietv@ra arlT mekleéSanu visos laukos vai pilna tekstd. Vaic@jumos izmantotie
atslégvardi tika ieklauti p&dinas. Pirmie sesi vaicajumi (sk. 3.10. tabulu 3.3.2. sadala) paredzgti,
lai veiktu visu publicéto dokumentu mekleéSanu par energoauditu t€mu laika posma no 2009.
lidz 2024. gadam Scopus datubazé. 7.-9. vaicajums izmantoti, lai laika posma no 2009. lidz
2024. gadam mekleétu visus publicdtos zurnalu rakstus MDPI datubaze. 10. vaicajums
izmantots, lai meklétu tiesibu aktus FUROPA SEARCH, kas pieejams Eiropas Komisijas
oficialas timekla vietnes mekl@Sanas sadala. 10. vaicajumam nebija laika ierobezojuma.

2.4. Sistemdinamika

Pamatojoties uz literatiiras parskatu, tika defingti tris pétfjuma jautajumi: (a) Kads apgerbu
daudzums tuvakaja nakotn@ nonaks poligonos? (b) Vai ES $kiroSanas kapacitates palielinasana
biis pietiekama, lai sasniegtu aprites ekonomikas merkus? (c) Kas veicina aprites ekonomiku —
tekstilizstradajumu $kirosana vai patérina samazinasana? S1 pétijuma mérkis ir analizét aprites
ekonomikas potencialu modes tekstilizstradajumu vértibu kédé ES Iimeni, izmantojot
sisttmdinamikas modeleésanu. Tekstilizstradajumu daudzums, kas nonak poligonos bazes
scenarija, tiks izmantots, lai novertetu aprites ekonomikas potencialu, jo tas atspogulo zaudéto
vertibu, ko varetu atgiit, ievieSot aprites prakses visa vertibu kede. Rezultati paradis ES progresu
cela uz aprites ekonomiku un ilgtsp&jibu, ka arT to, vai ES politikas merki tekstilizstradajumiem
var tikt sasniegti Iidz 2030. gadam. Tas arT atbild@s uz jautajumu, kas virza aprites ekonomiku
tekstila sisteéma.

Sistémdinamika ir p&tniecibas metode, kas péta sarezgitu sistému uzvedibu un to raditos
izaicinajumus. Merkis ir analiz&t sistému struktiiru, lai ieglitu dzilaku izpratni par to uzvedibu
un tas céloniem [117]. So metodi parasti izmanto akademiskaja vidg, lielie uznemumi,
konsultaciju uznémumi un valdibas, lai uzlabotu strat€gijas formul&Sanu, politikas izstradi un
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léemumu pienemsanu sarezgitas un dinamiskas jomas [118]. Tai ir matematiskas modelé$anas
pieeja. Sisttmdinamikas modelésana ir plasi izmantota, lai pétitu vertibu/piegades kédes un
aprites ekonomikas celus, piem&ram, reverso logistiku [118], [119], slégta cikla piegades k&di
[120], otrreizgjas parstrades sistemu [121], materialu pliismas [122], [123], aprites ekonomika
vairakos merogos [124]. Sisttmdinamikas model&Sanas pieeja §im petijumam tika izveleta, lai
izpetitu modes tekstilizstradajumu veértibu keédi, jo td ir piemeérota sist€émas struktiiras,
uzvedibas, elementu mijiedarbibas apskatei un iesp&jams izveidot slegta cikla sisteémas. Modeli
var simulét laika gaita, lai sniegtu priekSstatu par nakotnes situaciju. Turklat, izmantojot
politikas instrumentus, var izstradat un parbaudit veértibu k&des problému risinajumus. 2.3.
attela paraditi visa p&tijuma soli un to seciba. Politikas instrumentu izstrade tiek paradita secigi,
tacu tas nenozimé, ka viens ir svarigaks par otru vai ka seciba ir nemainama.

A
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2.3. att€ls. P&tjjuma metodologijas algoritms.

Sistemdinamikas modeléSana

Pétijuma pieméra [What Drives the Circular Economy? Textile Sorting or Consumtion
Reduction] tika izvéléta sistémdinamikas model&$ana. Tam izmantots Stella Architect. S
programmatiira lauj izveidot sisteémas struktiru un modelét sistému laika gaita. Modela
galvenie elementi ir krajumi, plismas un parametri, kas ir savstarpgji saistiti. Saites un
mijiedarbiba starp komponentiem veido atgriezeniskas saites. Ir divas atgriezeniskas saites:
pozitivas virzibas un negativas balans€Sanas saites [117]. Pozitiva virzibas saite ir tad, kad
savienotie elementi mainas viena virziena vai kad para skaits elementu mainas pret§ja virziena.
Negativa balanséSanas saite ir tad, kad nepara skaits savienoto komponentu mainas pretgjos

Virzienos.
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Sisttmdinamikas modela izstrade ietver piecus galvenos solus [117]. Tie ir problému
formulésana, dinamikas hipotézu izvirziSana, modela formuléSana un simulacija, modelu
parbaude un politikas izstrade un novertésana. Veidojot $adu modeli, ir ierasts parskatit

ieprieksgjas darbibas, lai sasniegtu vélamos rezultatus.

Probléemas formuléjums

Pirmais solis ir defin€t problemu un definét bazes scenariju, kas grafiski att€lo problemu
laika gaita. Grafika biezi ir att€lota galveno mainigo uzvediba [125]. Galvena dinamiska
probléma $aja pétijuma ir tada, ka apgérbu patérin$ pieaug strauji, kamér dzives ilgums
samazinds. Tas ietekm& apglabdjamo apgérbu apjomu un Skiroto apg€rbu Ipatsvaru.
Prognozgjosa modela mérkis ir prognozgt, cik liela dala no ES patéréta apgérba 2030. gada tiks
apglabata izgaztuve un cik daudz tiks saskirots.

Sistemas izpete un definéSana

RazoSanas un eksporta raditaji liecina, ka Kina ir pasaulg lielaka visu tekstilizstradajumu
razotaja un eksportetaja, bet ES ir otra lielaka dalibniece [87]. Tekstilizstradajumiem ir butiska
nozime ES virziba uz aprites ekonomiku, ilgtsp&jibu un klimatneitralitati, jo ta ir ceturta lielaka
paterina kategorija p&c partikas, majokla un transporta, nemot vera primaro resursu un tidens
patérinu, un piekta lielaka SEG emisiju zina. [126]. Tekstilizstradajumi veido 4-6 % no ES
ekologiskas pedas [69]. Ir svarigi uzsvert, ka 85-93 % no ietekmes uz vidi notiek arpus ES, un
76 % no SEG emisijam, ko rada ES tekstilizstradajumu patérins, rodas arT arvalstis [87]. Tas ir
tapéc, ka, lai apmierinatu pieprasijumu, 97 % no ES pateréta apgérba un majas
tekstilizstradajumiem tiek importéti no citam valstim [66].

Lai izveidotu sisteémas struktiiru, ir jasaprot modes tekstilizstradajumu vertibu kede. Vertibu
k&de galvenokart ir lineara, sakot no izejmaterialu ieguves un parstrades lidz aprites beigu
stadijai [127]. Ir septini galvenie posmi, kas ir savstarpgji savienoti ar transportu, iznemot
gadijumus, kad viena vietd notiek vairaki razoSanas posmi. Darbibas piemeri ir Skiedru
ekstrakcija, dzijas razoSana, audumu razoSana, apg€rbu razoSana, izstradajumu
mazumtirdznieciba, lietoSanas faze un kalpoSanas laika beigas.

Skiedru ekstrakcijas posms ietver dkiedru ekstrakciju un apstradi. Tas ietekme uz vidi
galvenokart ir atkariga no izejmateriala veida: maksligas Skiedras vai dabiskas Skiedras. Labi
zinamas dabiskas Skiedras ir kokvilna, vilna, zids, lins un kanepes. Maksligas Skiedras var
iedalit péc to poliméru izcelsmes. Skiedras var iegiit no dabigiem polimériem, pieméram,
celulozes Skiedram (viskoze, liocels un modals) vai sintétiskiem polimériem (neilona,
poliestera un akrila) [46]. Poliesteris ir visplasak izmantota izejviela, kas veido apméram pusi
no visam Skiedram. Janem veéra, ka dabigajam $kiedram ne vienmér biis mazaka ietekme uz
vidi. Pieméram, lai sarazotu 1 kg kokvilnas [2], ir nepiecieSami lidz 4300 litriem tGdens, un
kokvilnai ka kultiiraugam ir nepiecieSams vislielakais pesticidu daudzums pasaulg [46]. Sis
posms veido aptuveni 38 % no kop&jam dzives cikla SEG emisijam [45].

Nakamais dzives cikla posms ir dzijas razoSana no $kiedram. Diegu iegiist, verpjot Skiedras.
Verpsanas posms ietver vairakus mehaniskus procesus, piem&ram, Skiedru kemmeSanu,
izlidzina§anu un vérpsanu [46]. Skiedras parveido$anas stadija rodas atkritumi, kas rada
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izejvielu zudumus aptuveni 3 % apméra [2]. Dzijas razoSana veido aptuveni 8 % no kopgjam
dzives cikla SEG emisijam [45].

Audumu razo$ana ietilpst adiSana, auSana, mitra apstrade [128]. Mitra apstrade ietver dziju
un audumu apstradi, izmantojot kimiskas vielas un krasvielas. Sis process rada vislielako
notektidenu daudzumu. Vidgji 1 kg auduma razoSanai nepiecieSami aptuveni 200 litri Gdens
[46]. Visa pasaulé §1 procesa notektideni veido aptuveni 20 % no visiem notekiideniem [45].
Auduma razosana veido 6 % un mitra apstrade 15 % no dzives cikla SEG emisijam, kas kopa
veido 21 % [45].

Tekstilizstradajumu razo$ana beidzas ar galaprodukta izgatavosanu. Saja posma audumi
tiek piegriezti un $uti, lai iegtitu v€lamo galaproduktu [45]. Ir pievienoti arT citi estetiski vai
funkcionali papildinajumi, pieméram, pogas un ravejsledzgji. Galaprodukta razoSanas ietekme
uz vidi ir salidzino$i zema, jo tas veido tikai 4 % no kop&jam dzives cikla SEG emisijam [45].
Tomeér §is process rada visvairak tekstilizstradajumu atkritumu no visiem razo$anas posmiem.
Piem@ram, pétijums par apgérbu razoSanu atklaja, ka mazakas rupnicas rodas vairak
tekstilizstradajumu atkritumu neka lielakas (attiecigi 39 % un 25 %) [16]. Sos atgriezumus
galvenokart apglaba vai izmanto energijas iegiSanai, tacu pétijuma secinats, ka aptuveni 50 %
1idz 80 % var parstradat jaunos apgerbos.

Mazumtirdznieciba arT ir dala no dzives cikla, jo ta rada dalu no SEG emisijam un
pardoSanas atlikumiem. Pasaul€ ik gadu tiek razoti un veikalos ievietoti aptuveni 150 miljardi
apgeérbu [45]. 30 % no Siem apgérba gabaliem netiek pardoti, un aptuveni tikpat daudz tiek
pardoti ar atlaidi. Mazumtirdznieciba veido 3 % no kop&jam dzives cikla SEG emisijam [45].

LietoSanas faze ir otrs lielakais SEG emisiju avots p&c razoSanas. Ta veido aptuveni 20 %
no kopgjam aprites cikla SEG emisijam [45]. Tas galvenokart ir saistits ar izstradajumu
mazgasanu, zaveésanu un gludinasanu, kas rada ievérojamu energijas un Gdens patérinu [65].
Turklat tiek radits mikroplastmasas piesarnojums. Pasaulé katru gadu velas mazgaSanas
rezultata rodas aptuveni pusmiljons tonnu plastmasas mikroSkiedru. Tas rada okeana
piesarnojumu, kas ir 16 reizes lielaks neka kosmétikas nozaré [2]. Sis $kiedras nak no
maksligajiem materialiem, sakot no 64 mg uz 1 kg polipropiléna 1idz 319 mg uz 1 kg viskozes
[129]. Sis posms galvenokart ir patérétaju zina. Patérins ar katru gadu pieaug, kamér lieto3anas
ilgums samazinas. Tiek prognozéts, ka lidz 2030. gadam apgérbu patérin$ varétu pieaugt par
63 % [53]. Nav konkré&tas prognozes par apgérba patrina ilgumu, taéu p&dgjo 15 gadu laika tas
ir samazinajies uz pusi [69]. Pasaulé tekstilizstradajumu paterins ir no 9 kg lidz 27 kg uz cilvéku
[86].

Aprites beigu posmu var iedalit tris veidos: atkartota izmantoSana, parstrade un
sadedzinasana vai iznicinasana. Pirmkart, tekstilizstradajumi tiek savakti atseviski Skiro$anai
vai kopa ar sadzives atkritumiem. P&c patérina kopa ar sadzives atkritumiem savaktie materiali
tiek apglabati izgaztuvés vai izmantoti energijas regeneracijai. Skiroto tekstilizstradajumu
patsvars dazadas valstis ir atSkirigs. ES tiek Skiroti 38 % tekstilizstradajumu, bet, aplukojot
dalibvalstis atseviski, §1 dala svarstas no 4,5 % Latvija lidz 45 % Niderland@ [14] un pat 75 %
Vacija [2]. Tekstilizstradajumu apglabasana izgaztuves un sadedzinasana rada aptuveni 3 % no
kopg&jam dzives cikla SEG emisijam [45].
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Saskirotas drébes tiek parstradatas vai izmantotas atkartoti. Tekstilizstradajumu atkartota
izmantoSana ir videi draudzigaka neka parstrade [130]. Parstrade var biit vai nu slégta cikla
otrreiz&ja parstrade jeb audumu parstrade produkta, kas paliek tekstilizstradajumu vertibu k&de,
vai tekstilizstradajumu parstrade (visbiezak mehaniska) produkta, kas neietilpst
tekstilizstradajumu vertibu kéde, un tai ir zemaka pievienota vertiba [131]. Slégta cikla
otrreiz€ja parstrade netieck plasi izmantota, jo, kad parstradatie materiali nonak
tekstilizstradajumu vértibu k&dg, tie visbiezak tiek atgati no plastmasas pudelem [132]. St
prakse neveicina atkritumu samazinaSanu tekstilizstradajumu sistéma un neatbalsta slégta cikla
otrreiz€jo parstradi. Aptuveni 50 % lidz 75% no Skirotajiem tekstilizstradajumiem tiek
izmantoti atkartoti [66]. Tomer arT §1 dala ir loti atkariga no valsts, jo to ietekm@ iedzivotaju
lietoSanas paradumi un izmantota SkiroSanas metode.

Dinamiskas hipotezes izstrade

Dinamiska hipotéze ietver galveno krajumu, plismu un parametru definéSanu, kas saistiti
ar bazes uzvedibu. Modela vadosie krajumi ir izgaztuve nonakusie apgérbi, pieejamie apgerbi
un ipatn&jais apgerbu patérins. Plismas, kas ietekmé Sos krajumus, ir apgérbu apglabasana
izgaztuves, apgerbu patérin un apgérbu izmesana, patérina izmainas. Turklat jau sakotngji bija
janosaka galvenie faktori, kas ietekmé §1s pliismas un rada atgriezenisko saiti. Kopuma pliismas
izmainas modelt ietekm& Cetri galvenie parametri. Tie ir apgérba kalpoSanas laiks, apgérbs
izgaztuvei, Ipatnéja patérina pieauguma temps un izaugsmes temps.

Modela formulé$ana un simulacija

Nakamaja procesa soli modelis tika aprakstits ar vienadojumiem, kas attélo sakaribas starp
modela elementiem, un dinamiska hipotéze tika parveidota par datormodeli un atjauninata ar
citiem sisteémas elementiem. Sakotng;ji tika izveidota sist€mas galvena struktiira, un dalas tika
savienotas ar atgriezenisko saiti pirms vienadojumu un ievades datu formul€Sanas un
ievietoSanas. Apgérbu apjomi tika noteikti tonnas, un laika vieniba bija gads Sisteémas strukttru
var iedalit divas dalas: apg€rbu raZzoSana un patérin$ un apgerbs péc patérina. Arl pécpatérina
apgerbs ir iedalits divas dalas: viena nonak $kiro$ana, bet otra — sadzives atkritumos. Pilns
modelis skatams 6. attgla.
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Apgérbu razo$anas un patérina struktiira paradita 2.5. attgla. S sistémas dala ir atkariga no
apgerba iIpatnéja patérina. Tas ietckm& izaugsmes tempu, nosakot pieprasijuma
apmierinadanai nepiecieamo ieguldfjumu. So modeli nevar izmantot, lai prognozétu apgérbu
patérinu, jo tas palielinds atbilstosi Ipatnéja patérina pieauguma tempam, kas ir nemainigs
parametrs modeli. Saja un citas modela dalas nemainigie parametri ir atziméti gaisi zila krasa,
atkritumi, kas radusSies raZo$anas un pardosanas laika, ir atzim&ti tumsi zila krasa, un apggerbs,
kas atgriezas cikla, ir atzZimets ar dzeltenu krasu.

Apgerbu razo$ana ir iedalita tris dalas: tekstilizstradajumu raZo$ana, apgérbu raZo$ana un
apgerbu tirdznieciba. Tekstilizstraddjumu raZoSanai ir vajadzigas tadas izejvielas ka $kiedras
un dzijas. Tekstilizstradajumi tiek piegadati apgerbu razo$anai, kur tiek pievienoti importéti
tekstilizstradajumi un slégta cikla otrreizgji parstradati apgerbi. Sist€ma nem veéra ar1 eksportéto
apgerbu, lai turpmakajos modela izstrades posmos varétu pievienot politikas instrumentus, kas
ietekmé eksporta Tpatsvaru. PardoSana ietilpst apgerbi, kas razoti péc eksporta un importeti.
Atlikumi rodas visos raZo$anas posmos. Atkritumu ra$anas apgérbu razo$ana arpus ES vél ir
jaieklauj model.

o
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2.5. att€ls. Sistémas A dala: apgerbu patérins un razosana.

Péc tam, kad paterétajs atbrivojas no drébém, tas tiek Skirotas vai izmestas sadzives
atkritumos. Skiroganas sistémas struktiira ir paradita 2.6. attéla. So dalu ietekmé laika ietekme
uz Skiro$anas jaudu, kas ir prognozgtais ikgadgjais jaudas pieaugums. SaSkirotie apgérba
gabali talak tiek sadaliti Cetras plismas. Apgérbu izmanto atkartoti un parstrada, tacu ir arl
piesarnotas drébes, kuras nevar izmantot atkartoti vai parstradat, un tapéc tas nonak izgaztuves.
Ir divi parstrades veidi: slégta cikla un atveérta cikla otrreizgja parstrade. Ir izveidoti papildu
krajumi ar plismam, lai izveidotu 1/DT aizkavi atkartoti izmantotam un slégta cikla otrreizgji
parstradatam apgérbam. Modela laika solis (DT, Delta Time) ir 0,25 gadi. Aizkave rodas, jo $o
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parametru vertibas tick ievaditas apgérba razo$ana un mazumtirdznieciba, veidojot apriti. Tiek
pienemts, ka visi slégta cikla parstradatie apgerbi atgriezas vietgja vertibu kede.

Slégta cikla Slagta cikla parstradajamo
parstradajams apliBrbu dals

parstradajamu

Parstradat: erb:
J = apgarbs apgérbu piegade apdérbs
(5
& ’ Atkartoti izmantojams
Slégta cikla o
. Nepardots nepardoto apyérbu
rstradati apgérbi <
B P apgérbs daja

Atkartoti lietojams nepardots

. Atklata cikla
Atklata cikla otrreizaji otreiz8i parstrad

arstradati apgérbi apberbu dala

a - letosanai
:;g:r;‘:atkanola d - Skirotu apgérbu i oL
legade artoti lietojams apgérbs
B ? Atkartoti lietojama
apgérba dala
e Vietsji atkértoti lietotu @
ietots apg apgérbu dala

Laika letekme uz
Skiro$anas jaudu

Abgérbs sakotnéji Skirots Sxirots apgerbs

==

apgérbu patérind

Pieejams

apdérbs

Neizmantojams Neizmantojama
apderbs apdérba daja

apgérba
izmeSana

2.6. attéls. Sistémas B dala: izmesto apgérbu Skirosana.

Ja pienem, ka izmestas drébes neietilpst SkiroSanas pliisma. Tada gadijuma tas nonak
sadzives atkritumu plisma (2.7. att€ls). Apgérbu var regenerét no sadzives atkritumiem,
kompostét, sadedzinat vai apglabat izgaztuvé. Sai sistémas dalai tiek pievienoti razosanas un
pardosanas atkritumi. Tiek pienemts, ka razoSanas atlickas nevis sadedzina, bet apglaba
izgaztuves. Pardosanas atlikumi tiek sadedzinati un apglabati izgaztuves. Sadedzinasana ietver

ar energijas atgiSanu, bet ne obligati.
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2.7. attéls. Sistémas C dala: sadzives atkritumos izmests apgerbs.

Papildus primarajai sistémai tika izveidota SEG emisiju sistéma. Ta ka apgérbs tiek
uzskatits par vienu plismu un nav sadalits p&c lietojuma un izmantotajiem materialiem, kopg&jas
SEG emisijas aprékinatas, izmantojot visa dzives cikla SEG emisijas koeficientu. Sisteémas

uzbtive ir paradita 2.8. attela.
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2.8. attels. Sisttmas D dala: SEG emisiju aprekins.
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Kad modela struktiira bija pabeigta, matematiskajiem vienadojumiem bija jaapraksta
attiecibas starp elementiem. Elementiem, kas modeli att€loti peléka un tumsi zila krasa, vértibas
ir noraditas ar vienadojumiem. Modelis ietver aptuveni 90 vienadojumus, ¢etrus vienadojumus,
kas izteikti grafiski, un veikti vairaki papildu aprékini, lai iegiitu modeli izmantotas konstantes.

Ka mingts ieprieks, sistémas sakuma dala ir atkariga no konkréta apgérba patérina.
Sakotnéjais apgérba pateérin$ uz vienu iedzivotaju tika iegtts, dalot kopgjo apgerbu patérinu
ES 2018. gada, kas bija 4,38 miljoni tonnu [66], ar iedzivotaju skaitu 446 miljoni cilvéku [133].
Lidz ar to apgérba patérin§ uz vienu iedzivotaju tika aprékinats 9,82 kilogramu apmeéra.
Parametram “Ipatnéja patérina pieauguma temps” tika izmantots salikta gada picauguma
atruma vienadojums, nemot veéra, ka tiek prognozéts, ka apgerbu patérin lidz 2030. gadam
picaugs par 63 % [67]. Bazes gads netika minéts, tapéc tika pienemts 2018. gads. Tas pats
vienadojums tika izmantots, lai ieglitu ikgad€jo apgerba lietosanas laika samazinajumu. Ta ka
pedgjo 15 gadu laika apgérba valkaSanai pavaditais laiks ir samazindjies uz pusi [69], tika
pienemts, ka $1 tendence turpinasies lidz 2030. gadam. Sakotngjais apgerba kalpo$anas laiks
bija 3,3 gadi [68]. Attieciba starp dzives ilgumu un apgerba Ipatngjo patérinu tika izteikta ar
regresijas vienadojumu.

B, =0,0047- 54", (2.12)

kur
P — apgérba kalposanas laiks (gadi/gada);
Ssc — Tpatngjais apgerba paterins (t/iedzivotajs)/gada.

Pieauguma tempu iegist, dalot konkréta gada apgérbu patérinu ar konkréta apgerba
patérina sakuma vértibu. Visi apgérbu raZo$anas parametri ir atkarigi no izaugsmes tempa un
sakotnéjam izejvielam. Izejvielu sakotngja vertiba tika ieglita optimizacijas procesa. Vertiba
tika optimizéta, lidz Tpatngjais apgerba patérins, reizinats ar iedzivotaju skaitu attieciba pret
apgerbu patrina plismu, sasniedza vértibu 1000. Iedzivotaju skaits tika pienemts nemainigs,
jo COVID-19 ietekme uz sisteému netika nemta veéra, un prognozetas iedzivotaju skaita izmainas
Iidz 2030. gadam ES nav butiskas [134].

Secigi visiem parametriem lidz krajumam “Apgerbi pieejami” ir vienadojumi, kuru
pamata ir koeficienti. Piem&ram, tekstilizstradajumu raZosanas atkritumiem ir vienadojums,
kur izejvielas reizinatas ar razoSanas atlikumu Ttatsvaru razoSana, kas pienemta ka 0,03 [2].
Tikmer tekstila raZosana ir vienadojums, kur izejvielas reizinatas ar ipatsvaru no 1-0,03. Tika
pienemts, ka tadas vértibas ka slégta cikla otrreizéji parstradati apgérbi, kas veido apriti
sisttma, samazina importu, nevis razo$anu. Pieméram, tekstilizstradajumu importu aprékina
péc 2.13. vienadojuma:

By Wi

P, = -P
ti 1—

clrer

(2.13.)

sit

kur
Prii — tekstilizstradajumu imports (t/gada);
Py — tekstilizstradajumu razoSana (t);
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wsit — importeto tekstilizstradajumu Ipatsvars;
Pscpa — slégta cikla otrreizgji parstradati apgerbi (t/gada).

“Pieejamais apgeérbs” sakotnjo vertibu iegist, reizinot ipaSo apgerbu patérinu ar
iedzivotaju skaitu un apgérba kalposanas laiku. Apgérba daudzums tiek reizinats ar kalpoSanas
laiku, lai ieglitu aptuvenu lictoSanai pieejama apgerba daudzumu. Iznakumu, apgérba
izmeSanu, iegiist, dalot krajuma vértibu ar apgérba kalpoSanas laiku.

Apgerbu $kiroSana balstas uz sakotngji §kiroto apgérbu skaitu un laika ietekmi uz
§kiro$anas jaudu, nevis uz izmesto apgérbu skaitu, jo ES prognozé pastavigu $kiroanas
pieaugumu neatkarigi no izmesto apgérbu apjoma. Sakotngjais $kiro$anas koeficients tika
aprékinats, reizinot izmestos apgerbus ar 2018. gada SkiroSanas koeficientu 38 % [66].
Skirosanas jauda katru gadu palielinas, pamatojoties uz iepriek3gja gada pieaugumu un
prognozeto jaudas pieaugumu. Planotais tekstilizstradajumu SkiroSanas jaudas pieaugums no
2025. gada ir no 45 1idz 90 000 tonnam gada [66]. Saskirots apgérbs ir So divu faktoru summa.

Sistemas skiroSanas dala atlikuSo parametru vienadojumi ir balstiti uz $kiroto apgérbu
reizindjumu. Skirota apgerba plismas piedavajumu iegiist, reizinot atkartoti lietojamo un
nepardoto apgérbu summu ar viet€ji atkartoti lietotu apgerbu dalu. Parstradata apgerba
plisma ir vienada ar parametru “slégta cikla parstradats apgéerbs”. Sakotngjas krajumu
vertibas ir ienakos$as plismas, kas dalitas ar DT, jo izejosas pliismas ir krajumi, kas daliti ar DT,
lai izveidotu aizkavi. Ar izejosajam plismam saistitie parametri ir tadi pasi ka plismu vertibas.

Apgerbu daudzums sadzives atkritumos ir atkarigs no S$kiroto apgérbu daudzuma.
Vienadojuma saskirotais apgerbs tiek atnemts no izmesta apgérba. Parametru vienadojumu
pamata ir reizinagjums Apgerbs sadzives atkritumos un dota attieciba. Papildus Siem
parametriem razoSanas un pardosanas atkritumi tiek pievienoti un reizinati ar dalJam. Nepardoto
apgerbu sadalijums pa plismam nav zinams, tapéc pienemts, ka 40 % tiek sadedzinati, 20 %
tiek apglabati izgaztuves, bet pargjais — izmantots atkartoti.

Zinatniskaja literatlira vai statistikas datos ir jabut pieejamai informacijai par to, vai ES
apgerbi, kas nonak sadzives atkritumos, tick regeneréti vai kompostéti. Modelis ietvéra Sos
parametrus, lai nodro$inatu $adu praksi turpmakajos scenarijos. Dati par apgerbu
sadedzinasanas un iznicinasanas raditajiem ES nav pieejami, tapEc izmantoti Amerikas
Savienoto Valstu (ASV) dati. ASV 2018. gada 83 % modes tekstilizstradajumu tika apglabati
izgaztuves un 17 % tika sadedzinati, ietverot energijas regeneraciju [135].

Modelt ieklautais dzives cikla emisijas koeficients iegiits, dalot ES 2020. gada apgérbu
patérina SEG emisijas ar taja gada patéréto apgérbu daudzumu [65]. Modeli ievietota vertiba ir
22,53 t COz2ekv. uz tonnu apgerba. Turklat, lai iegiitu emisijas koeficientu katram posmam, tika
izmantots procentualais sadalijums pa dzives cikla posmiem, ka noteikts literatiiras analize.
Katra dzives cikla posma sarazota, patéréta vai izmesta apgérba daudzums tiek reizinats, lai
ieglitu emisijas no katra posma. Visi parametri tiek summgéti, lai iegiitu kop&jas gada emisijas.
Galu gala simulacijas perioda notiek emisiju uzkrasanas.

Kopégjas emisijas iegiitas, izmantojot raZoSanas struktiiru, jo neblitu precizi reizinat patérina
datus ar SEG emisijas koeficientu. Pieméram, parprodukcija arT veicina SEG emisijas, jo tiek
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sarazots vairak apgerbu, neka patéréts, un to razoSana, sadedzinasana un iznicinaSana ari rada
SEG emisijas.

Modela parbaude

Modela parbaude ir nepiecieSama, lai nodrosinatu, ka modelis ir pilnigs un derigs. Modelis
var biit uzticams tikai dalgji, jo tas nekad pilniba neatbildis faktiskajai sist€mai, tacu modeli var
uzskattt par uzticamu, ja to var dro$i izmantot. Modela validacija nodroSina modela uzticamibu.
Sisttmdinamikas modelu parbaudes testus iedala tris grupas: modela struktiiras parbaudes testi,
modela uzvedibas parbaudes testi un politikas ietekmes novertéjuma testi [54]. Vispirms tiek
noverteta modela struktiira, nenemot véra elementu savstarp&jo saistibu, un tikai p&c tam tiek
novertéta modela uzvediba. Tika veikti Cetrpadsmit verifikacijas testi, tostarp struktiras,
parametru un robezu atbilstibas (strukturalas un uzvedibas) parbaudes testi. Papildu testi ietvéra
ekstremalus apstaklus, izméru konsekvenci, uzvedibas reproducéSanu un prognozeSanu,
uzvedibas anomaliju noteikSanu, parsteiguma uzvedibu, politikas galgjibas un uzvedibas
jutigumu.

Politikas izstrade

Sistéemdinamikas modela politikas veidoSana ietver plismu regul@Sanu, biezi vien
izveidojot jaunu atgriezeniskas saites struktiiru vai vajinot vai pastiprinot eso$as atgriezeniskas
saites. Sakotngji ir jaatrod sviras punkti, kas maina plismu un krajumu uzvedibu. Ir divpadsmit
galvenie sviras punkti, kas tiek sakartoti pec to efektivitates. Piem&ram, divpadsmitais ir
konstantes, parametri un skaitli; pirma ir sp&ja parvarét paradigmas. Divpadsmita ir vismazak
efektiva, jo Sie sviras punkti reti maina uzvedibu ilgtermina, savukart pirmais ir visefektivakais,
jo tas var atrauties no esoSajam paradigmam un radit savas unikalas vertibas un prioritates
[136].

P&tfjuma [What Drives the Circular Economy? Textile Sorting or Consumtion Reduction]
gaita ir izstradati divi politikas instrumenti, kas darbojas divos dazados sviras punktos. Ta ka
sistéma ir vispariga un saméra liela meéroga, nevis, piemeram, viena tekstila uzn€muma sisteéma,
politikas instrumentu merkis ir paradit, kuram sviras punktam ir visbutiskaka ietekme uz
sistemas darbibu. Politikas instrumenti nav balstiti uz pasreiz planotajiem politikas pasakumiem
ES.

Pirmais politikas instruments ir patérina samazinasanas politika. Politikas instrumenta
struktliras pamata ir izaugsme un sabrukums. Sist€ma ir paradita 2.9. att€la. AugSanas un
sabrukSanas uzvedibu raksturo strukttira ar krajumu, kam ir ierobezota jauda. Jaudas signals
tiek aizkavets ta, ka, parsniedzot jaudu, notiek sabrukums, kam neseko atjaunosanas, jo ir
izveidojusies jauna samazinata jauda [137]. Savukart izstradata politikas instrumenta struktiira
ir nedaudz parveidota, jo apgérbu krajumu Ipatngjam pat€rinam nav ne jaudas, ne maksimala
patngja patérina. Politika izstradata, lai ta biitu atkariga no sistémas raditajam emisijam.
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2.9. attéls. Sistemas E dala: patérina samazinasanas politikas struktiira.

Politikas instruments neatspogulo politiku praks€. Tomér tas varétu biit, pieméram, politika
sabiedribas izpratnes veicinaSanai par vidi, ievieSot ilgtspgjibas mark&umus/logotipus, jo
sistéma ir atkariga no raditajam emisijam. Tiek noteikts kumulativs emisiju ierobezojums, kas
ir 1 miljards t COz ekv. Katru gadu raditas emisijas samazina krajuma v@rtibu. Emisiju ietekme
uz zaudéjumu dalu ir grafisks ietekmes uz zaud&jumu dalu att€lojums. Jo mazak pielaujamo
emisiju paliek, jo lielaka ietekme uz zaudeéjumu dalu. Zaud&jumu dala tiek atnemta no Ipatnéja
patérina pieauguma atruma, tadgjadi samazinot apgérbu Ipatné&jo patérinu.

Lai noteiktu jauno krajumu ietilpibu, ir pienemts, ka minimalais Tpatngjais paterins ir 5 kg
apgérba uz vienu iedzivotaju. Kad krajumu vértiba sak tuvoties minimalajai jaudai, minimala
patérina ietekme uz izmainu atrumu tuvojas nullei. Ietekme ir reizinatajs parametra
“specifiska patérina izmainu atrums”, tapéc, kad tas sasniedz nulli, arT izmainu atrums ir
nulle, un pateérin$ nemainas.

Otrs politikas instruments ir apgérbu SkiroSanas politika. Tas sastav no divam struktiiram.
Pirma struktira ir paradita 2.10. att€la. Tas pamata ir informacijas kampanas struktiira no
sisttmdinamikas modela, kuras mérkis ir prognozgt atjaunojamas energijas potencialu [138].
Struktiira ir orientéta uz mérki, ieklaujot informacijas aizkavi ar funkciju SMTHI. ST funkcija
veido ievades pirmas kartas eksponencialo gludumu. Sis funkcijas parametram seko efekts, kas
normalizé vértibu no 0 lidz 1. Efektu grafiski izsaka ar S formas likni. Iesp&jamiba un laika
aizkave ir iestatiti ta, lai ietekm@tu SkiroSanas atbalsta palielinaSanu vai samazinasanos.
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2.10. attels. Sistémas E dala: apgerbu $kiro$anas politikas atbalsta struktiira.

St politikas instrumenta struktiira nosaka politiska atbalsta intensitati. Ta ka politikas
instruments nav balstits praktiskaja politika, Sis atbalsts var bt jebkada veida, piemeram,
informativs un finansials atbalsts atkritumu apsaimniekoSanas uznpémumiem. Pamatvertiba
SkiroSanas atrumam un atsauces vertiba apgérbu parstrades atrumam ir no 2023. gada, jo tiek
pienemts, ka politikas veidotaju datu iegisanas laiks ir divi gadi. Paredzams, ka atbalsta
palielinaSanas vai samazinasanas laiks ir tr1s gadi.

Lai politikas instruments biitu praktiskaks, ieviesta papildu struktiira, paredzot pietickamas
SkiroSanas jaudas ievieSanu, lai sasniegtu velamo SkiroSanas atrumu. 2.11. att€ls ilustré So
struktiiru, kuras pamata ir bioekonomikas modela kapacitates struktiira [139]. Bioekonomikas
sisteémas razosanas jauda ir atkariga no pieejamajiem resursiem, un $aja gadijuma tas ir izmests
apgerbs. Tomér to ierobezo apgérbu Skiro$anas atbalsts, jo sniegtais atbalsts var nebt
pietickams, lai sakartotu visas izmestas drébes. Laika parametri tika pienemti, jo netika veikta
padzilinata literatiiras analize par apgérbu Skiro$anu. Modeli jaudas regulé$ana ilgst divus
gadus, uzstadiSanai vajadzigi tris gadi. Ekspluatacijas jaudas krajumam ievadplisma tika
pievienota, pamatojoties uz planoto jaudas pieaugumu katru gadu, pirms politikas instruments
sak darboties. 2025. gada, kad politikas instruments saks darboties, praksé Skirots apgerbs
aizstas §kiroto apgerbu.
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2.11. attels. Sisteémas F dala: apgérbu $kiroanas politikas jaudas uzstadiSanas struktira.

Sankey diagrammas

Sankey diagramma ir sist€mas sai$u, attiecibu un daudzumu vizuals att€lojums, tap&c ta var
koncentrét lasitaja uzmanibu uz bitiskako, vienlaikus saglabajot sistému vienkar$u [140]. So
metodi var izmantot, lai vienkar$otu un samazinatu sistému sarezgitibu. Saja pétijuma lielaka
dala sistemas parametru ir pliismas, tapec tika izveidotas Sankey diagrammas, lai padaritu
rezultatus lasamakus. SIEgtas saites, piem&ram, atkartoti izmantoto apgérbu ievade no
pardosanas parpalikumiem atpakal apgérbu mazumtirdznieciba, diagrammas netika paraditas,
bet tika paraditas ka jaunas plismas. Diagrammu izveidoSanai izmantots tieSsaistes riks

SankeyMATIC.

2.5. Izpluidust kognitiva karte (FCM)

Kvalitativo sistému analizi jeb kvalitativo model€Sanu arvien vairak izmanto, lai analiz&tu
sarezgTtu sisttmdinamiku. B. Kosko ieviesa izpludusas kognitivas kartes (FCM) ka riku
dinamiskai kvalitativo sistému uzvedibas uztverei un skaidroSanai. FCM arvien vairak izmanto,
lai model&tu un analizeétu kvalitativo sistému uzvedibu. PEd&jo 30 gadu laika §1 pieeja ir kluvusi
arvien popularaka, pateicoties vienkarSajam dizainam un zemajam skaitloSanas prasibam. Lai
model&tu socialo sisttmdinamiku, galvenokart izmanto divas pieejas — deduktivo un induktivo.
Deduktivaja pieeja izmanto zinasanas, kas iegiitas, intervEjot attiecigas jomas ekspertus,
savukart induktiva pieeja ir automatizeta un dalgji automatizeta pieeja, kas paredzeta FCM
noteikumu izp&€tei pamatojoties uz vesturiskajiem datiem [141], [142], [143], [144].
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Kopuma FCM ir vairakas priekSrocibas salidzinajuma ar tradicionalajam kvantitativas
modeléSanas pieejam. FCM priekSrocibas ietver, pieméram, sp&ju model&t datus ierobezotas
vides, izmantojot dabisko valodu, izteikt zinaSanas, uztveri, pieredzi vai uzskatus, ka tos
formul&jis eksperts vai ieintereséta persona, biezi ar neskaidru informaciju. Turklat FCM
rezultatus ir viegli interpret€t gan specialistiem, gan sabiedribai. Tomér, ja tos izmanto
kvalitativas sisttmdinamikas uzvedibas modelesanai, tradicionalajam FCM ir arl vairaki
trikumi. Sie trikumi liela méra ir saistiti ar nepilnigu:

1) celonsakaribas semantiku un ierobezotu c€lonsakaribas dinamiku uztveri, att€loSanu un

simulaciju;

2) laika attiecibu ieklauSanu;

3) difuzijas noteikSanu, att€losanu un simulaciju;

4) dinamikas simulaciju, izmantojot vienas slana perceptrona mehanismus.

Lai parvarétu Sos trikumus, ir izstradati vairaki FCM paplasinajumi, tacu lielaka dala
izstradato papla§indgjumu meégina risinat specifiskas problémas ar tradicionalo FCM un
nemg&gina risinat problémas, kas saistitas ar FCM dinamikas modelé$anu [14]-[16].

FCM sastav no jédzieniem (lingvistiskiem terminiem), kas tiek izteikti ar mezgliem.
Virzitas bultas ar skalam izskaidro attiecibas starp jédzieniem. Sie svarigumi apraksta
celonsakaribas stiprumu ar {-1,0} un {0,1}, kas attiecigi norada uz ce€lonsakaribas
samazina$anos un palielinaSanos. Jédzieni un to savstarpgjas attiecibas tiek att€lotas ar
mezgliem, un virzitas bultas ar to svarigumu izskaidro konkr&tas sisteémas izkartojumu. Tas tiek
att€lots matrica, kas lauj veikt standarta algebriskas operacijas, lai atrastu attiecibas starp
mezgliem. Kosko ieviestas FCM [10] tiek simulétas, izmantojot matematisko formulu, kas
izteikta 2.14. vienadojuma:

C,(t+1)=r _Z W;-Ci(1) (2.14)

kur

n — konceptu daudzums;

Cj(++1) — koncepta vertiba nakamaja iteracija;

Ci(t) — koncepta vertiba iteracijas laika;

Wi; — reciprocitates svarigums starp c€loni un ietekmi.

Tad tiek kartéts uz ieprieks noteiktu diskursa visumu, izmantojot transformacijas funkcijas.
Visbiezak sastopamas ir sigmoida un hiperboliskas transformacijas funkcijas rezultati FCM
saistiba ar model&Sanu un simulaciju.

Ideala gadijuma, modelgjot sarezgitu kvalitativu sistémdinamiku, vajadz&tu pielietot FCM
un spét uztvert un modelét c€lonsakaribas dinamiku. FCM ietver noteiktu c€lonsakaribas
dinamiku Tpa$ibu integraciju un uztverSanu, kas var ietvert, bet neaprobezojas ar sadiem:

e celonis var izpausties dazados apstaklos vai dazados veidos;
e celonis nevar bit divi stavokli vai stipribas piemers laika (divi stavokli ir iesp&jami
tikai kvantu superpozicija);
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e cctlonis ir pirms sekam, tapec laika atkariba ir raksturiga;

e ctlona ietekmei japalielinas vai jasamazinas;

e célonis noteikta stavokli var radit sekas, kas rodas dinamiskas laika nobides, laika
aizkaves vai laika samazinaSanas rezultata;

o céelonis var radit sekas, kas ir dinamiskas pozicijas vai speka izmainu rezultata (t. i.,
tas var biit nelinearas, nemonotoniskas un asimetriskas);

o efekts ir jiitams tikai tad, kad mainas procesa stavoklis vai speks;

e iectekme var biit relativu c€lonu rezultats.

Turklat parastas FCM un vairakus vienkar$a slana perceptrona rezultatus izmanto, lai
modelétu un izskaidrotu kvalitates sisttmdinamiku ka universalu notikumu. Tomeér
sisttmdinamikas c€lonsakariba var biit nosacita, iesp&jama vai ticama. Labakaja gadijuma FCM
atspogulo arT fragment&tu zinasanu nenoteiktibu un neprecizitati. So neprecizitati var attglot un
simul@t, izmantojot izpliidusas sistemas un FCM, ka to paredzgja Kosko [145]; vina pieeja ir
izplidusas logikas un maksligo neironu tiklu kombinacija.

Metodes lietosana bioproduktu novértesanai

FCM modelésanas metode pétijuma izmantota, lai salidzinatu dazadas razoSanas procesu
metodes. Ta palidzes saprast, kura no metodém vislabak atbilst ilgtsp&jibas krite€rijiem,
identificet potencialos skérslus, lai iegiitu uzticamus un objektivus rezultatus, un noskaidrot,
vai $ada veida integrétas analizes izmantoSana ir piemerota, lai salidzinatu dazadas p&tjjuma
aplikotas razoSanas procesu alternativas. FCM modelesana ir secigs darbibu kopums, kas
nodro§inas, ka petijuma meérkis tiek sasniegts caurspidiga un saprotama veida, lai analiz&tu
seSpadsmit razo$anas procesus.

Lai salidzinatu visus aprakstitos razo$anas procesus, ir jadefing vissvarigakie kritériji. Saja
procesa tiek izmantoti vairaki kritériji, padarot izv€les efektivakas, racionalakas un skaidrakas.
Analizes mérkis ir strukturét procesus, lai definetu merkus, noveértetu iesp&jamos alternativas
un salidzinatu tas no dazadam perspektivam. Izvert€jot prioritaros Kritérijus, tika izveleti $adi
kriteriji:

e vides aspekti;

e tehnologiskie aspekti;
e ckonomiskie aspekti;
e socialie aspekti.

64



Resursu pieejamiba

Atkritumu samazinasana

letekmes uz klimata
parmaipam samazinasana

Emisiju samazinasana

Inovacijas

Ekspluatacijas izmaksas

Atmaksasanas laiks

Lietderiba

Jaunu darba vietu skaits

Socialie aspekti

letekmes uz klimata
parmainam samazinasana

Troksna limenis

Tehnologiskas sarezgitibas
pakape

Tehnologisko iekartu
pieejamiba

Tehnologijam izmantota
platiba

Tehnologiska risindjuma

razo$anas jauda

2.12. attéls. Noverteto kritériju aspekti.

Nemot veéra informacijas pieejamibas, ilgtsp&jibas un lietderibas ierobezojumus,
model&sanai ir izveleti bioekonomikas skatupunkta raditaji.

Visi izvéletie kriteriji un apakskriteriji ir kvalitativi, tapec tiem japieskir skaitliskas vertibas,
pamatojoties uz pétfjuma veikto razoSanas procesu analizi. Kvalitativa raksturojuma pieeja,
at8kirtba no kvantitativo rezultatu pieejas, padara metodologijas apstiprinasanas dala iegttos
rezultatus subjektivakus. Tomér, ja biitu pieejami precizi kvantitativie dati par procesiem,
skatTjums uz lietderibas veiktspgju biitu ierobezots.

Katrs apakskriterijs tiks novertets ar vertibu no —1 Iidz 1, kur 1 norada uz stiprako saiti un
tas noradis uz labako, stiprako iespgjamo saiti no bioekonomikas un lietderibas skatupunkta.
Apakskriterija iegita vert§juma saite ir salidzinama ar augstako ievieSanas efektivitati.
Savukart zemakais vert€§jums -1 norada uz vajako saiti vai rezultatu no bioekonomikas un
lietderibas skatupunkta.

Metodologijas aprobacija

Pé&tijuma rezultatu alternativas ir 16 bioprodukti. Sis alternativas tiek novértstas ar FCM
metodi, izmantojot Mental Modeler riku, saskana ar Cetriem kriterijiem: vides,
ekonomiskajiem, socialajiem un tehnologiskajiem. Sie galvenie kritériji tieck konsolideti 16
apakskritérijos, un katra alternativa tiek novértéta skala no —1 lidz 1, kur -1 ir vajaka saite
(sliktaka) un 1 ir stipraka (labaka).

Kriteriju un apakskritériju savstarpéja saistiba

2.12. attels apkopo analiz€jamo vides, tehnologisko, ekonomisko un socialo aspektu
novert§jumus. Vides aspekti ilustré mijiedarbibu starp resursu pieejamibu, atkritumu
samazinasanu, ieteckmes uz klimata parmainam samazina$anu un emisiju samazinasanu.
Piem@ram, atkritumu un emisiju samazinasana negativi ietekme resursu pieejamibu, jo dalu no
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atkritumiem (blakusproduktiem) un emisijam var izmantot ka izejvielu citam razoSanas
procesam. Savukart atkritumu samazinasana ar spécigu pozitivu saiti tiesi pozitivi ietekmé vidi,
jo samazina piesarnojumu un tadejadi razoSanas procesos rodas mazak atkritumu vai tie nerodas
vispar. No §T skatupunkta ir apliikotas visu apaksSaspektu mijiedarbibas, kas kopa veido vienu
no Cetriem aspektiem. Vizuali var redzet zilu saiti, kurai ir pozitiva vertiba no 1 Iidz 0, un briinu
saiti, kuras vertiba ir no 0 Iidz —1. Jo biezaka ir krasa, jo liclaka ir tas pozitiva vai negativa
vertiba.

[ Vides aspekti | Ekonomiskie: | Socialie aspekti | | Tehnologiskie
3 = 2 | aspekti ) & ) a
= w8 [ Socialo risku
{ Investicijas L ,s,aj:na,zi,néjgua
Atkritumu | . Tehnologijam
i ) = = i i{ I
samazinasana Ekspluatacias ,,z,mgrlgta‘p,aﬂbg, =
[ Emisiju izmaksas ‘ ‘ Tehnologiskas
Eeanaiiaians J;un§ dgms ) sar;tgmbas pakape
| Troksna limenis .
Lietderiba o
letekmes uz | =) il
Kiimata Tehnologiska e
parmainam ‘ risinajuma razo$anas
samazinasana jauda
v Aimakstangs e — e
‘ Resursu laiks attiecksme |
| pieejamiba | Tehnologisko iekartu
pieejamiba

2.13. attels. Saiknes starp visiem Cetriem aspektiem un to apakskritérijiem.

Lai turpinatu modela veidoSanu, izmantotas iepriek§ aprakstitdas aspektu saites un
papildinatas ar katra no 16 razoSanas procesu nosaukumu blokiem un tadu paSu razoS$anas
procesa lietderibas bloku, kas nepiecieSams, lai modeléSanas riks vargtu aprékinat kop&jo
rezultatu konkrétam razoSanas procesam.
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Metodologijas aprobacija citronskabes razo$anas procesam

Visi 16 razoS$anas procesi ir analizéti un model&ti p&tijuma [Bioeconomy Towards Green
Deal. Case Study of Citric Acid Production through Fuzzy Cognitive Maps], tomér viens no
razoSanas procesiem tiks detalizeti paradits $aja petijuma, bet pargjo 15 razoSanas procesu
rezultati tiks novertéti arT rezultatu un diskusiju sadala, jo struktiira un pieeja ir analogiska

visiem raZoSanas procesu modeliem.
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——

Resursu 7Vndes aspEin .

L _samazinaana g Res
~Gilronskabes W —_— .
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Ekonomiskie
aspekti

| izmaksas /
//‘

__ —
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J »
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2.14. attels. Uzlabots citronskabes razosanas procesu vizualizacijas modelis.

Lai modela vizualizaciju butu vieglak saprast, vides aspektu grupa ir iekrasota zala krasa,
ekonomiskie aspekti — zila krasa, socialie aspekti — dzeltena krasa, bet tehnologiskie aspekti —
purpursarkana krasa. Savukart konkréta mainiga razoSanas procesa nosaukums un ta lietderibas
bloks ir iekrasoti oranza krasa.

Katram razoSanas procesam izveidotas saites katram no apakskritérijiem, noradot saites
stiprumu diapazona no -1 Iidz 1, pamatojoties uz ekspertu vertg§jumu. Pieméram, citronskabes
razoSanas atmaksasanas laiks ir salidzinosi 1ss, tap&c $ai saitei ir pozitiva veértiba 0,7. Tikmer
tehnologijai nepiecie$ama platiba ir aptuveni 1 ha, kas tiek novértéta ar 0,1 pozitivu vértibu.

Pabeidzot modela vizualizacijas dalu, katrai modela pozicijai var iegit kvantitativu

rezultatu. legttas vertibas ir paraditas 2.7. tabula.
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2.7. tabula.

Citronskabes razo$anas procesa kvantitativas vértibas

Komponents Ieksejais lenkis Argjais lenkis Centralitate
Citronskabe 0 6,949 6,949
Vides aspekti 4 1 5
Tehnologiskie aspekti 4 0,48 4,48
Socialie aspekti 4 0,2 42
Ekonomiskie aspekti 4 0,81 4,810
Atkritumi samazinasana 047 1400 1,87
Resursu pieejamiba 1,23 1,19 2,42
Ietekmes uz klimata parmainam 1,21 1 2,21
samazinasana
Emisiju samazinaSana 0,48 1,339 1,819
Atmaksasanas laiks 2,5 1 35
Lietderiba 0,52 1 3,5
Ekspluatacijas izmaksas 0,5 231 2,81
Investicijas 0,42 2 2,42
Socialo risku samazinasana 1,02 1,25 2,27
Troksna limenis 0,52 1,58 2,1
Sabiedribas atticksme 2,08 1,16 3,24
Jaunu darba vietu daudzums 0,09 2,09 2,179
Tehnologiska risinajuma razo$anas jauda 0,09 1,680 1,770
Tehnologiskas sarezgitibas pakape 1,44 1,28 2,7199
Tehnologijam izmantota platiba 0,42 1,28 1,7
Tehnologisko iekartu pieejamiba 0,960 1,44 2,4
Citronskabes razosanas lietderiba 2,49 0 2,49

Aspektu un apakskriteriju tabula ar ieglitajam vertibam ir sakartota péc centrala lieluma, t.
1., pozitivo un negativo saiSu kopskaita, kas parada visietekmigakos aspektus un apakskriterijus.
No tabula ieglitajam vértibam var secinat, ka no bioekonomikas viedokla visietekmigakais
citronskabes razosanas procesa aspekts ir vides aspekts, kam seko ekonomiskais aspekts. Tada
veida katru raZoSanas procesu var parskatit, un iesp&jamo razoSanas procesu var izvél&ties
atbilstosi jebkuram no piedavatajiem aspektiem. Protams, stradajot ar modeli, ir iesp&jams
mainit un skatit ieglitos rezultatus, prioritiz&jot socialo aspektu vai jebkuru citu nepiecieSamo
prioritati.

Kad katram apakskriterijam ir iegiitas kvantitativas vertibas, Mental Modeler 1ikam ir
iespgja pariet uz rezultatu sadalu. Galvenais merkis ir iegiit efektivus razoSanas procesa
rezultatus, kas biis diapazona no 0 Iidz 1.
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2.15. attels. Citronskabes raZzoSanas procesa rezultati.

2.15. attela redzams galvenais secinajums par citronskabes razoSanas procesu, proti,
citronskabes razosSanas efektivitate ir 0,97. Visi darba aprakstitie razoSanas procesi tiks
salidzinati ar So galapunktu. Ka redzams grafika, citronskabes razoSanas process vislielako
ieguldijumu sniedz vides un socialajos aspektos, bet vajakas vietas §adas ripnicas izveid€ biitu
saistitas ar investicijam un atmaksaSanos. Tas ir saistits ar lielu nepiecieSamo ripniecisko
iekartu un tehnologiju uzstadisanu, iegiistot salidzino§i mazu razo$anas jaudu. Nemot véra, ka
pétijums ir versts uz ilgtsp&jibu, lai sasniegtu ES Zala kursa mérkus, citronskabes razoSanas
procesa lietderiba ir loti augsta — 0,97. Ja modeléSanas fokuss biitu tikai uz ekonomiskajiem
aspektiem, $T raZoSanas procesa rezultats biitu mazak pozitivs. Tap&c tika mekléts veids, ka
model@t arT prioritasu izmainas.

Veidojot modeli, Mental Modeler 11ks nodro$ina arT iesp&ju ietekm@&t un mainit prioritates
rezultatu un scenariju bloku sadala. 18. att€la paraditi rezultati, kad vides aspekti tick samazinati
Iidz -0,49 un ekonomiskie aspekti palielinati Iidz 1. Tadgjadi tiek simul@ta situacija, kura
potencialais investors v€las noveértét, vai citronskabes razo$anas process ir ekonomiski
dzivotspéjigs, bet vides aspekti Skiet mazak svarigi. Sada situacija aplikotais scenarijs parada
lietderibas vértibu 0,71, kas ar ir nozimiga pozitiva vértiba un butu salidzinama ar citam
alternattvam.
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2.16. attels. Citronskabes razoSanas procesa rezultati ar paaugstinatu ekonomisko vertibu.
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3. REZULTATU APKOPOJUMS

3.1. Daudzkriteriju léemumu pienemsanas metode (MCDA)

3.1.1. Tekstilmaterialu aprites potenciala analizes piemers [75]

Ievaddati

Attieciba uz rezultatiem, péc daudzkritériju [Emumu pienemsanas metodes pielietojuma
tekstilmaterialu aprites potenciala analizes pieméra, ir nozimigi skaidri definét ievaddatus.
Visi no literatiiras apskata iegiitie ievaddati ir paraditi 3.1. tabula. Taja apkopoto vertibu avoti
ir uzskaititi turpmakajas apak$nodalas.

3.1. tabula.
TOPSIS analizes ievaddati

Alternativas

Kriteriji Modes tekstils Majas tekstils Tehniskais tekstils
Ietekme uz vidi, kg CO; ekv kg ! 30,42 5,06 81,45
Mazgasana, laiki 30 68 63
Paredzamais kalposanas laiks, gadi 3,13 4,06 6,13
Poligonos apglabatie atkritumi, % 70 68 78
Parstradatie atkritumi, % 13 16 5
Auduma izcelsme, % 60 70 80
Tirgus pieprasijums, miljardi EUR 511,39 103,31 177,53
Razo$anas apjoms, % 41 14 17
Starptautiska tirdznieciba, % 59 2 14
Darba razigums, tiiksto$i EUR 22 29 47
Pievienota vértiba, % 1,01 0,28 0,37
RazoSanas tehnologiju energoefektivitate, % 54 70 59
Inovacijas spgja, patenti 5001 127 3440
Nodarbinatiba, % 72 16 12
Uznémumi, % 75 16 9

Ietekme uz vidi

Galvenais informacijas avots par modes tekstilizstradajumiem bija Gongalves A. un Silva

C. parskata pétijums [51]. Vini apkopoja dazadu apgérbu ietekmi uz vidi. Analizei tika izvéléta
jaka, T-krekls un Cetru veidu dzemperi. Tika nemts vera tikai lietoSanas posms un aprites cikla
beigas. Jakas svars ir 0,9 kg, un tas globalas sasilSanas potencials (GSP) ir 25,3 kg CO2 ekv. uz
funkcionalo vienibu [146]. Tadgjadi 1 kg jaku GSP ir 28,1 kg CO2 ekv. T-kreklu kategorijai
GSP ir 5,3 kg CO2 eq kg! t-kreklu. Tika izmantoti dati par &etru veidu dzemperiem: vilnas,
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kokvilnas, maistjuma un akrila [147]. Vidgjais GSP ir 57,9 kg COz2 ekv kg™! dZzemperu.
Kopuma TOPSIS analizg tika izmantota vidgja vertiba.

Attieciba uz majas tekstilizstradajumiem izveélets astonu gultasvelu ACN péetijums [17].
Lielaka gultasvela bija kokvilnas, bet viena bija poliestera un kokvilnas maisfjums.
Tekstilizstradajumi at$kiras pec kopSanas veidaun krasu toniem. Aprékinatais videjais GSP
gultasvelai bija 4,2 kg CO2 ekv., un katra parauga virsmas svars bija aptuveni 115 gm™? un
virsma 7,2 m?. Tadgjadi parauga svars bija 0,8 kg, un GSP 1 kg gultasvelas ir 5,1 kg CO2 ekv.
Tika apliikots gandriz viss aprites cikls, iznemot aprites cikla beigas.

P&tfjuma izvéletie tehniskie tekstilizstradajumi: ar antipirénu (FR) apstradata vilna un ar
sudraba nanodalinam (AgNPs) apstradati poliestera aizkari. So izstradajumu ACN pétijuma
aplukota tikai lietoSanas faze un aprites cikla beigas [3]. Tap&c modes tekstilizstradajumiem
apliikoti tadi pasi aprites posmi. Ar FR apstradatiem vilnas aizkariem vid&jais GSP lietoSanas
posma ir 32 kg COz ekv kg™!. Ar AgNPs apstradatu poliestera aizkaru vidgjais GSP lieto$anas
posma ir Cetras reizes lielaks, jo §im izstradajumam ir nepiecieSams Cetras reizes vairak
mazgasanas. Ar FR apstradatas vilnas un ar AgNPs apstradatu poliestera aizkaru GSP aprites
beigu posma ir attiecigi 1,1 kg CO2 ekv. kg™ un 0,8 kg CO2 ekv. kg™

Sie dati ir iegiiti no uzticamiem pétfjumiem, tadu jaatzimé, ka pastav dazadas nepilnibas
salidzinaSanas procesa. Pieméram, tehniskajam un modes tekstilmaterialam tika nemta véra
aprites cikla beigu un lietoSanas faze, bet majas tekstilizstradajumiem tika nemts véra gandriz
viss aprites cikls. ArT ACN iegiitie dati ir atkarigi no izstradajuma izmantota materiala, valsts,
kura iegitas izejvielas, ka ar1 no ta, kur notika raZoSanas un lietoSanas posms. Lai nemtu véra
dazadu audumu veidu ietekmi uz vidi, izmantota vairaku izstradajumu vidéja GSP vértiba.

MazgaSana

Tekstilizstradajumu vidgjais mazgasanas laiks nemts no ACN pétfjumiem. Jaka paredz&ta
desmit mazgasanas reizém [146], bet T krekla kalpoSanas laiks ir aptuveni 52 mazgasanas reizes
[84]. DZemperiem tas ir 28 mazgaSanas reizes [147]. Vidgjais astonu gultasvelu mazgasanas
reizu skaits ir 68 [17]. Ar FR apstradatos vilnas aizkarus to kalpoSanas laika paredzets mazgat
25 reizes, un ar AgNPs apstradatos poliestera aizkarus var mazgat Cetras reizes biezak [3].

Paredzamais kalposanas laiks

Modes un majas tekstilizstradajumu paredzamais kalpoSanas laiks nemts no Starptautiskas
patérina tekstilizstradajumu taisniguma prasibu rokasgramatas [83]. Apgérbu vidgjais
kalpoSanas laiks ir 3,13 gadi. M3jas tekstilizstradajumu vidg€jais kalposanas laiks ir 4,06 gadi.
Dazi tekstilizstradajumi tika izslégti no vid&jas vertibas aprékiniem, jo tie neietilpa §1 p&tljuma
joma. Lai parliecinatos, ka raditaji vairak vai mazak atbilst realitatei, tie salidzinati ar datiem
no citiem literatiiras avotiem. Apvienotaja Karaliste veikta pirc€ju aptauja parada, ka apgerba
vidgjais aktivas lietoSanas laiks ir 3,3 gadi [68]. Gultasvelu mazga divas reizes ménesi, un ta
kalpo I1dz 60 mazgaSanas reiz€m [17], kas nozimg, ka tas kalpoSanas laiks ir 2,5 gadi. Tas atbilst
gultas parklaju, palagu un spilvendranu kalposanasilguma raditajiem [83].

Zinatniskaja literatiira nebija pieejami dati par tehnisko tekstilizstradajumu kalpoSanas
ilgumu, tapéc dati iegliti no uznémumu un emuaru Tmekla lapam. Ugunsizturiga darba apgerba

72



kalpoSanas laiks ir no viena Iidz Cetriem gadiem atkariba no izmantota tekstilmateriala [148].
NecaurSaujamu vestu paredzamais kalpoSanas laiks ir pieci gadi [149]. Labas kvalitates
komercialas teltis kalpo Iidz 10 gadiem [150]. Ar piikam un sint&tisko vati pilditu gulammaisu
kalpoSanas laiks ir attiecigi desmit un tris lidz Cetri gadi [151]. Vidgja vertiba aprékinata,
pamatojoties uz iepriek§ min&tajiem datiem.

Poligona apglabatie atkritumi un parstradatie atkritumi

Poligona apglabato atkritumi un parstradato atkritumu raditaju datu avots bija Amerikas
Savienoto Valstu Vides aizsardzibas agentiiras timekla vietne [135]. Taja ir konkréta
informacija par divam $im pétjjumam bitiskam grupam: apgérbu un apaviem, dvieliem,
gultasvelu un spilvendranam. Dati parada, ka gada sarazots 12 970 t modes tekstilizstradajumu,
no kuriem 9070 t noglabatas poligonos, un tikai 1690 t parstradatas. Lidzigi raditaji ir arl
attieciba uz majas tekstilizstradajumiem: sarazoti — 1520 t, poligonos noglabati — 1030 t, bet
parstradati — 240 t.

Nebija informacijas par tehnisko tekstilmaterialu plusmu, tapéc izdariti pien€mumi,
pamatojoties uz datiem par modes un majas tekstilizstradajumiem [135]. Abos gadijumos
aptuveni 17 % tiek sadedzinati, tap&c tada pati attieciba pienemta attieciba uz tehnisko tekstilu.
Tehniskajam tekstilmaterialam, piem&ram, aizsargtekstilam, ko izmanto tadas jomas ka
veselibas apripe, ugunsdzesiba, tiesibaizsardziba un razo$ana, nepiecieSama sarezgita parstrade
[3]. Tadgjadi pienemts, ka tehniskie tekstilizstradajumi tiek parstradati gandriz tris reizes mazak
neka apgerbi un majas tekstilizstradajumi.

Auduma izcelsme

Aptuveni 60 % Skiedru, ko izmanto modes tekstilizstradajumos, ir sint&tiskas [86]. No Siem
sintétiskajiem materialiem visplasak izmanto poliesteri. Majas tekstilizstradajumu grupa
izmanto v€l vairak sintétisko materialu — aptuveni 70 % [86]. Poliestera Tpatsvars ir 28 %, bet
neilona — 23 %. Tehniskajos tekstilizstradajumos sint&tisko Skiedru Ipatsvars ir lidzigs, bet
konkreti dati nav pieejami. Pienemts, ka lielako dalu sintétisko Skiedru izmanto tehnisko
tekstilizstradajumu razosana. Tadgjadi starpiba starp abam tekstilizstradajumu grupam tika
pieskaitita lielakajai attiecibai.

Tirgus pieprasijums

Visi dati par tirgus pieprasfjuma kriteriju ir salidzinami, jo tika izmantots tas pats bazes
gads. Pasaules apgerbu tirgus 2021. gada bija 511,39 miljardi EUR [152]. Pasaules majas
tekstilizstradajumu un tehnisko tekstilizstradajumu tirgus tika novertets attiecigi 103,31
miljarda EUR un 177,53 miljardu EUR apméra [153], [154].

RazZoS$anas apjoms

Apgerbu razoSana ir vado$a tekstilizstradajumu razoSanas nozare, tomér tehnisko
tekstilizstradajumu razoSana ir strauji augo$a nozare. ES 27 dalibvalstis apgérbu raZoSana
2021.gada veidoja 31 %, trikotazas izstradajumu — 6 %, bet apakivelas — 4 %. STs izstradajumu
grupas uzskata par modes tekstilizstradajumiem. Darba apgérbu razoSana netika nemta veéra, jo
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ta var biit gan modes, gan tehniskais tekstils. Majas un tehnisko tekstilizstradajumu razoSanas
patsvars 2021. gada bija attiecigi 14 % un 17 % [155].

Starptautiska tirdznieciba

Sim raditajam atlasiti tikai dati par ES [155]. 2021. gada eksportétie sieviesu apgerbi
veidoja 24 %, virieSu apgerbi — 12 %, bet citi trikotaZzas un austi apgerbi — 23 %. Majas un
tehnisko tekstilizstradajumu eksporta Ipatsvars bija attiecigi 2 % un 14 %. Jaatzimée, ka citas
valstis vai ekonomiskajas savienibas Sie raditaji var atSkirties un ietekmét kop&jos rezultatus
[155].

Darba razigums un pievienota vértiba

Darba raziguma datu iegtiSanai tika izmantoti Eiropas Komisijas dati par 2018. gadu [87],
jo globalie dati nav pieejami. Kopgja pievienota veértiba tekstilizstradajumiem un aksesuariem,
tehniskajiem un riipnieciskajiem tekstilizstradajumiem un majas tekstilizstradajumiem 2018.
gada bija attiecigi 19 586, 7121 un 5507 miljoni EUR. Darba razigums modes
tekstilizstradajumu nozaré 2018. gada bija 22 tikstosi EUR uz vienu nodarbinato. ST vértiba ir
par 14 % lielaka neka 2015. gada. M3ajsaimniecibas tekstilizstradajumu nozaré darba razigums
kops 2015. gada samazinajies par 2 %, bet joprojam bija lielaks neka modes tekstilizstradajumu
nozar€ — 29 tikstosi EUR uz vienu nodarbinato. Tehniska tekstila darba razigums laika posma
no 2015. 1idz 2019. gadam palielinajas par 5 % un vairak neka divas reizes parsniedza modes
tekstilizstradajumu nozari — 47 tiiksto§i EUR uz vienu nodarbinato [87].

Otrajam kriterijam tika atlasiti dati par tekstilizstradajumu pievienotas vertibas Ipatsvaru
salidzinajuma ar kop&jo ES-27 apstrades riipniecibas nozari 2018. gada. Tekstilpre¢u un
aksesuaru, majas tekstilizstradajumu un tehnisko un ripniecisko tekstilizstradajumu
pievienotas vertibas dala kop&ja razoSana bija attiecigi 1,01 %, 0,28 % un 0,37 % [87].

RaZo$anas tehnologiju energoefektivitate

Yasin S. et al. apkopoja piecu tekstilizstradajumu energijas patérinu [156]. Cetri
izstradajumi bija modes tekstilizstradajumi, bet viens — majas tekstilizstradajums. Viens modes
izstradajums $aja analize netika ieklauts, jo tas neietilpst §1 pétjjuma tvéruma. Poliestera biksu
razo$ana tiek pateréts 20 % energijas, poliestera blizu razo$ana — 98 %, bet dzinsu raZo$ana —
43 %. Aplukotais majsaimniecibas tekstilizstradajums bija kokvilnas aizkari, un to raZo$anai
tiek pateréti 70 % no kopgja aprites cikla energijas.

Lai iegiitu datus par tehniskajiem tekstilizstradajumiem, tika izvéléts ACN pétijums par
vilnas un neilona paklajiem [157]. Tika apvienoti dati no trim procesiem, lai iegiitu energijas
patérinu razo$anas posma — izejmaterialu razoSana, dzijas razoSana un paklaju flizu raZzoSana.
Neilona paklaju energijas paterins ir 18,67 MJ uz funkcionalo vienibu, kas ir 73 % no kopgja
energijas patérina. Vilnas paklaju razo$ana uz vienu funkcionalo vienibu tiek patéréti 9,22 MJ,
kas ir 45 % no kopgja energijas patérina. Turpmakaja analiz€ izmantota vidgja vertiba.
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Inovacijas speja

Sa raditaja ievaddati bija patenti, ko no 2015. 1idz 2019. gadam tekstilizstradajumu nozares
iesniegusas nozares lidervalstis. Sis valstis ir ES 27 dalibvalstis un Eiropas Brivas tirdzniecibas
asociacijas valstis, Korejas Republika, Amerikas Savienotas Valstis, Kina, Japana, Turcija,
Apvienota Karaliste, Indija un Vjetnama. Modes tekstilizstradajumu, majas tekstilizstradajumu
un tehnisko tekstilizstradajumu nozar€s iesniegto patentu skaits bija attiecigi 5001, 127 un 3440
[87].

Nodarbinatiba un uzpémumi

Saja parametra izmantoti dati bija par ES uznémumiem, jo nav datu par situdciju pasaulg.
2018. gada nodarbinato skaits modes tekstilizstradajumu, majas tekstilizstradajumu un tehnisko
tekstilizstradajumu nozar€ bija attiecigi 879 689, 191 916 un 150 920 darbinieku. Nodarbinatiba
majas tekstilizstradajumu un tehnisko tekstilizstradajumu nozaré kop$ 2015. gada ir
palielinajusies, savukart modes tekstilizstradajumu nozarg ta ir samazindjusies par 2 %.
Nodarbinato skaits modes tekstila, majas tekstila un tehniska tekstila uzn€mumos 2018. gada
bija attiecigi 120 339, 26 182 un 14 688 [87].

3.1.2. Jaukta tektstila atkritumu parstrades analizes piemers

Identificétie tekstilmaterialu parstrades produkti

Tekstilmaterialu parstrades produktu identific€Sanas rezultata tika atlasiti 27 zinatniski
raksti, kur analizéta tekstilmaterialu parstrade produktos. Lai varétu atlasit rakstus atbilstosi
izvirzitajiem kriterijiem, bija nepiecieSama turpmaka kvalitativa analize. Metodes lietoSana
bioproduktu novertesanai

FCM model&sanas metode petijuma izmantota, lai salidzinatu dazadas razoSanas procesu
metodes. Ta palidzés saprast, kura no metodém vislabak atbilst ilgtsp€jibas kriterijiem,
identificet potencialos sk&rslus, lai iegiitu uzticamus un objektivus rezultatus, un noskaidrot,
vai $ada veida integrétas analizes izmantoSana ir piemérota, lai salidzinatu dazadas petijjuma
aplikotas razoSanas procesu alternativas. FCM modelesana ir secigs darbibu kopums, kas
nodro§inas, ka petijuma meérkis tiek sasniegts caurspidiga un saprotama veida, lai analiz€tu
seSpadsmit razoSanas procesus.

Lai salidzinatu visus aprakstitos razo$anas procesus, ir jadefing vissvarigakie kriteriji. Saja
procesa tiek izmantoti vairaki kriteriji, padarot izvéles efektivakas, racionalakas un skaidrakas.
Analizes mérkis ir strukturét procesus, lai defin€tu merkus, noveértetu iesp&jamos alternativas
un salidzinatu tas no dazadam perspektivam. Izvertgjot prioritaros kriterijus, tika izveleti §adi
kriteriji:

Produktu saraksts, kas ieglits no Siem rakstiem, ir redzams 3.2. tabula. Astonos rakstos
tekstila atkritumu izcelsme bija industriala, kas nav atbilstoSi turpmakajai analizei, jo Sie
tekstilmateriali nav bijusi paklauti lietotaja izmantojumam. Lielaka dala rakstu koncentrgjas uz
noteikta veida tekstilmaterialiem vai to grupam; dazos gadijumos analiz&ti pat loti specifiski
tekstilmateriali, piemé&ram, zids, dZinss, liocels un ada.
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Karedzams 3.2. tabula, tikai Cetri raksti atbilda abu kriteriju kopumam un attiecas uz jauktu
pecpatérina tekstilmaterialu parstradi. Atlasttajos pétijumos iegitie produkti bija: (1) bioella un
tereftalskabe [8], (2) ar tekstilu pastiprinats kompozitmaterials biivniecibas vajadzibam [24],
3) tekstilSkiedras (kokvilna un neilons), spandeksa monomeri un
bis(2-hidroksietil)tereftalats [19], (4) uz micelija bazets kompozitmaterials siltumizolacijai
[25].
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3.2. tabula.

Tekstila parstrade ieglistamie produkti

Tekstila veids Indtlells(tsl;ii?slais Pecpaterina tekstils
Poliesters Poliuretana Tereftalskabe (TPA) [27], monoméri ka
putas [26] bis(2-hidroksietil)tereftalats (BHET) un
bis(2-hidrokstietil)tereftalamids [28], TPA un
etilénglikols [29]
Kokvilna Siltumizolacija ~ Kompozitmateriali rlipnieciskiem mérkiem [31], glikozes
[30] $kidums [32], [33], modes aksesuari [34], vermikomposts
méslojumam [35]
Neilons - Smalki Skiedraina membrana [36]
DZinss Skanu Ugunsizturiga kompozitplatne [38]
absorbgjoss
materials [37]
Zids - Luminiscgjosi oglekla punkti [39]
Liocels Smago metalu  —
adsorbents [40]
Ada Adai lidzigi -
dzijas pavedieni
[41]
Kokvilna/poliesters - Celulozes skiedras [42], celulozes un PET pléves [43],

Viskoze/poliesters un

viskoze/poliamids

AKrils un vilna

Kokvilna,

kokvilna/poliesters

un akrils

Jauktie tekstili

Siltumizolacija
[47]
Bioogles ka

auduma piedeva
(48]

3D drukas diegs [44], séniSu celulaze un poliesters [45]

Sintetiskas Skiedras un pienskabe [46]

Bioella un TPA [8], tekstila stiegrojuma kompoziti
biivniecibai [24], BHET kristali, spandeksa monoméri,
kokvilna un neilons [19], uz micélija bazéts
kompozitmaterials siltumizolacijai [25]

Ievaddati alternativu salidzinajumam

Turpmakajai TOPSIS analizei tika izvertéti produkti no Cetriem p&tjjumiem: (1) bioella un

tereftalskabe [8], (2) ar tekstila Skiedram pastiprinats kompozitmaterials biivniecibai [24], (3)

tekstila Skiedras (kokvilna un neilons), spandeksa monoméri un bis(2-hidroksietil)tereftalats

[19] un (4) uz micglija bazets kompozitmaterials siltumizolacijai [25]. Tiesi Sie p€tfjumi atlastti

petijumi, jo tajos aplikota jau lietotu, sajauktu tekstila atkritumu parstrade.

A. Matayeva et al. 2022. gada publicgja p&tijumu par sajaukta tekstila parstradi, izmantojot

hidrotermalo saskidrinaSanu [8]. Sajauktais tekstila atkritums tika simul@ts, izmantojot pasaule

izplatitas Skiedru proporcijas un apg€rbus no dazadiem materialiem. Apstrade notika
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laboratorijas meroga bez iepriekS€jas apstrades (pieméram, SkiroSana, krasvielu iznemsSana
utt.). Rezultati paradija, ka §T metode var nodrosinat 3—9 masas % bioellas un 38—54 masas %
TPA. Pedgjo var talak izmantot plastmasas, iepakojuma, tekstila, sveku, kompozitmaterialu,
krasu u. c. razosana [49]. Bioellas sastavs $aja pétjjuma ierobezo iesp&jas uzlabot to, lai
izmantotu ka degvielu, bet to varétu izmantot ka kimisko izejvielu [8].

Otra tekstila parstrades alternativa ir ar tekstila Skiedram pastiprinats kompozitmaterials
(TRC), kas paredzets buvniecibas vajadzibam [24]. Prototipa platnes tika izgatavotas
laboratorijas méroga, mehaniski ekstrudgjot sajauktus tekstila atkritumus un izmantojot
izotermisko karstspiedi térauda forma. Ka sekundara pildviela tika pievienotas méebelu
industrijas kokskaidas. Lai uzlabotu apstrades procesu un galaprodukta Ipasibas, izmantoti
maleiskabes anhidrida modificéts polipropiléns un polipropiléna tekstila vilnas audums ka
termoplastiska matricas faze. leglita materiala TpaSibas ir pielidzinamas kokskaidu platném. Tas
var izmantot nesos§as konstrukcijas, gridu un sienu sist€émas, ieks¢ja apdarg, pieméram, griestu
vai akustisko panelu veida [24].

TreSais pétijums apskata slégta cikla parstrades iespgjas, iegiistot BHET kristalus,
spandeksa monomerus, kokvilnu un neilonu no jauktu tekstila atkritumu [19]. Izmantota
metode bija kimiska parveide, izmantojot mikrovilpu atbalstitu glikolizi ar ZnO katalizatoru,
kam sekoja §kidinasana $kidinataja. Rezultata poliesters pilniba tika parveidots BHET kristalos
ar 93 % tiribu. Veértigakais ieglitais spandeksa monomérs bija 4,4'-metiléndianilins, tacu
nepiecieSama turpmaka optimizacija, lai palielinatu ta atlasamibu pret citiem difenila
savienojumiem. Skabe un krasvielas palika uz iegiitas kokvilnas, kas apgriitina turpmaku
parstradi. Ieglitajam neilona materialam bija samazinata molekulmasa, kas ierobezo ta
lietojumu, kur nepiecieSama augsta izturiba un kuSanas temperatiira. Kopuma metodes
turpmaka attistiba vartu veicinat globalas tekstila parstrades slégta cikla tpatsvaru Iidz 88 %
[19].

Ceturta analizeta alternativa bija uz micélija bazéts kompozitmaterials, kas paredzets
siltumizolacijai. Apskatitaja petjjuma [25] izstradats biokompozits, audzgjot Pleurotus
pulmonarius sénes uz agroindustrialajiem atkritumiem (zales nogriezném, sausam lapam un
cukurniedru atliekam) un sajauktiem, p&c pat€rina raduSiem tekstila atkritumiem.
Ievadmaterials bija parstradats tekstils, ko bija sagatavojis piegadatajs. Petijums demonstréja
veiksmigu tekstila izmantoSanu sénu audzeSanai, tadgjadi radot ilgtsp€jigu un izmaksu zina
efekttvu blivmaterialu.

Pirms TOPSIS apréekinu veikSanas ir jaapkopo katra produkta ievaddati. 10. tabula apkopoti
visi ievaddati, savukart nakamajas apaksnodalas aprakstiti datu avoti un pienemtas pienémumu
bazes.
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3.3. tabula.

Daudzkritériju lémumu analizes ievaddati (MCDA)

Alternativas
Bioella Tekstila BHET Kkristali, Micelija bazes
un stiegrojuma spandeksa kompozits
TPA kompozits monomeri, kokvilna,
Kriteriji neilons

Tetekme uz vidi, reizes 0,99 2,63 6,83 4,59
Resursu efektivitate, % 0 30 0 70
Ilgmuziba un parstradajamiba, punkti 3,5 3 6 3
Produkta cena, reizes 1,07 0,05 1,65 18,33
Tirgus pieprasijums, miljardi EUR 44 7 27 65
Tehnologiska gataviba, punkti 3 5 3 3
Izp&tes Iimenis, punkti 1 25 0 6
Tirgus konkurgtsp€ja, punkti 1 2 1 1
Socialie aspekti, punkti 4 6 1 9

Ietekme uz vidi

Lai novertetu ietekmi uz vidi, tika analizéti dzives cikla novertgjuma (LCA) petijumi.
Pirmajai alternativai vienlaicigi tika nemti véra divi produkti. Lidz ar to katra kriterija
izvertgjuma tika izmantota So produktu vidgja vertiba. Bioella tika salidzinata ar p&tfjumu, kur
bioella tika iegiita no lauksaimniecibas atkritumiem, izmantojot hidrotermalo apstradi [50]. ST
produkta ietekme uz globalo sasilsanu (GSP) no izejvielu ieglisanas 1idz vartiem bija 2,05 kg
CO2 ekv./kg. Vertgjuma ieklauti arT oglekla kvotas. Izmantota LCA metode bija ReCiPe.
Mingtaja pétijuma jaunais produkts netika salidzinats ar konvencionalo, tadé] GSP tika iegits
no Ecoinvent datubazes, izmantojot to pasu LCA metodi. Salidzinajumam tika izv€léta jélnafta,
jo pétijuma iegiita bioella nav tieSs fosila kurinama aizstaj&js un ta ir jaapstrada [8], [50].
Jelnaftas GSP globalaja tirgii ir 0,65 kg CO2 ekv./kg [51].

Nav pieejamu pétijumu, kuros 7PA4 butu iegiita ar hidrotermalo saskidrinasanu, tap&c
salidzindjumam izmantota biobazeta TPA, kas iegiita, ka izejvielu termiski ktmiska procesa
(atraja piroliz&)izmantojot miskantes. ST produkta GSP no izejvielu iegiisanas lidz robezvértibai
bija 1,04 kg CO2 ekv./kg [52]. Taja pasa petijuma 7PA tika salidzinata ar konvencionalo 7PA,
kuras GSP tika novértéts ka 1,72 kg CO2 ekv/kg.

TRC (tekstilskiedras kompozits) tika salidzinats ar LCA pétijumu, kura aplikoti
kompozitmateriali no dabigam $kiedram un parstradatiem tekstilizstradajumiem [53]. P&tijuma
nav noradits, kadam noliikam materiali paredz&ti. Atsauces materials bija kompozits no linu un
parstradatas poliestera tekstilSkiedras. Ta GSP no izejvielu ieguves lidz defingtajai robezai bija
3.0 kg CO2 ekv./kg. Ta ka pétijuma Sie materiali netika salidzinati ar konvencionaliem
produktiem, izmantots stiklSkiedras plastmasas GSP [54]. Izmantota metode bija ReCiPe
Midpoint (E), un iegitais GSP bija 7,9 kg CO2 ekv./kg.
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Tre$as alternativas petijums [28] atsaucas uz ieprieks veiktu LCA analizi par $o parstrades
procesu, kas tika izmantota ka references pétijums. Saja references pétijuma [28] aprakstija
PET pudelu parstradi BHET kristalos, izmantojot mikrovilnu palidzibu [55]. Iegtitais GSP bija
0,64 kg CO2 ekv./kg. Tas tika salidzinats ar konvencionalo BHET, kas iegiits no naftas, kura
GSP bija 4,37 kg COz ekv./kg. Sai alternativai tika nemts véra tikai viens produkts, kas iegits
ar vienu tehnologisko metodi. Tomé&r analiz&taja varianta izmantota papildu apstrade spandeksa
monoméru, neilona un kokvilnas atdaliSanai netika nemta vera.

Micelija bazes materials tika salidzinats ar LCA petfjumu, kura analiz&ts micélija izolacijas
materials no zagskaidam [56]. legiitais GSP bija 0,64 kg CO2 ekv./kg. Lielaka dala ietekmes
(95 %)uz CO:2 aprekina rezultatu bija saistita ar elektroenergiju, lidz ar to izejmateriali butiski
neietekméja rezultatu. Pétijums veikts Vacija, kur elektroenergija ir augsts fosilo resursu
patsvars, tapéc ietekme citos regionos varétu biit zemaka. Salidzinajumam izmantots
ekstrudetais polistirola izolacijas materials ar GSP 2,94 kg [56].

Resursu izmantoSanas efektivitate

Tikai divos gadijumos — TRC un micglija bazes kompozitos — tika konstateta papildu
izejmaterialu izmantoS$ana no parstradatiem atlikumiem. 7RC gadijuma mébelu riipniecibas
koksnes Skiedras tika izmantota ka otra pildviela, veidojot 30 % no materiala svara [24].
Micélija materialam nepiecie$ams lignocelulozes substrats, no kura séne barojas. Ka izejvielu
var izmantot dazadas augu izcelsmes vielas, pieméram, dzutu, linu un salmus [57]. Gomeza u.
¢. petfjuma tika izmantoti lauksaimniecibas atkritumi (nogrieztie zales stiebri, sausas lapas un
cukurniedru atliekas [25]), kas veidoja 70 % no substrata masas.

IlgmiiZiba un parstradajamiba

Bioellu iespg&jams izmantot ka kurinamo un dazadu produktu, piemeram, partikas aromatu,
aromatisko savienojumu, olefinu, sveku, limju, augu aizsardzibas lidzeklu un méslojumu,
razoSana [58]. Lielaka dala So precu ir vienreizlietojamas un nav parstradajamas. 7PA4 izmanto
plastmasas, iepakojuma, tekstila, sveku, kompozitmaterialu un krasu razosana [49]. Ta ka TPA
iespgjams izmantot tekstilizstradajumu razoSana, $aja analiz€ tas uzskatits par potenciali
parstradajamu slégta cikla. Tekstila vid€jais dzives cikls ir lidz seSiem gadiem [59].

Skiedru kompozitu parstrade ir izaicino3a to izturibas un kimiskas stabilitates d&l [60], [61],
lidz ar to TRC $aja analizg tika uzskatits par neparstradajamu. Ta ka TRC paredzgets biivniecibai,
ta kalpoSanas laiks parsniedz 10 gadus, jo €ku ilgmiiZiba tiek verteta robezas no 20 lidz pat
vairak neka 100 gadiem [62].

Andini u. c. petfjuma iegiitas tekstila Skiedras (neilons un kokvilna), spandeksa monoméri
un BHET kristali ir parstradajami tekstilizstradajumu razo$ana [19], tadel analize tika pienemts,
ka Siem produktiem iesp&jams nodrosinat slégta cikla parstradi. Ta ka parstrades iespgjas
attiecas uz tekstilizstradajumiem, tika pienemts to dzives cikls 1idz 10 gadiem.

Micélija bazes materiali tiek uzskatiti par biologiski noardamiem [63], tomér analiz&taja
gadijuma dala substrata sastav no jaukta tekstila, kas satur sintétiskas skiedras. Tadgjadi $ads
materials, visticamak, nav pilniba noardams, jo sintétiskais tekstils nav biologiski noardams
[64].
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Produkta cena

TPA cena tika ieglta no socialekonomiska pétijuma par PET enzimatiskas parstrades
procesu, lai iegiitu TPA [65]. Petijuma tika noteikta minimala pardosSanas cena — 1,93 USD/kg,
kas tika salidzinata ar jauna TPA 2021. gada tirgus cenu, kas bija aptuveni 1 USD/kg [65].
Attieciba uz bioellu tika izmantots piemérs no pétijuma, kura bioella ieglita no partikas
atkritumiem, izmantojot hidrotermisko oksidaciju [66]. Taja tika noteikta minimala pardosanas
cena 104 USD/tonna, bet tirgus cena tika noteikta 168 USD/tonna [66].

TRC cenas pétijumos netika konstatétas, tapec tika izpétitas Skiedru kompozitmaterialu
cenas. Viena pétfjuma apkopotas hibrido dabigo un sintétisko Skiedru kompozitu cenas
dazadiem lietojumiem. P&tfjuma apkopotas 144 produktu cenas [67], un aprékinos izmantota
vidgja vertiba — 12,15 USD/kg. Tapat ka vides ietekmes kritérija, arT Seit tika salidzinats ar
stikla Skiedras kompozitmaterialu. Ta ekonomiskie raditaji netika atrasti zinatniskaja literattira,
tap€c izmantoti tieSsaistes veikali. Tajos stikla skiedras kompozitmateriala cena bija robezas no
0,61 USD/kg I1dz 0,71 USD/kg [68]. Aprékinos tika izmantota vidgja vertiba.

Attieciba uz treSo alternativu netika mekléta salidzinama cena, jo process rada vairakus
produktus un ir loti inovativs. Turklat pats p&tfjums ietvera socialekonomisko novertgjumu, kas
precizak atspogulo ekonomisko sniegumu [19], tad&] $ai alternativai tika salidzinats investiciju
apjoms. Socialekonomiskaja novert€juma par jaukta sastava tekstila parstradi tika pienemts
tekstila ievades daudzums — 500 kg/h [19]. Pienemot projekta ekonomisko dzives ciklu 10 gadu
garuma tika aprékinatas kopg€jas ekspluatacijas izmaksas — 92,3 miljoni USD gada, un
kapitalizmaksas — 6,5 miljoni USD gada. Sie dati tika salidzinati ar konvencionalas BHET
razoSanas izmaksam — ekspluatacijas izmaksas 173,51 miljons USD gada, kapitalizmaksas —
38,69 miljoni USD gada [55]. Ta ka viena pétijuma noraditas gada kapitalizmaksas, bet otra —
kopgjas izmaksas, veikti aprekini, lai iegiitu salidzinamas kopgjas izmaksas. Tas aprekinatas,
izmantojot kapitala atgfiSanas likmes formulu [69], nemot véra projekta ilgumu un procentu
likmi [19].

Lai noteiktu aptuveno cenu ceturtajai alternativai, izmantots parskata raksts par micglija
materialiem [70]. Taja noraditas mic€lija bazes materialu vidgjas cenas un salidzinajums ar
poliméru materialiem. Micg€lija materialu cenas svarstas no 0,07 USD/kg lidz 0,17 USD/kg,
savukart poliméru materialu cenas —no 2,1 USD/kg lidz 2,3 USD/kg. Salidzina$anai izmantotas
vidgjas vertibas.

Tirgus pieprasijums

Lai nodrosinatu salidzinamibu, visi tirgus noveértéjumi tika veikti par vienu gadu — 2023.
gadu. Attiritas tereftalskabes (TPA) pasaules tirgus tika novertéts 78 miljardu USD apmera [71].
Bioellas tirgus 2023. gada tika lests 10,7 miljardu USD apméra [72]. Buivniecibas
kompozitmaterialu tirgus tika novertéts 6,88 miljardu USD apjoma [73]. Siltumizolacijas
materialu pasaules tirgus apjoms tika noveértéts 65,11 miljardu USD apmeéra [74]. Tresas
alternativas BHET kristalu tirgus novertgjumi netika atrasti, tade] tika aplikots no BHET
kristaliem iegtits PET [19]. Papildus analiz&ts parstradatas kokvilnas tirgus, nemot véra, ka PET
un kokvilna veido lielako dalu no gatavajiem produktiem. PET globalais tirgus tika 1&sts 48,43
miljardu USD apméra [75], bet parstradatas kokvilnas tirgus — 5,2 miljardu USD apméra [76].
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Tehnologiju gatavibas Iimenis

Tikai vienai alternativai — micélija materialiem — parskatito pétijumu autori bija veikusi TRL
novértgjumu [25]. ST tehnologija tika novértéta TRL 3 limeni. Pirmie divi TRL Iimeni aptver
tehnologiska koncepta izstradi, savukart treSaja Iiment tiek veikta koncepta eksperimentala vai
analitiska test€Sana [22]. Mic€lija materiala gadijuma tehnologija tiek attistita laboratorijas
apstaklos, testgjot tas Tpasibas.

Attieciba uz par§jam alternativam TRL noteikts, balstoties uz katra pétijjuma sniegto
informaciju. P&tjuma par pirmo alternativu tika noradits, ka pirmo reizi pieradits, ka
hidrotermiska saskidrinasana var apstradat jaukta sastava tekstila atkritumus [8], tapéc tika
pieskirts TRL 3. TRC pétijuma uzsverts, ka materiala vienkarSais raZzoSanas process liecina par
ta potencialu pariet no laboratorijas uz pilotrazosanu [24], tap&c Sai alternativai tika pieskirts
TRL 5, jo TRL 6 limeni notiek prototipa demonstracija atbilstosa vide [22]. TreSajai alternativai
tika pieskirts 7RL 3, jo laboratorija tiek testéts jauns koncepts un v&l nepiecieSami procesa
uzlabojumi [19].

Petijumu apjoms

Par pirmo alternativu ir veikts tikai viens cits p&tijums, kura analiz&ts parstrades process un
iegiitie produkti. Otrais petfjums, kas ir salidzino$i nesens, izmanto to paSu metodi, lai
parstradatu tekstilSkiedras bioella un TPA [77]. Abi pétijumi veikti viena un ta pasa autora
vadiba. Galvena atSkiriba ir izejmaterialos — izmantoti dazadi kokvilnas un poliestera
sajaukumi.

TRC joma ir salidzinosi labi izp&tita. Meklgjot informaciju, tika atrasti vairak neka 100
rezultati, tau parskatiti tika pirmie 25. Lai $1 kritérija ietvaros ierobeZotu parak plaso diapazonu
un mazinatu parskatamo rakstu skaitu, tika noteikts, ka maksimalais punktu skaits bus 25.
Petijumos  aplukoti dazadi kompozitmateriali, galvenokart no  industrialajiem
tekstilatkritumiem [78], [79], [80], izmantojot vienu [81], [82] vai vairakus [83], [84] tekstila
veidus, un visi bija paredzeti biivniecibas nozarei.

Meklgjot petijumus, kas 11dzigi tresajai alternativali, tika atrasti tikai divi rezultati, no kuriem
viens bija $aja darba analiz€tais raksts. Otrais atrastais p&tijums bija versts uz tekstila apstradi —
uz PET tekstila izgatavo$anu ar noturigu hidrofilu virsmu, izmantojot mikrovilpu asistétu
glikolizi [85]. Ta ka Seit tekstils tika apstradats, nevis parstradats, $is ptijums netika uzskatits
par atbilstosu. Lidz ar to nav citu lidzigu p&tijumu par treso alternativu.

Meklgjot petljumus par mic€liju un tekstilu, tika atrastas 35 publikacijas, no kuram sesas
bija precizi atbilda petamajam objektam. Daudzos pétijumos tekstils minéts tadel, ka micéliju
var izmantot tekstilam 1idzigu materialu, pieméram, maksligas adas izgatavosana. Tika atrasti
divi raksti, kuros tekstils izmantots ka substrats sénu audzéSanai. Ruiz et al. izstradaja uz
micelija bazétu kompozitmaterialu biivniecibas nozarei, izmantojot dzinsa audumu un
lauksaimniecibas atkritumus [86]. Otraja pétijuma tika izstradati biokompoziti ka alternativa
plastmasas iepakojuma produktiem, izmantojot kokvilnu un poliestera Skiedras ka izejvielu
[87]. Saja pétijuma netika izmantoti papildu biomases substrati. Pargjos ¢etrus pétijumus veica
Jiang et al., un tie bija vérsti uz vienu produkta veidu: biokompozita slanveida materialu [88],
[89], [90], [91]. Iegttais materials ir daudzslanu kompozits, kura visi materiali ir dabiskas
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izcelsmes. Tas ietver dabigas tekstilSkiedras ka virsmu, micg€lija savienotus lauksaimniecibas
atkritumus ka serdi un biologiskos svekus ka matricu [90].

Tirgus konkurétspéja

TPA un bioellas gadijuma par galveno Ipasibu tika izvElets iegiitais produkta iznakums. Ka
jau iepriek§ mingts, petijuma sasniegti $adi raditaji — 3-9 % bioellas un 38-54 % TPA [8].
Visizplatitaka TPA razoSanas tehnologija ir Mid-Century jeb AMOCO process, kurd parasti
iegiist 95 % TPA [49]. Tipiskais bioellas iznakums, izmantojot hidrotermalo saskidrinasanu, ir
no 24 % lidz 64 % [92].

TRC gadijuma pétijuma iegltie raditaji tika parbauditi un salidzinati ar standarta koksnes
skaidu plaksnu parametriem, pamatojoties uz ISO 16893:2016 [24]. Lidz ar to nebija jamekle
papildu salidzinajuma materiali. Kopuma materiala ipaSibas bija optimalas, un mitruma
izturibas raditaji parsniedza nepiecieSamo — tie bija ievérojami zemaki neka standarta noteiktie,
kas norada uz augstu izturibu pret mitrumu [24].

Tre$as alternativas gadijuma tikai viens no produktiem — BHET kristali ar 93 % tiribu un
iesp&ju panakt > 99 % ftiribu — bija pielidzinams tradicionalajam produktam [19]. Citiem
produktiem nepiecieSami turpmaki p&tijumi un optimizacija. Pieméram, lai uzlabotu 4,4'-
metiléndianilina selektivitati, ir nepiecieSama spandeksa monoméru apstrades procesa
pilnveide. Kokvilnas $kiedras joprojam ir atlikusas reaktivas krasvielas un to polimerizacijas
pakape ir samazinata, tap&c nepiecieSama padzilinata izp&te, lai iegfitu augstaku kvalitati. Ar1
neilona vid€jais molekularais svars ir samazinats. Lidz ar to janosaka optimalie apstrades
apstakli, kas nodrosinatu krasu atdaliSanu un molekularas masas saglabasanu [19].

Micélija kompozitmaterialam tika testStas Cetras TpaSibas: spiedes izturiba, stiepes izturiba,
elastibas modulis un siltumvaditspgja [25]. Ta ka $is materials paredz&ts siltumizolacijai, tiesi
siltumvaditspg&ja tika izv€leta salidzinasanai. Tika iegtti $adi raditaji: 1,04 + 0,17 W/mK (no
zales un sausajam lapam) un 0,85 + 0,02 W/mK (cukurniedru atlikumiem) [25]. Sie rezultati
salidzinati ar citu mic€lija materialu datiem un secinats, ka tekstila pievienoSana
siltumvaditsp&ju uzlabo. Tomér raditaji joprojam ieveérojami parsniedz tirgll pieejamos
risindjumus, piemeram, putupolistirola siltumvaditsp&ja ir 0,030-0,045 W/mK [93].

Socialie aspekti

Bioellas un 7PA razosanas procesa identificétie riski un ietekme uz veselibu ir noverteti ka
vid&ji — ikdienas darba veicgjiem tieSs apdraud&ums netiek identificéts. Tomer hidrotermalas
saSkidrinasanas process notiek paaugstinata temperatiira un spiediena, kas rada apdegumu un
eksplozijas risku [94]. Ar1$1iemesla d&| darbinieku kvalifikacijas Itmenis novertets ka vidgjs —
nepiecieSama inzeniertehniska izglitiba.

Kompozitmaterialu razoSana kopuma saistita ar toksisku vielu izraisitiem riskiem,
pieméram, kidrumu, tvaiku vai $kiedru dalinu ieelposanu [95]. Saja pétijuma iesp&jami
galvenie riski bija tekstila un koksnes putekli [24]. Ir pieradits, ka koksnes putekli ir cilvéka
kancerogéns [96]. Darba iesp&jas $aja razoSana tieck uzskatitas par vairaku prasmju limenu
darbavietam — process ir salidzinosi vienkarss, bet nepiecieSami inZenieri un citi specialisti [24].

83



Tresas alternativas kimiskas parstrades process tika novertets ka visbistamakais no visiem
analizétajiem. Tas saistits ar izmantoto un nakotné potenciali izmantojamo kimisko vielu
ietekmi, piem&ram, etilénglikolu, kas ir klasificets ka toksisks cilvekiem saskana ar REACH
[97]. Sadi parstrades procesi prasa augsti kvalificétu darbaspéku, kas spgj izstradat un uzturgt
jaunas tehnologijas un procesus [98].

Savukart mic€lija materialu raZzoSana sastav no salidzino$i vienkarSiem soliem [25].
Sakotngji tiek sagatavots substrats, nodro§inats atbilsto§s mitruma un pH Iimenis, tad substrats
tiek pasterizéts. Pec tam tiek pievienots sénu micélijs un sakas audzgsana. Pec audzgsanas tiek
veikta dehidracija, lai deaktivizétu micgliju. RazoSanas posma nav biitisku apdraudéjumu —
netiek izmantota nedz augsta temperattira, nedz bistamas kimiskas vielas. Izmantotas sénes
cilvéka veselibai nav kaitigas [99]. Vienkarsais process lauj nodro§inat darba iesp&jas dazadu
prasmju limenu darbiniekiem. Ta ka razoSana ir iesaistita arl mic€lija audz&Sana, ir
nepiecieSami arT augsti kvalificéti specialisti.

TOPSIS metode

P&c ievaddatu noteikSanas veikti aprékini, izmantojot TOPSIS metodi. Rezultati redzami
3.1. attela. Atbilsto§i daudzkritériju izveért§jumam visaugstako rezultatu (0,64) sasniedza
micélija bazes materials, tapéc tas novértéts ka vispiemérotakais risinajums. ST alternativa
atbilda idealajam vértibam Cetros kriterijos un vienlaikus sasniedza trTs antiidealas vertibas.

Pargjam alternativam antiidealo vertibu bija vairak: bioella un 7PA4 — Cetras, TRC — trTs, bet
BHET kristali, spandeksa monoméri un kokvilnas/neilona maisijums — piecas. Bioella un TPA
nesanéma nevienu idealo vertibu un kopvertéjuma ieguva viszemako rezultatu.
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3.1. att€ls. TOPSIS analizes rezultata iegitais alternativu vertéjums.

Katras alternativas normaliz&tie un svertie kritériju raditaji ir redzami 3.2. attéla. Ka
redzams, vislielakais attistibas potencials ir materialam, kura pamata ir micélijs, jo tas ir
salidzinosi labi izpétits un tam ir vienkarss raZzoSanas process. Ta ekonomiska dzivotspgja un
tirgus potencials ir loti augsts. Materialam ir arT nozimigas vides prieksrocibas, un to iesp&jams
razot no plasa spektra atkritumiem un blakusproduktiem. ST produkta vaja puse ir ta ipasibas
salidzinajuma ar tirgli pieejamajiem produktiem. Tomer $aja petijuma tika salidzinats tikai
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siltumvaditspgjas raditajs. Katra zina nepiecieSami turpmaki petijumi, lai optimiz&tu produkta
pasibas un izpétitu citas lietojuma iespgjas.
Vides ietekme

Sociatic aspekei Qe Resursu efektivitate

Tirgus konkurétspeja Ilgmaziba un parstradajamiba

P&tniecibas limenis Produkta cena
Tehnologiju briedums Tirgus pieprasijums
= Micglija bazes kompozitmaterials B Tekstila stiegrots kompozitmaterials
B Bioella un TPA B BHET kristali, spandeksa monoméri, kokvilna, neilons

3.2. att. Katrai alternativas visu kritériju standartiz&tie sveértie punkti.

Jutiguma analize

Jutiguma analize veikta, lai novértétu, ka analizes rezultati mainas atkariba no kriteriju
svaru izmainam. Analizéti visi ieklautie krit€riji. Lielakaja dala gadijjumu — astonos no
deviniem kritrijiem — micélija bazes materials saglabaja savu poziciju ka labaka alternativa.
Tas norada, ka arT svaru izmainu gadijuma daudzkriteriju analize $is risinajums saglaba stabilas
prieksrocibas.

Vienigais kriterijs, kura mic€lija bazes materials zaudga pirmo vietu, bija “P&tjjumu
Itmenis™ (sk. 3.3. att€lu). Ja §1 kritérija svars tiktu palielinats vismaz 1,5 reizes, par labako
alternativu klatu 7RC materials, jo TRC ir otra labaka alternativa un salidzinosi daudz vairak
pétita neka pargjas.
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3.3. att. Krit@rija “Petfjumu ltmenis” jutiguma analizes rezultati.

85



3.1.3. CO2 uzglabasanas mezZizstrades atlikumos analizes piemérs [90]

Uzkrata biogéna CO: daudzums jauna skiedru platnu izolacijas materiala astoniem
dazadiem uzskaites standartiem ir paradits 3.4. tabula. Uzglabatais daudzums ir aprekinats
vienam kubikmetram jaunam Skiedru platnu izolacijas materialam.

3.4. tabula.

Uzkratais biogénais COz atkariba no uzskaites standarta

Tehniskais standarts Uzglabatais CO;, kg/m®>  Avots
EN-15804 (2012) 359 [96]
ISO/DIS-21930 (2015) 251 [158]
EN-15804 (2012) +A1:2013 359 [96]
CEN/TR-16970 (2016) 359 [96]
EN-16485 (2014) 359 [96]
ISO/TS-14067 (2013) 90 [159]
PEF v2.2 (2016) 90 [159]
PAS-2050 (2011) 291 [160]

Standartiem EN-15804 (2012), EN-15804 (2012) +A1:2013, CEN/TR-16970 (2016) un
EN-16485 (2014) aprekinatais uzkrata CO2 daudzums ir vienads, jo tie visi ir balstiti uz vienu
un to pasu standartu EN-15804 (2012) un pienem, ka daudzums tiek aprékinats p&c ISO/TS-
14067 (2013) un PEF v2.2 (2016). Standartu pamata ir ieprieks€jo ISO-14040/44 standartu
ACN, un tie neatskiras uzkrata CO2 daudzuma aprékinasana.

EN-15804 standarta balstitie standartos ir noradits lielakais uzkrata CO2 daudzums viena
kubikmetra produkta — 359 kg CO2/m3, savukart vismazakais uzkrata CO: daudzums ir
standartos, kas balstiti uz ieprieksgjo 1SO-14040/44 ACN standartu — 90 kg CO2/m>. Nemot
vera visus standartus, ja netiek izvel€ta viena oglekla uzskaites metode, par galarezultatu var
pienemt vidgjo vertibu — 270 kg CO2/m? uzkrata COx.

Tris dazadu energijas razoSanas scenariju daudzkrit€riju analizei aprékinatas kritériju
vertibas un svarigums ir paraditi 3.5. tabula.
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3.5. tabula.

Kritériju vertibas un svarigums

Koksnes biomasas Dabasgazes Koksnes biomasa CP Kritériju

kogeneracija kogeneracija + PV paneli svars
Kurinama energgtiskais 1,56 2,26 1,10 0,079
saturs, GJ/m®
Kapitala izmaksas, EUR/m? 12,68 38,01 8,45 0,210
Degvielas izmaksas, 55,17 37,75 47,80 0,288
EUR/m?
O&M izmaksas, EUR/m? 1,10 0,94 0,89 0,152
Pirkta/pardota 3,84 -9,45 19,77 0,110
elektroenergija, EUR/m’
NOx emisijas, g/m® 3,14 4,95 2,36 0,028
CO emisijas, g/m3 0,86 5,78 0,64 0,016
GOS emisijas, g/m’ 0 4,95 0 0,020
PM emisijas, g/m® 4,7 0 3,5 0,040
CO; emisijas, kg/m? 0 90 0 0,057

Tris dazadu energijas razoSanas scenariju daudzkritériju analizes rezultati ir paraditi
3.4. attela.

Koksnes biomasas kogeneracijas stacija |

Dabasgazes kogeneracijas stacija

Scenariji

koksnes biomasa CP +PV paneli

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Relativais tuvums idealajam risinajumam

3.4. att. Daudzkriteriju lémumpienams$anas analizes rezultati.

Daudzkritériju analizes rezultati liecina, ka labakais energijas raZo$anas scenarijs ir koksnes
biomasas kogeneracijas stacija (0,622). Otraja vieta ir koksnes biomasas sadedzina$anas
iekartas un saules fotoelementu panelu scenarijs (0,531), kas tikai nedaudz apsteidz dabasgazes
kogeneracijas stacijas scenariju (0,490), lai gan paSlaik daudzkritériju analize liecina, ka
dabasgazes fosilo resursu izmantoSanas scenarijs ir salidzinosi tuvu vert€jumam salidzinajuma
ar dabasgazes izmantoSanas scenariju.

Dabasgazes kogeneracijas stacijas scendrija noveértéjums nakotné varétu samazinaties, jo
pasaulé arvien vairak tiek izmantoti atjaunojamie resursi. Tomér dabasgazes kogeneracijas
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staciju scenarijs joprojam ir japarskata un janem veéra, lai varétu skaidri paradit, ka ir labakas
alternativas, proti, koksnes biomasas kogeneracijas un sadedzina$anas ickartas. Lai to vél
vairak uzsvertu, biitu javeic detaliz&taki petfjumi, kuros janem vera gan kvantitativie, gan
kvalitativie dati, tostarp nozares ekspertu un uzp€mumu dati un viedokli. Turpmakajos
petijumos bitu jaizskata ar socialie un politiskie aspekti. Tas savukart vargtu bitiski ietekmet
dazadu energijas razo$anas scenariju novertéjumus, iesp&jams, palielinot atjaunojamo energijas
avotu scenariju novertgjumu, lai tie tiktu atziti par neparprotamiem favoritiem salidzinajuma ar
fosilo resursu izmantoSanu.

3.2. Aprites cikla novertejums (ACN)

3.2.1. Parstradati §kérsam Iiméti kokmateriali ka zemas ietekmes uz vidi neapstradata
materiala alternativa: Latvijas gadijuma izpéte

Parstradata CLT starpposma un beigu posma ietekme

Attieciba uz parstradato CLT vislielaka ietekme lielakaja dala kategoriju ir abiem limeSanas
procesiem. Abos procesos tiek izmantotas naftas produktu parstrades Iimes. Tresa lielaka
ietekme ir koksnes $kel$anai, kas uzrada vislielako ietekmi uz saldiidens eitrofikaciju un juras
eitrofikaciju. Saja procesa tiek patéréts visvairak energijas uz vienu funkcionalo vienibu (FV).
Ietekme zemes izmantoSanas kategorija liecina, ka gandriz visa parstradata CLT ietekme ir
saistita ar otro ITm&Sanu un presésanu (sk. 3.5. att.). Tas ir saistits ar neapstradata materiala
izmantoSanu, jo $aja gadijuma argja slana razosanai tika ieglitas primaras izejvielas, nodrosinot
identisku vizualo kvalitati ka jaunam CLT.
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3.5. att. Iesp&jama ietekme uz 1 m® §kérsam limé&tas koksnes potencidla rezultatu viduspunktu.

Attieciba uz galigo ietekmi (sk. 3.6. att.), izmantojot ReCiPe metodologiju, tika novértétas
tr1s kategorijas: cilvéku veseliba, ekosistema un resursi. Analize paradija, ka cilvéka veselibai
kategorija bija vislielaka ietekme ar vienu punktu, kas deva 3,68 Pt. Ari $aja gadijuma IiméS$anas
procesi veidoja vairak neka pusi no ietekmes, bet treSaja vieta bija koksnes SkelSana.
Ekosistemas ietekmes kategorija lielako ietekmi uzradija otra [ime&Sana ar PUR Iimi, kas veidoja
pusi no kopgjas ietekmes. Resursu kategorija ietekme bija vismazaka, jo $aja procesa netiek
izmantoti nekadi reti elementi un lielaka dala funkcionalo vienibu (FV) ir izgatavota no
atjaunojamiem materialiem.
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3.6. att€ls. Parstradatas $kérsam Iimétas koksnes 1 m? ietekme uz galigo vienoto raditaju.

Parstradata CLT un CLT viduspunkta un beigu posma ietekmes salidzinajums

Lai patiesi noveért€tu ieguvumus no otrreizgjas parstrades tehnologijas izmantoSanas,
parstradatais CLT tika salidzinats ar CLT, izmantojot viduspunkta un beigu posma raditajus,
kas parada katra produkta ietekmi, laujot veikt salidzinajumu. Salidzinot starpposma raditajus
(sk. 3.7. att.), gandriz visas ietekmes kategorijas parstradata CLT FV ietekme ir mazaka.
Vienigais iznémums, kur parstradatais CLT uzrada lielaku negativo ietekmi, ir eitrofikacijas
kategorijas, kas saldiidens eitrofikacijai rada 0,48 kg fosfora ekvivalentu un 0,36 kg slapekla
ekvivalentu. ST ietekme ir saistita ar nepareizu biomasas atlicku apglabasanu [36], tapéc dazas
no $aja pétijuma minétajam ietekmém varétu but saistitas ar zagskaidu apglabasanu.
Ievérojamakie uzlabojumi ir globalas sasilSanas, zemes izmantoSanas un sauszemes
ekotoksicitates ietekmes kategorijas.
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3.6. tabula.

Parstradata $kérsam ITmétas koksnes (parstradata CLT) un §kérsam [imé&tu kokmaterialu 1 m?
garuma potenciala ietekme uz vidusposmu

Ietekmes kategorija Vieniba ReCLT CLT
Globala sasilsana kg CO; ekv. 82,76 151,24
Stratosferas ozona noardiSanas kg CFC11 ekv. 0,00006 0,00017
Jonizgjosais starojums kBq Co-60 ekv. 3,96 16,73
Ozona veidoSanas, cilvéka veseliba kg NOx ekv. 0,23 0,87
Smalko dalinu veidoSanas kg PM2,5 ekv. 0,11 0,38
Ozona veidoSanas, sauszemes ekosisttmas kg NO ekv., 0,24 0,92
Sauszemes paskabinasanas kg SO, ekv. 0,26 0,56
Saldadens eitrofikacija kg Peq 0,54 0,06
Jurras eitrofikacija kg N ekv. 0,049 0,013
Sauszemes ekotoksicitate kg 1,4-DCB 2302,88 4243,63
Saldiidens ekotoksicitate kg 1,4-DCB 3,80 6,11
Juras ekotoksicitate kg 1,4-DCB 6,82 12,93
Kancerogéna toksicitate cilvekiem kg 1,4-DCB 15,35 36,44
Toksicitate cilvekiem, kas nav kancerogéna kg 1,4-DCB 94,98 153,25
Zemes izmantoSana m? kultliraugu ekvivalents 94,08 861,79
Derigo izraktenu resursu trukums kg Cu ekv. 0,26 0,48
Fosilo resursu trikums kg naftas ekv. 23,33 46,78
Udens paterin§ m? 0,63 1,81

Parstradata CLT uzrada ievérojamaku negativu ietekmi uz saldidens un jiiras eitrofikacijas
kategorijam, un tas var bt saistits ar [im&Sanas procesa izveéleto amonija sulfata cietinataju.
Relativais ietekmes salidzinajums viduspunkta ir paradits 22. att€la, paradot parstradata CLT
proporcionalos ieguvumus, jo Ipasi zemes izmantoSanas kategorija.
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3.7. attéls. Iesp&jama ietekme uz 1 m? vid&jo posmu parstradatas skérsam Iimétas koksnes
(parstradata CLT) un jaunas Skérsam limétas koksnes (CLT).

Apkopotais ietekmes salidzinajums ir paradits péc gala posma, izmantojot vienoto rezultatu
(sk. 3.8. att.), kas atkal parada, ka parstradata CLT akumulé mazaku negativo ietekmi, salidzinot
ar jaunu CLT, ar gandriz 60 % samazinatu kait€jumu cilvéku veselibai un vairak neka 80 %
samazinatu kait€jumu ekosistemai, bet vismazakais samazinajums ir 50 % resursu kategorija.
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3.8. attels. Parstradata sk&rsam Iim&tas koksnes (parstradata CLT) un jaunas $k&rsam Iimé&tas
koksne (CLT) ietekme uz gala punktu ar vienu rezultatu.
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3.2.2. Jaukto tekstilizstradajumu pilnigas dzives cikla analzes triikkums

Otrs ACN piemérs kalpoja, lai aprakstitu ierobezojumus un pienémumus, kas ir izmantoti
kokvilnas un poliestera maisfjumu vides novértgjumos. Saja pieméra tika izmantotas divas
metodes bibliometriska metode ar literattras analizi, gan aprites cikla novertgjums.

Lai izmantotu aprites cikla novert§jumu ka bazes modeli, izmantots ACN pétijums par
medicinisko darba apgerbu [50], kam bija visdetalizétaka aprites cikla inventarizacija. Tas ir
arT vienigais pétfjums, kurd ieklauti visi raZoSanas procesi. Scenariji veidoti bez fidens
emisijam, lai samazinatu nenoteiktibu, jo tas biitu papildu nezinamais mainigais. Turklat tika
izveidots scenarijs, izmantojot iebiivétos FEcoinvent procesus: sintétisko Skiedru ausanu,
nepartrauktu kokvilnas Skiedru krasoSanu un kokvilnas audumu apdari. Lai scenarijs biitu
salidzinams ar pargjiem, pargjie procesi tika izmantoti bez tidens emisijam, tacu japatur prata,
ka Ecoinvent procesos ir ieklautas emisijas.

Ietekmes kategorijas un raZoSanas procesi

Pirmkart, analiz&ts bazes scenarijs, Tpasi apliikojot razoSanas procesu ietekmes sadalfjumu.
Aprites cikla ietekmes novertgjums sniedz rezultatus vairakam ietekmes kategorijam.
Izvéletajai metodei ir 18 ietekmes kategorijas, katrai no tam ir atbilstoSa mérvieniba. Tomer,
lai salidzinatu kategorijas, ir japariet uz kop&u mérvienibu. To panak normaliz&jot. Tas ir
process, kura tiek normalizétas ietekmes kategorijas viena dimensija un paraditi rezultati
plasaka konteksta, kas norada katras kategorijas ietekmi attiectba pret kopgjo ietekmi uz vidi
[161]. Bazes scenarija normaliz&tas vertibas ir redzamas 3.9. att€la. Grafika ir ieklautas visas
kategorijas, kuru normalizgtas vertibas ir lielakas par 0,0020, iznemot globalo sasilSanu
(0,0016), kas arT tika ieklauta ka plasi izmantota kategorija ietekmes uz vidi novert&jumos.
Japiebilst, ka rezultati nav originali, jo modela pamata ir eso$s pétijums [50]. Tomér rezultati
netiek prezenteti un analiz&ti $ada veida, tapéc §adi noverojumi ir originali.
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3.9. attels. Normalizgti rezultati pec ietekmes kategorijam kokvilnas un poliestera maisijumu
razoSanas bazes scenarijam.

Var noverot, ka galvenas ietekmes kategorijas ir saistitas ar toksicitati (cilvéka kancerogéna
toksicitate, jiiras ekotoksicitate un saldiidens ekotoksicitate), tap&c ir svarigi nodrosinat pilnigu
aprites cikla inventarizaciju, ieklaujot kimikalijas, jo tas ir galvenais toksicitates avots. No
ievaditajam kimiskajam vielam vislielaka ietekme bija natrija hidroksidam, kas izskaidrojams
ar izmantoto daudzumu, jo natrija ditionitam ir vislielaka ietekme 4. scenarija, kas balstits uz
publikacija ietvertajiem uzp@muma BO0S5 datiem. Ir ar1 jaatzime, ka globalas sasilSanas
kategorijai ir salidzinoSi neliela ietekme uz kopgjo ietekmi uz vidi. Tas bltu janem véra,
analiz§jot tekstilizstradajumu ekologiskos raksturlielumus. Aplikojot iesaistito procesu
sadalijumu, vislielaka ietekme uz vidi ir izejvielu — kokvilnas un poliestera $kiedru — ieguvei,
kam seko priekSapstrade. Janem vera, ka tas attiecas uz bazes scenariju, jo ietekmes sadalfjums
mainas, aplikojot citus scenarijus. Atsauces p&tijums uzrada lidzigus rezultatus [50], jo otra
lielaka ietekme bija saistita ar izejvielu ieguvi, savukart pirma bija saistita ar izmantoSanas fazi,
kas neietilpst §1 petfjuma ietvaros.

Notekiidenu nozime

Viens no analizes mérkiem bija noskaidrot, vai tidens emisiju izslégSana no aprites cikla
inventarizacijas biitiski maina rezultatus. Tika izstradati divi bazes scenariji — ar un bez
emisijam tudent. P& tam rezultati tika salidzinati sava starpa, un tika konstatéts, ka 11 no 18
ietekmes kategorijam bija vienadi rezultati. Rezultati butiski atSkiras sesas kategorijas, kas
paraditas 3.10. attéla. STm kategorijam ir vislielaka ietekme uz vidi salidzindjuma ar pargjam,
iznemot cilveku nekancerogénu toksicitati, kas uzrada vislielakas variacijas, bet nav tik
ietekmiga ka pargjas. Turpretim 10 % atSkiribu parada cilvéka kancerogéna toksicitate, kurai ir
vislielaka ietekme uz vidi no visam kategorijam. Kopuma Sie rezultati liecina, ka detalizetas
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tidens emisijas ir pamatoti ieklaut aprites cikla inventarizacija, jo tas ietekmé galvenas ietekmes
uz vidi kategorijas jauktas tekstilizstradajumu raZoSanas konteksta.

Cilvéku nekancerogéna ietekme I . 54.9%
Cilvéku kancerogéna ietekme M  9.5%
Saludens ekotoksicitate ¥ 2.2%
Saldddens ekotoksicitate yn  1.8%

Saludens eitrofikacija @ 1.3%

letekmes kategorija

Saldadens eitrofikacija . 1.3%
0% 10% 20% 30% 40% 50% 60%

Izmainas, ja tiek ieklautas udens emisijas

3.10. attels. Rezultatu variacijas, ieklaujot detalizetas tidens emisijas kokvilnas un poliestera
maistjumu razosana.

Scenariju salidzinajums

Ka minéts ieprieks, $1 petijuma mérkis nav ieglit konkretus skaitliskus rezultatus, bet gan
aplakot rezultatu atSkiribas. Tap&c katram scenarijam iegitie rezultati tika salidzinati ar bazes
scenarijiem bez emisijam tdent un izteikti procentos. 3.11. att€la ir apkopoti visu ietekmes
kategoriju scenarijos iegiitie rezultati.

Globala sasilsana

Udens patérins 900% éras ozona slana
800%
Fosilo resursu trikums 700% Jonizéjosa radiacija
600%
Minerélo resursu trikums i Ozona veido$anas, cilvéka veseliba

200%

300%
00% Smalko dalinu veido$anas

Ozona veido3anas, sauszemes ekosistémas

Zemes platibas izmanto$ana

Cilvéku nekancerogéna ietekme

Cilveku kancerogéna ietekme Sauszemes acidifikacija

Saladens ekotoksicitate Saldudens eitrofikacija
Saldadens ekotoksicitate Saludens eitrofikacija

Sauszemes ekotoksicitate

Scenarijs 4 (B05 kompanija)
— Scenarijs 3 (slimnicas formastérps) Scenarijs 2 (BAT)

Scenarijs 5 (2018 audums)
Bazes scenarijs ar Gdens emisijam

m— SceNarijs 6 (ecoinvent procesi)

Bazes scenarijs bez ddens emisijam

3.11. attels. Rezultatu salidzinajums pa ietekmes kategorijam, par atsauci izmantojot bazes
scenariju bez tidens emisijam.

2. un 3. scenarijs parada vismazakas atSkirtbas no literatira balstitiem scenarijiem,
salidzinot ar bazes scenariju bez emisijam @ident, ar vidéjam atskirtbam attiecigi 6 % un 8 %.
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Sie scenariji ir balstiti uz LPTP un slimnicas vienotu pé&tijumu [56], [162]. Nelielo atikiribu var
izskaidrot ar to, ka avoti sniedz vismazak datu par energiju un tdeni, kas uzsver $o datu
nozimigumu, un 3. scenarija p&tfjuma bija dati tikai par vienu no trim procesiem. Diagramma
ar parada, ka nevienam no literatlira balstitajiem scenarijiem nav mazakas ietekmes uz vidi
neka bazes scenarijam. Tas nozimé, ka bazes scenarijs ir labakais scenarijs attieciba uz ietekmi
uz vidi, vismaz saskana ar literatiira pieejamajiem datiem. Tomér ta pamata ir kokvilnas
razosana, tap&c to nevar uzskatit par labako variantu jauktu tekstilizstradajumu noveértésanai. 6.
scenarijs ar Ecoinvent procesiem uzradija vidé&ji tikai 1 % atSkirtbu no bazes linijas, tacu dazas
kategorijas ietekme uz vidi bija mazaka. Tom@r rezultats liecina, ka nav jaizdara lielaki
pien€mumi un japadara modelis visparigaks, izmantojot Ecoinvent ieblivétos procesus.
Bitiskakas izmainas konstatétas 4. un 5. scenarija ar vidgji 288 % un 81 %. 5. scenarija pamata
ir Y. Zhang et al. petijums [163], kura ipaSi aplikots CO/PES maistjums, bet izmantoti
ierobezoti ievaddati. Saja scenarija tika mainitas tikai divas kimiskas vielas, bet gandriz visas
adens un energijas ievades tika mainitas, noradot, ka idens un energijas dati, visticamak, bija
atbildigi par lielajam izmainam. 5. scenarija, tapat ka 4. scenarija, tikai Cetras kategorijas ir
relativi atbilstoSas bazes scenarijam — stratosfeéras ozona noardisanas, jiiras eitrofikacija, zemes
izmanto3ana un fidens paterin3. Udens patérina kategorija biitiski nemainas, lai gan 5. scenarija
idens paterin$ palielinds, jo §1s kategorijas ietekmi galvenokart nosaka kokvilnas ieguve.
4. scenarija at3kiribas svarstas no 3 % Iidz 772 %. Sim scenarijam ir visvairak izmainu ievades
parametros. Natrija ditionttam ir vislielaka ietekme, jo to izmanto loti lielos daudzumos
salidzinajuma ar bazes scenariju. Nemot véra, ka 1 scenarija dati ir no 2003. gada [164],
iespgjams, ka lielas rezultata izmainas rada novecojusas tehnologijas. Diagramma redzami
specigi maksimumi astonam kategorijam, kas parsniedz 350 % atSkiribu. Piecam no $im
kategorijam ir relativi nozimiga ietekme uz vidi, 4. un 5. scenarijs parada, ka rezultati var
ieveérojami atSkirties, pamatojoties uz literatiira pieejamajiem datiem, un uzsver nepiecieSamibu
péc pasas DCI CO/PES maistjumiem.

3.3. Bibliometriska analize

3.3.1. Jaukto tekstilizstradajumu bibliometriskas analizes piemérs

ACN metodes pieméra tika aprakstiti ierobeZojumi un pienémumi, kas ir izmantoti
kokvilnas un poliestera maisfjumu vides novértgjumos. Saja gadijuma dati tika iegati ar
bibliometriskas analizes palidzibu.

Rezultata tika identificéts 31 atslégvards, kas tika lietots 12 vai vairakas reizes. Atslégvardi
bija saistiti ar 278 saitém un veidoja Cetras kopas. Atslégvardi un to saites ir paraditas 3.12.
attela. Popularakais atslegvards bija atkritumi (36 gadfjumi), kam sekoja tekstilizstradajumi (35
gadijumi), p&c tam sekoja aprites cikla novertgjums un notekiideni (34 gadijumi). Aplikojot
kopgjo saites stiprumu, seciba bija lidziga, iznemot otro specigako saikni, ko parada ilgtsp&jiba,
kas norada uz augstu korelaciju ar citiem vardiem, lai gan sastopama mazak neka citi vardi.

Vislielaka kopa bija ap atslégvardiem “notekiideni” un “degradacija”, kas norada, ka lielaka
dala pétijumu $aja joma attiecas uz tekstilizstradajumu notekiideniem un tekstilizstradajumu
dzives beigam. Nakamais klasteris p&c lieluma bija ap atslegvardiem “atkritumi” un
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“tekstilizstradajumi”, saistot tadus vardus ka mehaniska veiktsp&ja, paradot, ka tiek veikti
petijumi arT par jauktu tekstilizstradajumu tehnisko pusi. Pedgjais butiskais klasteris bija ap
atslegvardu “aprites cikla novertg§jums”, kas nozime, ka tiek veikti petfjumi par jauktu
tekstilizstradajumu ietekmi uz vidi visa to dzives cikla, nemot véra ilgtsp&jibas un aprites
ekonomikas aspektus.

Svarigs atklajums, ka aprites cikla novertejums nav ciesi saistits ar notekideniem, jo tas
nav saistits ar tadiem terminiem ka notekuideni, toksicitate un smagie metali. Tas liek domat,
ka esoSajos ACN pétijumos par jauktiem tekstilizstradajumiem, visticamak, maz uzmanibas
tiks pieversts notekiideniem un to toksiskajai iedarbibai. Tapat neparadas ar siltumnicefekta
gazém saistiti atslégvardi, kas nozimée, ka Sis aspekts nav pietiekami izp@tits vai var nebiit
butisks, apsverot jaukta tekstila ietekmi uz vidi.
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3.12. att€ls. Atslégvardu Iidzasparadisanas ar vismaz 12 atbilstibu slieksni.

Kokvilnas un poliestera maisijumu raZosanas vides noveértéjums

Tika izskatiti daudzi parskata un originalie pétfjumi, pirms bija iesp&jams apkopot
pétijumus par CO/PES razoSanas ietekmi uz vidi, kas attiecas uz $o p&tijumu. Lielaka dala no
apskatitajiem pétijjumiem tiesi neattiecas uz CO/PES maistjumu razoSanu [52], [165], un
izmanto visparigus datus [57], vai izmanto ieprieks izveidotus procesus no tadam datu bazém
ka Ecoinvent [166], vai nesniedz detalizétus ievades datus [167]. Tika apstiprinats, ka literattira
nav pieejama pilniga CO/PES razoSanas aprites cikla inventarizacija (ACI). Tomer tika atrasti
vairaki petjjumi un zinojumi ar datiem, kas dalg&ji aptver razoSanu (sk. 3.7. tabulu).
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P&ttjumi un zinojumi, kas dal&ji aptver datus par CO/PES razoSanas ietekmi uz vidi

3.7. tabula.

Produkts Materials Ieklautie procesi Ieklautie dati Visparigs pienémums IzdoSanas gads  Avots
Mediciniskais CO/PES dzijas vérpsana, Ievade: energija, idens,  Visi dati nemti no kokvilnas 2023. gads [50]
darba apgerbs cietinasana, au$ana, kimiskas vielas. razosSanas, iznemot dzijas

pirmapstrade, krasoSana Izlaide: Gidens emisijas, ~ verpSanu
un apdare atkritumi
Audums CO/PES pirmapstrade, kraso$ana Ievade: energija, iidens,  Dati iegiti no 2018. gads [163]
un apdare Kimiskas vielas. komercsabiedribam, ta¢u netiek
Rezultats: emisijas precizets, kadi, ja tadi,
tdeni, emisijas gaisa piepémumi
Slimnicas formas CO/PES dzijas verpSana, auSana, Ievade: energija, idens,  Iznemot izméru noteikSanu 2019. gads [56]
terps kraso$ana un apdare kimiskas vielas un izméru nonemsanu, un tikai
Rezultats: emisijas krasosana ir Tpasi paredz&ta
dent, emisijas gaisa, CO/PES
atkritumi
Audums CO/PES pirmapstrade, kraso$ana Ievade: energija, idens,  Dati ir no uznémuma parskata, 2003. gads [164]
kimiskas vielas tacu, iesp&jams, ir novecojusi
Rezultats: tidens
emisijas
Audums (BAT) COun CO pirmapstrade, krasosana Ievade: energija, idens,  Tiek pienemts, ka kokvilnas 2023. gads [162]
maisfjumi un apdare kimiskas vielas un kokvilnas maisfjumiem ir

vienadi ievades parametri,

iznemot apdares posmu
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Vispilnigaka inventarizacija par CO/PES razoSanu tika ieklauta V. Vagnera u. c. ACN
pétijuma [50]. Taja ir ieklauti dati par primarajam izejvielam, piem&ram, energiju un adeni, kas
ir ieklauti vairakos parskatitajos p&tjumos. Tomer taja ir arT detaliz&ts izmantoto kTmisko vielu
saraksts un katra procesa notekiidenu ipasibas. Lai ieglitu pilnigus datus, triikst datu par
emisijam gaisa. Tom&r galvena probléma ir ta, ka visi dati tiek nemti par kokvilnas razo$anu
[168], jo autori atklaja, ka literatiira nav pieejami dati par CO/PES razosanu.

Literatiiras apskats noveda pie pétijuma par CO/PES audumiem, kas ietvera aprites cikla
inventarizacija [163]. P&tljuma dati tiek vakti no uzn€mumiem, un tajos ir ieklauti dati par
pirmapstradi, krasosanu un apdari. Aprites cikla inventarizacija (ACI) nodro§ingja emisijas
gaisa, kuras ieprieks nebija aplikotas, tacu ievades parametri un emisijas tident ir ierobezotas.
Tikai sarms (NaOH) un krasvielas ir noraditas ka ievades kimiskas vielas. Datu iegfiSana un
pien€mumi ar nav aprakstiti, tikai tas, ka dati iegfiti no komercuzn€mumiem.

Datu trikumu literatiira par tekstilizstradajumu ievades kimikalijam atzina arT S. Rss u. c.,
kur§ veica pétljumu, lai izstradatu ar tekstilizstradajumu saistito kimisko vielu nomenklatiiras
sisttmu, kas izmantota, lai izveidotu visparigu kimisko vielu sarakstu izmantoSanai
tekstilizstradajumu aprites cikla novertéSanai [56]. Tika apkopoti ACI dati par vairakiem
galvenajiem tekstilizstradajumu raZoSanas procesiem un apkopoti ACI datu kopas. Turklat ACI
tika veikta arT daziem tekstilizstradajumiem. Viens bija slimnicas formasterps, kas izgatavots
no CO/PES maisTjuma. Tomeér p&tijuma tika apliikots tikai viens process, kas Tpasi paredzéts
CO/PES maisTjumam, — krasoSana. Tapat netika ieklauta auduma cietina$ana un atcietinaSana,
kura pirmsaus$anas un pirmapstrades procesa tiek izmantotas daudzas kimiskas vielas [50].

Ta ka zinatniskaja literatira nebija pieejami citi petjumi, kas ietvertu nepiecieSamos datus,
tika izskatiti dazadi zinojumi. Turpmakai analizei tika atlasits uznémuma B05 zinojums un
tekstilrtipniecibas zinojuma labakas pieejamas metodes (BAT) [162], [164]. Uzn@émumam B05
tika zinots par CO/PES audumu razoSanas ietekmi uz vidi [164]. Tika zinots tikai par diviem
procesiem, un nav pieejami detaliz&ti dati par emisijam. Turklat zinojums tika sagatavots 2003.
gada, un kops ta laika razo$anas tehnologijas ir attistijusas, tapec dati var bt novecojusi.

At8kiriba no ieprieksgja gadijuma BAT zinojuma ir apkopotas visas pasreizgjas tendences
tekstilripnieciba [162]. Tomér tas nebija izn@mums, jo tekstilizstradajumu maisfjumiem tika
pievérsts salidzino$i maz uzmanibas, un vairakos gadijumos tika pienemts, ka kokvilnas un
kokvilnas maistjumiem ir vienadi apstrades un razoSanas procesi. Kvalitativak tika aplukotas
arT tekstilizstradajumu razo$anas raditas emisijas, un netika apkopoti konkréti dati, kas sniegtu
ieskatu tekstilriipniecibas fidens un gaisa emisiju atsauces vertibas.

Lai labak izprastu atskiribas starp pétijumiem, tika analiz&ti katram pé&tijuma procesam
specifiskie dati un p&c tam kopigo parametru vertibas tika apkopotas 13. un 14. tabula. Janem
vera, ka tie ir tikai kopigie parametri, un tabulas nav paraditi citi ievades parametri katram
gadfjumam.

3.8. tabula ir apkopotas ievades kimiskas vielas, kas parklajas tris procesos: pirmapstradei,
krasoSanai un apdarei. Dati par citiem procesiem nav ieklauti, jo tie bija uzskaititi tikai viena
pétijuma [50]. Tika veikta parslég8anas uz tam pasam meérvienibam, lai varétu salidzinat
vertibas. Salidzinot v@rtibas, var noverot, ka dazas vietas atSkiriba ir neliela. Lielaka dala
variaciju ir loti lielas, piemé&ram, natrija ditionits un natrija hidroksids. Iesp&jams, tas ir saistits
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ar dazadiem apstrades posmiem un tehnologijam, kas iesaistitas galvenajos procesos katra

situacija, ka arf citu ievades kimisko vielu izslégsanas dgl, kas varétu izlidzinat kopgjo atskiribu.

nav izmantotas biitiskas kimiskas vielas, kas ieklautas ACI.

3.8. tabula.

Datu, kas parklajas, apkopoSana no atlasitajiem p&tijumiem un zinojumiem (kimikalijas)

CcO CO un CO/PES CO/PES CO/PES
(mediciniskais CO/PES (slimnicas (audums, (audums)
darba (BAT)* formas uznémums [163]
apgerbs) [50], [162] terps) [S6]  BO0S)** [164]
[168]
Iepriekséja apstrade
Enzimi, g kg™! 4.8 5 - - -
Udenraza peroksids (H,0,), g 35,4 10 - 65 -
kg™!
Nejonu un jonu virsmaktiva 0,05 23,5 - - -
viela / mitrinaSanas lidzekli, g
kg!
Natrija hidroksids (NaOH), g 472,5 452 - 20 7000
kg!
Stabilizators, g kg™! - 5 - 25,3 -
Natrija silikats / mazgasanas - 14 - 48 -
Idzeklis, g kg™
Krasosana
Natrija ditionits / natrija 2,4 - - 3472 -
hidrosulfits , g kg™
Udenraza peroksids (H:0,), g - - 10 19,5 -
kg!
Nejonu un jonu virsmaktiva 0,02 108 4 - -
viela/ Mitrinasanas lidzekli, g
kg!
Natrija hidroksids (NaOH), g 65,3 - 12 42,5 -
kg™!
Sekvestétaji, g kg™ - 144 6 - -
Pretmigracijas lidzeklis, g kg™ - 900 - 198,4 —
Etikskabe/etikis, g kg™ 5 57,6 52 - -
Vat krasviela, g kg™! — — 20 520,8 30
Reaktiva krasviela, g kg™ - - 20 - -
Dispersa krasviela, g kg™ - - - 54,6 -
Apdare
Mikstinatajs, g kg™ 16,2 920 - - -
Skabe/etikskabe, g kg™! 5,1 11,5 — - —

* Dazos gadijumos kimiskas vielas tika dotas ka gl ' 9 _bet iidens patérin$ netika nodrosinats, tap&c, lai iegiitu g kg™ tidens
patérins$ tika nemts no V. Vagnera u. ¢. petijums [50].
** Petfjuma vairakas ievades kimiskas vielas tika noraditas ka ml kg™, kuras tika parveidotas par g kg™ izmantojot blivumu.
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Energijas un tidens dati tika apkopoti tapat ka kimiskajam vielam (sk. 3.9. tabulu). Atkal
var noverot, ka ir gadijumi, kad atSkirTbas ir minimalas, piem&ram, Gidens paterin$ apdare, un ir
arT Joti butiskas atSkiribas, pieméram, tidens un notektidenu priekSattiriSana. Vismazak datu ir
pieejami par siltumenergiju. Y. Zhang et al. sava uzskaité ieklava izmantoto oglu daudzumu,
kas, visticamak, tika izmantots apkurei, tacu nepietiekamas informacijas del tas netika ieklauts
[163]. LPTP =zinojuma sniegti tikai visparigi dati par energijas un tdens paterinu
tekstilripnieciba, bet nav datu par konkr&tiem materialiem un procesiem, iznemot Gidens
patérinu pirmapstrades laika [162].

3.9. tabula.

Datu, kas parklajas, apkopoSana no atlasitajiem p&tijumiem un zinojumiem
(energija un Gdens)

CcO CO un CO/PES CO/PES CO/PES
(mediciniskais CO/PES (slimnicas (audums, (audums)
darba apgérbs) (BAT) forma) [S6] uznémums B05) [163]
[50], [168] [162] [164]
Iepriekséja apstrade
Elektriba, kWh kg! 0,036 - - 0,049 4
Udens, 1 kg™ - 23 - 23,24 616
Notekiideni, 1 kg™! 15,10 - - 20,40 350
Siltums, KWh kg™ 0,16 - - - -
Krasosana
Elektriba, kWh kg! 0,19 - 0,70 0,014 0,45
Udens, 1 kg™! 72,72 - 75 24,80 12
Notekiideni, 1 kg™! 33,35 - - 19,50 —
Siltums, kWh kg -1 1,84 - 8,33 - -
Apdare

Elektriba, kWh kg! 0,16 - - - 0,31
Udens, 1 kg™! 23.30 - - - 22,90
Notekiideni, 1 kg™! 8,35 - - - 19,75
Siltums, KWh kg™ 0,56 - - - -

Parskatitajos vides novertéjumos vismazak ieklautie dati ir emisijas GidenT un gaisa. Tas
atbilst bibliometriskas analizes secinajumam, ka ACN un notekiideni neuzrada saistibu. Ta tam
nevajadz&tu bit, jo, runajot par tekstilizstradajumu razo$anas ietekmi uz vidi, liela uzmaniba
tiek pieversta notekiidenu toksicitatei [169]. Tap&c ACN pétijumos jaieklauj arT Sis aspekts, lai
pilniba noveértetu jauktu tekstilizstradajumu ietekmi uz vidi. Tikai p&tijums par medicinisko
darba apgerbu ietver detaliz€tu tekstila notekiidenu sastavu, bet tas nemts no kokvilnas
razoSanas [50]. Citi petjjumi ietver tikai kimisko skabekla pieprasijumu (KSP) [56], [163],
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[164], kas ir nozimigaka sastavdala p&c svara [169]. Tap&c viens no turpmakas analizes
mérkiem ir noskaidrot, vai notekidenu izslégSana bitiski ietekmé rezultatus.

Izmantojot literatiras analizes datus, nav iesp&ams izstradat visaptverosu DCI CO/PES
maisfjuma tekstilizstradajumiem, jo dazi dati nav pieejami, pieejamo datu atSkiribas ir parak
lielas un pien€mumi par procesiem un tehnologijam nav pilniba skaidri. Tomer tika veikts
ACN, lai noskaidrotu, ka pieejamo datu atskiribas ietekme& CO/PES maisijumu ietekmes uz vidi
rezultatus.

Ecoinvent procesi

P&c literaturas apskata Ecoinvent datubaze tika parbaudita, lai novertetu, vai ir pieejamas
iebtivetas CO/PES razosanas datu kopas. Datubazg ir ieklauta tekstilizstradajumu kategorija
materialu un procesu sadalas, kas satur datu kopas par tekstilizstradajumiem un to razoSana un
izmantoSana izmantotajiem procesiem. Materialos nebija ieklauts CO/PES tekstilmaterials, no
kura biitu bijis iesp&jams redzet ievaddatus ta razo$anai. Bija pieejamas kokvilnas un poliestera
Skiedras, un tas tika talak izmantotas ACN modelésana.

ArT attieciba uz procesiem nebija iebuiveétu procesu, kas butu ipasi paredzeéts CO/PES
maistjumam. Tomé&r bija dazadi panémieni kokvilnai un poliesteram atseviski, lai gan ne visi.
Pieméram, atkal triika datu par izméru noteik§anas procesu. Procesi, kurus vargtu izmantot
CO/PES modelésanai ar pienémumiem, ir sint€tisko Skiedru ausana, kokvilnas skiedras
nepartraukta krasosana un kokvilnas audumu apdare.

3.3.2. Energoparvaldibas bibliometriskas analizes piemers

P&c lidzibas ka bibliometriska analize tika piem@rota jaukta tipa tekstilizstradajumu izpétei,
tomer ar citu fokusu bibliometriska analizes lietojums energoparvaldiba izkristaliz&ja §1 sektora
rezultatus, kuri uzskatami paraditi 3.10. tabula.
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Vaicajumu iestatijumi un atslégas vardi.

3.10. tabula.

Nr. Vaicajuma iestatijums Atslegvardi vaicajuma DOIS(;::;:; ntu
Vaicajums datubazeé SCOPUS
1. Paplasinats vaicajums visos ALL (“energy audit”) OR ALL (“energy 9446
laukos, visos public&tajos auditing””) AND PUBYEAR > 2008 AND
dokumentos laikposma no 2009. PUBYEAR <2025
lidz 2024. gadam
2. Paplasinats vaicajums virsraksta, TITLE-ABS-KEY (“Green Deal”) OR 3441
anotacija un atslégvardos, visos TITLE-ABS-KEY (“fit for 55”) AND
dokumentos, kas publicéti laika PUBYEAR > 2008 AND PUBYEAR <
no 2009. lidz 2024. gadam 2025
3. PaplaSinats vaicajums tikai TITLE (“energy audit”) OR TITLE 631
virsraksta, visos dokumentos, kas  (“energy auditing””) AND PUBYEAR >
public&ti no 2009. lidz 2024. 2008 AND PUBYEAR <2025
gadam
4.  Paplasinats vaicajums tikai TITLE (“energy audit”) AND ALL (“energy 366
virsraksta, visos dokumentos, kas efficiency”’) AND PUBYEAR > 2008 AND
publicéti no 2009. lidz 2024. PUBYEAR <2025
gadam
5. PaplaSinats vaicajums virsraksta, TITLE-ABS-KEY (“Green Deal”) OR 321
anotacija un atslégvardos, visos TITLE-ABS-KEY (“fit for 55”) AND
dokumentos, kas publicéti laika PUBYEAR > 2008 AND PUBYEAR <
no 2009. lidz 2024. gadam 2025
6. Paplasinats vaicajums tikai TITLE (“energy efficiency first”) OR 17
virsraksta, visos dokumentos, kas TITLE (“energy efficiency first principle”)
publicéti no 2009. lidz 2024. AND PUBYEAR > 2008 AND PUBYEAR
gadam <2025
Vaicajumi datubaze MDPI
7.  Paplasinats vaicajums pilnteksta ~ FULLTEXT (“energy policies”) AND 3448
lauka, visos publicétajos FULLTEXT (“energy policy”) AND
dokumentos laika posma no “energy efficiency”
2009. gada Iidz 2024. gadam With adding search filter for years between
2009-2024
8. PaplaSinats vaicajums visos ALL (“energy audit”) OR ALL (“energy 821
laukos, visos public&tajos efficiency audit”) AND “energy efficiency”
dokumentos laikposma no 2009. ~ With adding search filter for years between
lidz 2024. gadam 2009-2024
9. Paplasinats vaicajums tikai TITLE (“energy audit”) AND ALL (“energy 23
virsraksta, visos dokumentos, kas  efficiency”)
publicéti no 2009. lidz 2024. With adding search filter for years between
gadam 2009-2024
Vaicajumi datubaze EUROPA SEARCH
10. Vaicajums visos laukos un visos  Energy efficiency 6061

formatos (Web, Word,
PowerPoint, Excel, PDF)
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1.-9. vaicajuma tika izmantoti logiskie operatori (UN, VAI), lai apvienotu terminus un
nodro$inatu pilnigus rezultatus. Logiskie operatori atSkira lidzigu atslégvardu lieto$anu, Ipasi,
ja atslégvardam ir alternativi termini. Logiskais operators UN tika izmantots visos SCOPUS un
MDPI vaicajumos, tadgjadi laujot atrast dokumentus, kas attiecas gan uz energoauditu, gan
energoefektivitati, ka arT laujot noteikt laika ierobezojumu.

Papildu literatiira tika ieglita no valsts iestazu timekla vietném un uznémumiem, kas piedava
energoaudita pakalpojumus (uznémumu piedavajumi vai asociaciju timekla vietnes). Sie
dokumenti tika mekl&ti anglu vai latvieSu valoda, mekl&jot tiesibu aktus, un svarigs aspekts bija
to derigums, ka arT grozijumu ieklausana.

3.4. Sistemdinamika

Modela bazes gads bija 2018. gads, jo Sis bija gads ar visvairak pieejamajiem datiem.
Galvenais mérkis bija noskaidrot, ka tuvakaja nakotn€& mainisies apglabdjamo apgérbu apjoms,
tapéc tika modeléts bazes scenarijs Iidz 2030. gadam. Turklat tika izveidoti Cetri scenariji, lai
aplakotu politikas instrumentu ietekmi uz ierasto biznesu pieeju. Scenariji ir apkopoti 3.13.
attela.

Pamatscendrijs — darbiba k ierasts ar ES
Skirosanas politiku

1.scendrijs — darbiba ka parasti ar ES Skiro$anas politiku

2. scendrijs — koncentréjieties uz apgérbu 3kirosanu

3.scendrijs — koncentréjieties uz apgérba patérina samazinagsanu

4. scenarijs — kopiga uzmaniba apgérbu $kirosanai un patérina samazinasanai

| .
»

2018 2030 2040

3.13. att€ls. Izstradati un model&ti scenariji un to laika intervali.

Politikas instrumenti tika apvienoti visos iesp&jamos veidos, ka rezultata tika izveidoti Cetri
modeléSanas scenariji. Politikas instrumenti sak darboties tikai 2025. gada, nemot véra, ka
iepriek§€jos gadus nevar ietekmét, un ES tekstila atkritumu dalito vakSanu ir noteikusi par
obligatu no 2025. gada [42]. Lai politikas instrumenti varétu ietekme modela uzvedibu,
simulacija tika pagarinata lidz 2040. gadam. Pirmais scenarijs ir tads pats ka bazes scenarijs.
Otraja un treSaja scenarija tiek aktivizéts tikai viens no politikas instrumentiem, savukart
ceturtaja scenarija aktivi ir abi politikas instrumenti. 3.11. tabula paraditas iegiitas vertibas
parametriem, kas sakotngji tika definéti ka svarigi aprites ekonomikas raditaji dazados
scenarijos. Rezultati ir sikak aprakstiti nakamajas apakssadalas.
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3.11. tabula.

Aprites ekonomikas galveno raditaju vértibas tekstila nozaré dazados scenarijos

Bizness ka Bizness ka Ar uzsvaru Ar uzsvaru
Baze parasti péc~10 parasti pec ~20 uz apgerbu uz patérina
gadiem gadiem SkiroSanu samazinasanu
Ipatngjais apgerbu 9,8 16,0 24,1 24,1 5,0
paterins,
kg/iedzivotajs/gada
Apgerba kalpo$anas 3,3 1,7 0,9 0,9 8,6
laiks, gadi
Tekstilizstradajumu 38 33 31 81 100
Skirosanas koeficients, %
Apgerbs, kas apglabats 3.3 5,8 8,9 5,1 0,7
izgaztuve, miljoni tonnu
gada
Pamatscenarijs

Pamatscenarijs rada, ka 2030. gada izgaztuves tiks apglabati 58 miljoni tonnu ES pateréta
un sarazota apgérba. Ne viss no tiem tick apglabats ES izgaztuves, jo dala tekstilizstradajumu
atkritumu tiek eksporteta [170]. Modelis paradija, ka 2030. gada, izmantojot biznesa ka ierasts
pieeju, apgerbu paterin§ varétu bit 16 kg uz vienu iedzivotdju, bet apgérba kalposanas laiks
vargtu samazinaties 11dz 1,66 gadiem. Ikgadgja dzives cikla SEG emisijas bija no 130 tCO 2
ekv/gada Iidz 212 miljoniem tCO 2 ekv/gada. Attiecigaja perioda kopuma tiktu raditi 2,13
miljardi t CO 2 ekv. Aptuvenais ES tekstilizstradajumu SkiroSanas apjoms 2018. gada bijano 1,7
lidz 2,1 miljonam tonnu [66]. Sakotngja apgérbu $kiro$ana modeli bija 1,67 miljoni tonnu.
Rezultati atbilst ES datiem, nemot veéra, ka modes tekstilizstradajumu dala vargtu biit aptuveni
81 % [66]. 3.14. attela paraditi simulacijas sakuma gada rezultati un plismu sadalfjums. Visas
pliismas ir noraditas tikstoSos tonnu gada. Literatiira ir piedavati dazadi tekstilmaterialu plismu
varianti ES, ta¢u ITdz $im nebija pieejams detalizéts parskats par apgérbu plismam.

Tekstila razosanas atkritumi: 26
Izejvielas: 854 Atkritumi apgérbu raZoSana: 442

Atkartoti lietojams apgérbs: 1817
SaraZotie tekstili: 1381

!Eksponi!ais apgérbs: 751
Parstradats apgérbs: 17

Tekstila imports: 536 4", L 4erbs sarazots: 93]

Apgérbs izgaztuvel : 3 348

Nepardots apgérbs: 1 878
Sadedzinats apgérbs: 1213

Apgérbu imports: 5 887 [l Apgérbs mazumtirdznieciba: 6 259 Apgirbs sadzives atkritumos: 2717

Apgérbu patérins: 4 3828 lzmests apgérbs: 4 382 Neizmantojams apgérbs: 249

Atklatas cikla otrreizéji parstradati apgérbi: 333

B
Skirots apgérbs: 1665
.. Slégta cikla otrreizéji parstradati apgérbi: 17

Vietji atkartoti lietots apgérbs: 184 Procjamie apgerbi: 1

3.14. att. Materialu plismas ES modes tekstilizstradajumu vertibu kede 2018. gada
(tikst. tonnu /gada).
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Materialu plismas modes tekstila vertibu k&de ES 2030. gada ir paraditas 3.15. attgla.
Redzams, ka visu plismu vértibas ir picaugusas, kas atbilst prognozém. Ta ka bazes scenarija
bija ieklauta $kiroSanas jaudas palielina$ana, tika prognozets, ka apgerbu SkiroSanas Ipatsvars
palielinasies. Ka redzams 3.14. un 3.15. att€la, vizuali pliismu attieciba nav bitiski mainijusies.
To apliecina arT $kiroSanas atruma skaitliska vertiba. 2018. gada apgérbu skirosanas raditajs
bija 38 %, savukart iegiitais 2030. gada kiroSanas raditajs bija 33 %. Skirosanas atrums ir
samazingjies, jo konstatgtais SkiroSanas jaudas pieaugums ir proporcionali mazaks neka
patérina un izmesta apgerba pieaugums.

Tekstila razosanas atkritumi: 42
Izejvielas: 1 392 Atkritumi apgérbu raZofana: 720

Atkartoti lietojams apgérbs: 2779

Saraotais tekstls: 2 250
razotals (CKsUIS: 2230 ey cportétie apgerbi: 1 224
1 ]

Pirstradits apgérbs: 24
Tekstila imports: 876 | arajotais apgérbs: 1530

Apfjirbs izghztuvel: 5 844
Nepardots apgérbs: 3 061 pérbs izgaztuvel
Sadedzints apgérbs: 2 064

N T Apgérbs sadzives atkritumos: 4 844
Pg ports: 10 202 lzmests apgérbs: 7 374

Apgérbu patérind: 7 374 Nelietojams apgérbs: 365

Atklata cikla otrreizéji parstradati apgérbi: 486

Skirots apgérbs: 2 430

Slégta cikla otrreizéji parstradati apférbi: 24

Vietsji atkartoti lietots apgérbs: 275 =
Piesjamie apgérbi: 233

3.15. att. Materialu plismas ES modes tekstilizstradajumu vertibu k&de 2030. gada
(tikst. tonnu /gada).

Pirmais scenarijs — bazes scenarijs Iidz 2040. gadam

Pirmais scenarijs ir tads pats ka bazes scenarijs, iznemot to, ka simulacijas periods ir
pagarinats I1dz 2040. gadam. Tas tiek uzskatits par ierasto situaciju, jo vienigd modeli ieklauta
politika ir ES prognoze par $kirosanas pieauguma tempu. Tika pienemts, ka ped&jo desmit gadu
tendences ir tadas pasas ka lidz 2030. gadam. Atkritumos apglabato apgérbu rezultata tika
sarazoti 130 miljoni tonnu. SEG emisijas 2040. gada sasniedza 319 miljonus t CO 2 ekv./gada.

Otrais scenarijs — apgérbu skiroSanas politika

Otrais scenarijs parada gadijumu, kad politikas meérki modes tekstilizstradajumu vertibu
keéde ir versti tikai uz $kiroSanas jaudas palielinaSanu. Poligona apglabato apgerbu apjoms
sasniedza 105 miljonus tonnu. Apgeérbu SkiroSanas Ipatsvars pieauga Iidz 81 %. SEG emisijas
2040. gada salidzinajuma ar pirmo bazes scenariju nedaudz samazinajas 1idz 310 miljoniem t
CO 2¢ekv./gada.

Apgerbu $kiroSanas politikas aktivizé$ana radija lidzsvaro$anas cilpu, kas redzama 3.16.
attela. Atte€la paraditi tikai visatbilstosakie c€lonsakaribas cilpas elementi. Pirmaja saité
noradits, ka, palielinoties izgaztuvés noglabato apgerbu apjomam, palielinas ari atbalsta
Tpatsvars SkiroSanai. Jo augstaks SkiroSanas atbalsts, jo liclaka SkiroSanas jauda darbiba, kas
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vienada ar Skirotajam drébém. Lidzsvarosanas cilpa veidojas, jo palielinas saskiroto apgerbu
apjoms, un samazinas sadzives atkritumos eso§o apgerbu apjoms.

N © & Apgérbs sadzives
Sas}-‘.‘fma“ atkritumos
apgérbs

+

+

Darbiba esosa Apgérbs

oligona
skirosanas jauda /
\O Atbalsts apgerba
skirosanai

3.16. attéls. Apgerbu skirosanas politikas célonsakaribas diagramma.

TreSais scenarijs — patérina samazinasanas politika

TreSaja scenarija politikas mérki modes tekstilizstradajumu vertibu k&de ir versti tikai uz
apgerbu patérina samazinasanu. Politikas instruments vajina pozitivo cilpu starp ipaso apgérbu
patérinu un patérina izmainam. Apgeérbu apglabasana izgaztuves sasniedza 69 miljonus tonnu.
Tiek sasniegts ievérojami lielaks samazindjums neka@ otraja scenarija (apgérbu Skiro$anas
politika), un drébes tiek pilniba saskirotas 2033. gada, jo bazes scenarija SkiroSanas jaudas
pieaugums ir pietiekams, lai nodro§inatu pilnigu izmesto apgérbu $kiroSanu. SEG emisijas ir
arT ieverojami samazinatas Iidz 64 miljoniem t CO2 ekv./gada 2040. gada.

Tika prognozets, ka apgérbu patérina raditajs pieaugs, parsniedzot prognozes, un péc tam
strauji samazinasies. Rezultata novérota tendence atbilda prognozém. Apgerbu paterins 2028.
gada sasniedza 14,5 kg uz vienu iedzivotaju, p&c tam strauji samazinajas 11dz 5 kg uz vienu
iedzivotaju, kas tika noteikts ka minimala vértiba. Apgerbu patérina samazinasanas politikas
uzsakSana radija divas lidzsvaroSanas cilpas, ka paradits 3.17. attela. Galvenais elements ir
Tpatn&jais apgérbu patérins, kas politikas instrumenta gadijuma ir atkarigs no radito emisiju
apjoma. Lielaja negativaja cilpa pirma saite norada, ka maksimalais pieejamais emisiju
daudzums samazinas, palielinoties emisijam. Jo mazakas emisijas var rasties modes
tekstilizstradajumu vértibu keédg, jo lielaka ietekme uz zaud&jumu dalu, kas samazina apgérba
Tpatngjo paterinu. Apgerba Ipatn&jais patérin$ nosaka radito izmeSu daudzumu. Papildus
veidojas balansgSanas cilpa, kas stabiliz€ Tpatn&jo apgerba patérinu, kad tas ir samazinajies.
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Minimala patéripa
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Specifiskais
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izmaigu temps
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Maksimali pielaujamas
Zaudéjumu daja emisijas

+\©
Emisijas ietekme uz o

zudumu daju

3.17. attéls. Apgerba patérina samazina$anas politikas clonsakaribas diagramma.

Ceturtais scenarijs — patérina samazinasanas politika un apgérbu SkiroSanas politika

Abi politikas instrumenti tika aktivizeti ceturtaja scenarija, tapc visas tris ieprieks
aprakstitas c&lonsakaribas bija aktivas. Sis scenarijs ir labakais, jo izgaztuves apglabato apgerbu
apjoms sasniedza 65 miljonus tonnu, kas ir uz pusi mazaks neka pirmaja bazes scenarija lidz
2040. gadam. SEG emisijas 2040. gada bija tadas paSas ka treSaja scenarija (patérina
samazina$anas politika).

Visi apgerbi tiks $kiroti 1idz 2032. gadam. Rezultati liecina, ka $kiroti apgeérbi, sasniedzot
Skiro$anas raditaju ,,1”, rikojas tapat ka izmesti apgérbi, jo nav iesp&jams $kirot vairak apgérbu,
neka tiek izmesti. Tas rada neizmantotu SkiroSanas jaudu, jo ta nevar tik atri pielagoties izmestu
apgérbu daudzuma samazinajumam. So lieko jaudu var izmantot citu tekstilizstradajumu
Skirosanai.

Darbibu salidzinajums paradits 3.18. attela. Labakais scenarijs ir ceturtais. Taja pasa laika
visefektivakais politikas instruments ir Patérina samazinasanas politika, jo ta atbilst tadai
pasai tendencei ka 4. scenarija. Ta ir arT vélama bazlinija: izgaztuvés apglabato apgérbu
daudzums sak picaugt daudz 1€nak, tacu tas joprojam palielinas. nedaudz, jo $kiroto apgerbu
plisma ir arT piesarnots apgerbs, ko nevar parstradat vai izmantot atkartoti, un scenarijos nav
nemta vera atkartota izmanto$ana, parstrade vai izvairiSanas no razoSanas un pardoSanas
parpalikumiem, kas ietekmé ar poligona nonakuso tekstilizstradajumu daudzumu.
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3.18. attels. Bazes uzvedibas izmainu salidzinajums model&tajos scenarijos.

Plismas 2040. gada, kas izriet no ceturta scenarija, ir paraditas 3.1.9. attela. Sadzives
atkritumu pliismas nav, bet apgerbu apglabasana poligonos joprojam notiek. Nozimigaka
plisma vertibu k&des beigas ir atkartoti lietots apgerbs. Sankey diagramma norada ari uz citiem
aktualiem jautdjumiem, kuriem japiever§ uzmaniba, pieméram, lietotu apgérbu eksportu un to
neizmanto$anu majsaimnieciba, ripniecisko un komercialo atkritumu apglabasanu poligonos
un joprojam loti zemo slégta cikla otrreizgjas parstrades Ipatsvaru. Tapat ka ieprieks, plismas
uzraditas tukstoSos tonnu gada.

- Tekstila razo$anas atkritumi: 13
D
lzejvielas: 448 - Atkritumi apgérbu razosana: 225 \

~ Eksportétie apgérbi: 382
Parstradats apgérbs: 19 o

A ™
 Sarazotais apgérbs: 478

Tekstila imports: 262

Apgérbs izgaztuvei: 722

Nepardots apgérbs: 957

Atkartoti lietojams apgérbs: 1 633

Apérbu imports: 2 930,
189

Apgérbu patérins: 2 232

Izmests apgérbs: 1954  Skirots apgérbs: 19 Nelietojams apgérbs:

Atklata cikla otrreizéji parstradati apgérbi: 391

Vietgji atkartoti lietots apgérbs: 163 Slégta cikla otrreizéji parstradati apgérbi: 20

3.19. attels. Materialu plismas ES modes tekstila vértibu kede
2040. gada no 3. un 4. scenarija (tukst. tonnu /gada).

3.5. Izpliidust kognitiva karte (FCM)

Pétijuma “Bioeconomy Towards Green Deal. Case Study of Citric Acid Production
Through Fuzzy Cognitive Maps” tika aprakstits citronskabes razoSanas procesa modelis un
iegitie rezultati. Tada pasa veida tika analiz&ti visi 16 raZo$anas procesi, lietojot analogisku
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modeléSanas veidu un identiskus kriterijus. Tomer, ka min@ts ieprieks, petijuma galvenais
merkis ir ieglit datus, lai izvEl&tos no aprakstitajiem razo$anas procesiem primari izveidotos un
tos sarindotu, tadgjadi nosakot, kur§ no piedavatajiem risinajumiem ir visefektivakais un
pierada pievienoto vértibu bioekonomikas skatifjuma uz Zala kursa mérku sasniegSanu. Lai
iegtitu $adu rezultatu, katra raZzoSanas procesa rezultats sadala “razoSanas procesa efektivitate”
tieck salidzinats sava starpa p&c iegiita kvantitativa rezultata skala lidz 1 (3.12. tabula).
Uzskaititie rezultati ir paraditi stabinu diagramma 3.20. attela.

Diagramma (3.20. att€ls) parada 16 razoSanas procesu iegiitos kvantitativos rezultatus
lietderibas salidzinajuma. legiitie rezultati rada, ka visefektivakais raZoSanas process ir
kompozitmaterialu razo$ana. So rezultatu pamato izejvielu pieejamiba kompozitmaterialiem,
kas galvenokart ir citu razo$anas procesu blakusprodukti: zemas kvalitates koksnes atlikumi un
parstradata plastmasa. Tapat arT pieprasijums p&c $adiem kompozitmaterialiem tirgii strauji
pieaug to fizikalo Tpasibu d&l, raZzo§anas tehnologijas ir salidzinosi vienkar$as un pieejamas bez
parmérigiem ieguldijumiem. Neiedzilinoties katra razoSanas procesa pozitivajas Ipasibas, kas
aprakstito raZoSanas procesu ir pietuvinajusas ieglitajam augstajam rezultatam, secinam, ka 11
no aprakstitajiem 16 razoSanas procesiem ir sasniegusi loti augstas v@rtibas diapazona no 0,9
lidz 1, un visi 11 raZoSanas procesi atbilst augstai biockonomikas efektivitatei Zala kursa mérku
sasniegSanai, tad&jadi Sie razoSanas procesi ir loti vertigi un biitu primari jaievie§ ekonomika,
ieguldot razosanas iekartas.

3.12. tabula.

Razosanas procesa lietderiba

Citronskabes razoSana 0,97
Sudraba nanodalinu sintéze 0,96
Kompozitmaterialu razoSana 0,98
Nanoceluloze razoSana 0,92
Tualetes Gidens razoSana no stikalam 0,97
Ksilana razoSana 0,92
Polikaktida razoSana 0,97
Natres Skiedru izmanto$ana razo$ana 0,29
Biodizeldegvielas razoSana 0,73
“DendroLight” $tinu materiala razosana 0,98
Granulu raZzoSana 0,83
Bioetileéna raZzoSana 0,68
Celulozes razoSana 0,94
Putu razoSana uz taninu bazes 0,9

Skujkoku ekstrakta razoSana 0,96
Lignina raZoSana 0,83
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3.20. att€ls. Razosanas procesu lietderibas kopsavilkums.

Pretstata tam, biodizeldegvielas un bioetiléna razosanas procesi, lai gan loti vértigi fosila
kurinama aizstaSanai un naftu nerazojoSo valstu neatkaribas palielinaSanai no fosilajiem
resursiem, joprojam ir loti tehnologiski sarezgiti un prasa milzigus ieguldijumus to razo$ana,
kas paslaik samazina to razo$anas ekonomisko dzivotsp&u. Toméer strauja zinatnes un
tehnologiju attistiba neizbégami tuvakaja desmitgadé tuvinas biodizeldegvielas un bioetiléna
razoSanu.

Vijakais rezultats (0,29 no 1) tika iegiits dabisko natru Skiedru razo$ana. Sis rezultats ir
saistts ar §1razoSanas procesa konkurenci par lauksaimniecibas zemi ar partikas ripniecibu un
iegtita produkta zemo konkur&tsp&ju tekstilriipnieciba, jo biitu loti griiti pamatot natru razoSanu
lielas platibas un to parstradi tekstilizstradajumos no vides un ekonomikas viedokla.

Nemot vera petijuma mérkus, ieglitie rezultati ir uzticami un objektivi atspogulo FCM
metodes derigumu, un $ada veida integrétas analizes izmantoSana ir piemé&rota, lai salidzinatu
dazadus alternativos razoSanas procesus, kas apskatiti darba.
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SECINAJUMI

Lai gan promocijas darba ir izvertéti |oti daudz un dazada veida atkritumu parstrades
vai produkta ar augstaku pievienoto vértibu raZoSanas procesi, tomér, balstoties uz
vairaku pétiju rezultaties, seviski pétijuma "What Drives the Circular Economy? Textile
Sorting or Consumption Reduction" rezultatiem secinams, ka nemainigi pirmais solis
cela uz aprites ekonomiku ir patérina samazinasanas politika, tadejadi apstiprinot
promocijas darba izvirzito hipotézi.

Leémumu izstrades un pienemsanas procesa izmantojot zinatniskas p&tniecibas metodes,
var kompleksi izvertét labakos iesp&jamos scenarijus un ilgtsp&jigas izvéles aprites
ekonomikas ievieSanai, jo ne visus aspektus var izvertet tikai ar vienu metodi. Veidojot
metozu kopumu vai kombinaciju ka riku sistému, ir iespgjams visaptverosi un datos
balstiti izvertet katra razoSanas vai parstrades procesa potencialu aprites ekonomikas
attistibai.

P&tfjuma laika veikta Sistémdinamikas analize kas nodro$ina stratégijas formul&Sanu,
politikas izstradi un lémumu pienemsanu sarezgitas un dinamiskas jomas lava secinat,
ka Sobrid Latvijas, ka ari citu valstu politikas veidotajiem ir svarigi veikt esoSo vai
planoto aprites ekonomikas stratégiju efektivitates novertéjumu, lai izstradatu Tstermina
un ilgtermina ricibas planus, kas ne tikai veicinatu pareju uz aprites ekonomikas modeli,
bet arT nodroSinatu sapratigus praktiskus risinajumus, tostarp politkas atbalstu un
papildu finan$u instrumentus, tadgjadi stimul&ot uznémumus investet ilgtspgjiga
aprites ekonomikas riipnieciba.

Nemot vera petijuma meérkus, iegiitie rezultati ir uzticami un objektivi atspogulo lietoto
zinatnisko metozu kombing$anas nozimigumu. Sada veida integrétas analizes
izmantoSana ir piemeérota, lai salidzinatu dazadus alternativus raZzoSanas procesus, kas
apskatiti darba.

Promocijas darba iegiitie rezultati apliecina, ka jebkura atkritumu, atlikumu vai

blakusproduktu parstrade mazina ietekmi uz klimatu, nodroSina celu uz ilgtsp&jigu
attistibu un veicina produktu ar augstaku pievienoto vertibu attistibu.
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REKOMENDACIJAS

Veidot papildu atbalsta instrumentus pé&tniecibas iestadém, atbalstot zinatn& balstitu
metozu un riku izstradi aprites ekonomikas ricibas plana attistibai.

Likumdev&ju varas iestadém stradat pie politiskajiem risinajumiem, lai veicinatu
uzn€méju interesi investet atkritumu ka resursa izmantoSanai produktu ar augstaku
pievienoto vertibu razoSanai.

Nevalstiskajam organizacijam popularizet sabiedribai paterina samazinaSanas
nozimigumu un ta ietekmi uz vides aspektiem.

Latvijas politikas veidotajiem ir svarigi izvertet eso$as aprites ekonomikas stratégijas
efektivitati gan Tstermina, gan ilgtermina, kas veicinatu pareju uz aprites ekonomiku un
nodrosinatu praktiskus risinajumus, pieméram, politikas atbalstu, finansialus stimulus
un uzraudzibu.

Valsts parvaldes iestadém, kuras ir atbildigas par ekonomikas, labklajibas un vides
aizsardzibas jomam, ciesi jasadarbijas, lai izstradatu vadlinijas uzn@mumiem par aprites
ekonomikas praktiskajiem aspektiem un elementiem, ka pariet no linearas ekonomikas
uz aprites ekonomikas biznesa modeliem.
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Abstract — Global annual textile consumption has doubled in the last two decades and is
expected to keep increasing. Since the textile system operates primarily in a linear wayj, it is
highly polluting and creates a lot of waste. But nevertheless, it has a high potential for
circularity since most textile products can be recycled or reused. Today most of the waste
ends up in landfills, and less than 1 % is recycled back into textiles. This study aims to gather
information and evaluate which textile product group has the highest potential for circular
economy growth. It covers three main textile product streams: fashion, home, and technical
textiles. The groups were compared using fifteen criteria: environmental impact, washes,
landfilled waste, recycled waste, origin of fabric, projected lifetime, market demand,
production volume, international trade, labour productivity, value added, energy efficiency
of production technologies, innovation capacity, employment, and enterprises. Input values
have been found for each sustainability indicator by using and mathematically transforming
data from the scientific literature. The evaluation method used in this study was multi-criteria
decision analysis. The results indicated that the fashion textile group has the most significant
potential for circular economy development, mainly because it is the largest textile product
stream, and the development of a circular economy could be cost-effective.

Keywords — Apparel; circular economy; home textiles; multi-criteria decision analysis
(MCDA); technical textiles; TOPSIS.

1. INTRODUCTION

The population growth, improvement of living standards, and decreased lifetime of textile
products have led to doubled global annual textile consumption and production in the last two
decades [1]. That has a negative impact on the environment since the textile industry is highly
polluting, resource intensive, and creates a lot of waste. In the whole life cycle, around 87 %
of input fibres end up in landfills, and less than 1 % is recycled back into textiles. The lost
opportunity was valued at more than EUR 93 billion in 2017 [2].

The textile sector plays an important role in the transition to climate neutrality, as 10 % of
global carbon emissions come from textile production [3]. The textile system is currently
operating primarily in a linear way [2], but it has great potential for circularity because most
textile products could potentially be recycled or reused. For example, if a circular economy
were implemented in the fashion textiles value chain, around 95 % of fashion textiles could
be returned back into the supply chain — more than 60 % of all clothes could be reused, 35 %
recycled, and just 5 % would be discarded [4].

The transition from a linear to a circular economy is a necessity. Our society consumes
more than the Earth can produce. That is shown by Earth Overshoot Day, which indicates the
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date each year when all natural resources that could renew in that year are exhausted. In 2022
it was July 28 [5]. The core of the circular economy is to prevent waste generation in all
systems by extending the product's life cycle, repairing, reusing, and recycling [6]. The textile
product group has been set by Europe Union (EU) as one of the seven key product value
chains that will be prioritized in the transition to the circular economy [7]. Also, the circular
economy development in the textile sector is in line with at least six of the seventeen United
Nations Sustainable Development Goals (Goal 3;6;8;9;12;14) [8].

This study looks at three main textile product streams: fashion, home, and technical textiles.
Fashion textiles include clothing and footwear, but in this study, the focus is on clothing. This
category is the largest, accounting for approximately 60 % of the total textile volume, and is
expected to remain so [2]. Home textiles include all textile products used for internal spaces
and furnishings. This study focuses on bed, toilet, and kitchen linens such as sheets, towels,
and tablecloths. Home textile consumption has been relatively steady over time. In 2020, it
slightly increased, but the consumption of clothing decreased [9]. That can be explained by
the COVID-19 pandemic and lockdown. Technical textiles include fabrics that main criteria
are functionality, not ascetics. These textiles are applied in many industries like construction,
automobile, acrospace, sports, defense, and agriculture. Because of its wide usage, it is fast
growing textile category [10].

Multi-criteria decision analysis (MCDA) is a common method for solving decision-making
problems. It is suitable for any field that can define a problem, criteria, and alternatives that
need to be compared [11]. MCDA is also used in research in the textile sector. Eda Acar et al.
used MCDA in their study to evaluate a textile company's environmental sustainability
performance [12]. They used 25 criteria, and the alternatives were the company's yearly
performance in a period from 2008 to 2012. The indicator values were calculated based on
data from each year divided by the number of garments produced that year to get a value per
unit. Because of this approach, the developed framework also could be used for other textile
companies' sustainability evaluation. The Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) was the MCDA method used in the reviewed research. It will also
be the method used in this study.

There are many studies about sustainability and the possibilities of transitioning to a
circular economy in the textile sector [13]. The authors cover topics such as consumer
behaviour [14], textile recycling and reuse [4], environmental impact [15], waste generation
in the sector [16], life cycle assessment of a specific textile product [17], eco-labels [18], and
so on. Most of these studies focus on the entire textile sector or only on fashion textiles.
However, as far as we know, there has been no compilation of information on each textile
group separately, and the development opportunities of the circular economy in all these
segments have not been analysed. Therefore, this study aims to gather information from the
scientific literature and evaluate which textile product group has the highest potential for
circular economy growth based on economic, environmental, social, and technical criteria.

2. METHODOLOGY

The methodology was chosen based on the reviewed papers [11], [12] and the aim of this
study. Two methods were selected to gather data and evaluate the textile product streams —
literature review and MCDA. For this study, the operation algorithm can be defined in the
following four steps:

1. Compilation of information on each group of textile products from the available
literature;
2. Selection of criteria based on the analysis of the literature;
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3. Performing MCDA analysis based on selected criteria and data;
4. Policy improvement recommendations based on the obtained results.

2.1. Literature review

Primarily scientific literature databases were used in the literature review. After reviewing
the literature, an understanding of what information is available about textile product groups
was formed. Then from reviewed literature, data were collected and mathematically
transformed for further analyses. Non-scientific sources and assumptions were used in cases
when data were not available.

2.2. Selection of criteria

The next stage of research was criteria selection. Criteria were selected based on the
relevance to the aim of the research and available data. To evaluate the possibility of circular
economy development, criteria represent four categories- environmental, economic, social,
and technical aspects. The chosen fifteen criteria are shown in Table 1. Criteria also can be
used to measure sustainable development since they represent three sustainability pillars: the
economy, society, and the environment [19]. The technical aspect is included to make the
analysis more diverse and relate more to circular economy development.

TABLE 1. CRITERIA FOR MULTI-CRITERIA DECISION ANALYSIS

Criteria category Criteria Ideal value
Environmental aspects Environmental impact — global warming potential of a product, +

kgCO,eq kg™

Washes — environmental impact of use-phase defined by average +

washes of a textile product, times

Projected lifetime — average lifetime of the product, years -

Landfilled waste — landfilled waste ratio from the total waste +
amount, %

Recycled waste — recycled waste ratio from the total waste amount, % —

Origin of fabric — a ratio of synthetic materials, %

Economic aspects Market demand — global market size assessment, billion EUR

International trade — a ratio of exported product amount, %

+
+
Production volume — a ratio of produced product amount, % +
+
+

Labour productivity — gross value added per person employed,
thousand EUR

Value added — share of value added over total manufacturing, % +

Technical aspects Energy efficiency of production technologies— a ratio of energy usage  +
in the products production stage from energy usage in a total
lifecycle, %

Innovation capacity - number of patents filed between 2015 and 2019, +
patents

Social aspects Employment — share of persons employed in the sector, %

Enterprises — share of enterprises in the sector, %

The ideal value is shown as "+" or "—"; if the ideal value is maximal value, then the criteria
are represented with a plus symbol, but if the ideal value is minimal value, then there is the
opposite symbol. In this case, since the aim is to find which group has the most opportunity
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for circular economy development, rather than which sector already has the highest
circularity, the ideal values of the environmental and technical aspects are counterintuitive.
For example, a higher environmental impact is defined as the ideal case because if a textile
group has a high environmental impact, this indicates that it is unlikely to have taken steps to
improve sustainability, such as circular economy measures. Therefore, there are many
opportunities for the development of a circular economy in this sector. Recycled waste is
another example. The less waste is recycled in a sector, the more it can be recycled, so there
is greater potential for developing a circular economy.

2.2.1. Environmental aspects

Environmental impact was determined after Life Cycle Assessment (LCA) studies. There
are no LCA studies that examine the entire textile group. Therefore, when evaluating this
indicator, the LCA for textile products from each stream was taken. The global warming
potential (GWP) of a product was the quantitative measure used in further analysis.

A wash time criterion was introduced to evaluate the use-phase of textiles. About 14 % of
the climate change impact of textiles occurs during the use-phase, as significant water and
energy consumption happens during the washing and drying of materials [9]. Also, in this life
cycle stage pollution from chemicals and microplastics is formed in the marine environment
[20]. Thus, this criterion is used to evaluate environmental impact.

The other use phase criterion that was chosen is projected lifetime. Since wash time
frequency depends on the textile product, washes indicator cannot fully describe its life span.
For example, a T-shirt is washed frequently but has a short lifetime [21], [22], indicating that
a high number of washes over the lifetime of a product does not necessarily indicate that the
product has a long lifetime. The lifetime depends largely on the user and the quality of the
textile [23]. The lifetime of the textile product is an important indicator of environmental
impact. The longer the use of the textile product, the smaller the environmental impact. For
instance, it is estimated that the environmental impact would be reduced by 20 to 30 % if the
lifetime of the garment was nine months longer [24].

To assess end-of-life environmental impacts, two criteria were added: landfilled waste and
recycled waste. Textiles are most likely to end up in landfill or incinerated after the use phase
[2]. If textiles are sorted, they are mostly recycled or reused. There are available data about
textile waste management globally, but the data are not divided into textile streams. Globally
around 73 % of garments are landfilled or incinerated post-consumer use [2]. It is meaningful
to note that most LCA studies assume that the end-of-life stage for all textile products is the
same, but in reality, even if the product is made of the same fibre type, the environmental
impact is different [3].

A significant factor in the environmental impact assessment of a textile product is the type
of material used [25]. Since this study looks at textile product streams and not at specific
products, two main material categories were looked at — synthetic and natural fibres. The
synthetic material ratio shows how much non-renewable resources are used in each group.

2.2.2. Economic aspects

Market demand was used to evaluate opportunities for economic growth. The size of the
market indicates the profitability of circular economy development. The production criterion
was created to further understand the distribution of the textile market. The distribution of
total textile production by sector indicates the size of the textile product streams. The greater
the production volumes, the greater the possibilities for economic development. No data about
the global distribution of production is available, so data about the EU was taken.
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Export contributes to economic growth in every country. But since this study looks at the
global scale, this indicator was created to reflect international trade in textile systems.
Environmental pollution occurs during the distribution stage, but as this criterion is
considered from an economic point of view, the higher the share of exported products, the
more active international trade is in this product flow.

The value added indicates the economic importance of each textile group. Two criteria were
established to assess this — labour productivity and value added. The first criterion shows the
gross value added per person employed. The higher the value added per employee, the more
efficient the sector. The second criterion shows the share of value added in total production,
which indicates the economic importance of each textile stream in the overall manufacturing
sector.

2.2.3. Technical aspects

It was decided to evaluate energy efficiency of production technologies to include a
technical aspect in this study. Data about textile products from each stream were taken since
there is no study about the whole stream. We decided to evaluate technology efficiency in the
production stage. Therefore, a ratio of energy use in the products production phase from
energy use in a full lifecycle was taken. The bigger percentage of energy use, the more
inefficient the production technologies are.

Innovation capacity was examined to assess the technological development of each sector.
The textile industry regularly delivers innovations in the form of new materials, uses,
solutions, and products. Innovation capacity can be evaluated by patents, designs, trademarks,
and business research and development expenditures [26]. In this case, the innovation
capacity was determined by a number of patents. More patents mean higher innovation
capacity.

2.2.4. Social aspects

The social aspect is an influential part of the transition to a circular economy. Thus, a social
aspect was included in this study. The aim was to assess employment in each textile product
group. Therefore, employment and enterprises were taken as indicators. Employment points
to the current situation, while the number of companies outlines future opportunities. More
companies mean more and varied job opportunities in the sector. Moreover, the more
enterprises, the more likely it is that new jobs will be created.

2.3. MCDA

As mentioned before, in this study MCDA method, more specifically, TOPSIS, will be used
for data analyses. In our case, all data are quantitative, but in this method, also qualitative
data can be used [11]. The result is the distance of alternatives to an ideal point. The ideal
point in this method is value one, which means that the alternative with the value closest to
one is the best [11]. MS Excel was used for TOPSIS calculations. The MCDA has three
steps [27]:

1. Define input data — all calculations are based on input data and the chosen alternatives
and criteria. Table 1 shows fifteen criteria for this study, and alternatives are the three
main textile product streams — fashion, home, and technical textiles.

2. Weights of criteria — different weights are given for criteria to compare their
importance. The weights can be defined using the Analytical Hierarchy Process (AHP)
and Sensitivity Analysis. Since there are more than seven criteria, the results using
AHP would be more inconsistent [11]. That is why sensitivity analysis will be used in
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this study. Sensitivity analysis was performed with five unitary variation ratios (0.01;
0.5; 2; 3; 4). The analysis steps are explained in Peiyue Li et al. study [28].

The criteria were divided into three groups based on the results of the sensitivity analysis:
high, medium, and low sensitivity. The distribution of the criteria across the groups
was determined by the average of the difference between the highest and lowest
alternatives in terms of their relative proximity to the ideal solution. This average
value will be referred to as the sensitivity indicator. If the sensitivity indicator was
below 0.1, then its sensitivity was considered low; if it was above 0.2, then it was
considered high; and if it was between 0.1 and 0.2 inclusive, then the sensitivity of
the criterion was medium. The weight of the high sensitivity criterion was obtained
by multiplying the initial weight by 1.5, and the weight of the low sensitivity criterion
was obtained by multiplying by 0.5. The weight for a medium sensitivity criterion
was calculated by dividing the remaining weight by the number of criteria. The
resulting weights were agreed upon with experts in the field to verify that the weight
distribution was valid.

3. Calculations of the TOPSIS — five calculation steps were used based on the study of
Zlaugotne B. et al. [11].

3. RESULTS

3.1. Input data

All obtained input data from the literature review are shown in Table 2. The sources of the
values summarized in the table are listed in the following subsections.

TABLE 2. INPUT DATA OF TOPSIS ANALYSIS

Alternatives

Criteria Fashion Home textile Technical

textile textile
Environmental impact, kgCO,eq kg™ 30.42 5.06 81.45
Washes, times 30 68 63
Projected lifetime, years 3.13 4.06 6.13
Landfilled waste, % 70 68 78
Recycled waste, % 13 16 5
Origin of fabric, % 60 70 80
Market demand, billion EUR 511.39 103.31 177.53
Production volume, % 41 14 17
International trade, % 59 2 14
Labour productivity, thousand EUR 22 29 47
Value added, % 1.01 0.28 0.37
Energy efficiency of production technologies, % 54 70 59
Innovation capacity, patents 5001 127 3440
Employment, % 72 16 12
Enterprises, % 75 16 9
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3.1.1. Environmental impact

The main source of information for fashion textiles was Gongalves A. and Silva C. review
study [29]. They have gathered the environmental impact of different apparel (see Table 1
from the study). For analysis, we chose a jacket, T-shirt, and four types of sweaters. Only
use-phase and end-of-life were considered. The jacket is 0.9 kg, and its GWP is 25.3 kgCO»eq
on a functional unit [30]. Therefore, for a 1 kg of jackets, the GWP is 28.1 kgCOseq. For the
T-shirt category, GWP is 5.3 kgCO,eq kg™! t-shirts. We took four types of sweaters — wool,
cotton, blend, and acrylic [31]. The average GWP is 57.9 kgCO,eq kg™! sweaters. Overall,
the average value was used in TOPSIS analyses.

For home textiles, an LCA study of eight bed sheets was selected [17]. Bed sheets were
cotton, and one was a polyester and cotton blend. Textile products differ in care treatment
and colour shades. The calculated average GWP was 4.2 kgCO,eq for a bed sheet, and each
sample had a surface weight of around 115 g m™ and a surface of 7.2 m2. Therefore, the
weight of the sample is 0.8 kg, and the GWP for 1 kg of bed sheets is 5.1 kgCOzeq. The study
considered almost the whole life cycle, except the end-of-life.

Selected technical textile products are flame retardant (FR) treated wool and silver
nanoparticles (AgNPs) treated polyester curtains. LCA study of these products looked at only
use-phase and end-of-life [3]. That is why for fashion textiles, the same life stages were
considered. For FR treated wool curtains average GWP of use-phase is 32 kgCO,eq kg™!. The
average GWP of use-phase for AgNPs treated polyester curtains is four times bigger because
this product requires four times more washing. The GWP of the end-of-life stage for FR
treated wool and AgNPs treated polyester curtains are 1.1 and 0.8 kgCOzeq kg ! respectively.

These data are from reliable studies, but it should be noted that there are various gaps when
comparing them. For example, the end-of-life and use-phase were considered for technical
and fashion textiles, but for home textiles, almost the whole life cycle was considered. Also,
the data obtained in LCA depends on the material used in the product, the country where the
raw materials were obtained, and where the production and use phase took place. To consider
the environmental impact of different types of fabrics, the average GWP value of several
products was used.

3.1.2. Washes

The average wash times of textile products were taken from the LCA studies. The jacket is
intended for ten washes [30], and the t-shirt's life span is around 52 washes [22]. For sweaters,
it is between them — 28 washes [31]. The average number of washes of eight bed sheets is
68 [17]. FR treated wool curtains are designed to be washed 25 times over their lifetime, and
the AgNPs treated polyester curtains need to be washed four times more [3].

3.1.3. Projected lifetime

The projected lifetime of fashion and home textiles was taken from the International fair
claims guide for consumer textiles products [21]. The average lifetime of garments is 3.13
years. For home textiles, the average lifetime is 4.06 years. Some textile products were
excluded from average value calculations because they were outside this study's scope. To
make sure they more or less match the reality, we compared them to data from other literature
sources. A survey of United Kingdom customers revealed that the average period of active
use for apparel is 3.3 years [32]. For home textiles, the bed sheets are washed twice a month
and last for 60 washes [17], which means their lifetime is 2.5 years. It matches the life
expectancy rates of bedspreads, sheets, and pillowcases [21].

226
134



Environmental and Climate Technologies

2023 /27

There was no data available in the scientific literature on the life span of technical textiles.
Therefore, data were obtained from business and blog web pages. Flame-resistant workwear's
lifetime is from one to four years, depending on the textile material used [33]. Bulletproof
vests have a predicted life of five years [34]. Good quality commercial tents last up to 10
years [35]. The lifetime for sleeping bags filled with down and synthetic wadding is ten and
three to four years respectively [36]. The average value was calculated based on the data
mentioned above.

3.1.4. Landfilled waste and Recycled waste

The source of data for these indicators was the United States Environmental Protection
Agency web page [37]. They have specific information about two groups relevant to this
study — clothing and footwear, towels, sheets, and pillowcases. In 2018, 12 970 t of fashion
textiles were generated, of which 9070 t were landfilled, and only 1690 t were recycled.
Similar ratios are for home textiles, 1520 t were produced, 1030 t were landfilled, and 240 t
were recycled.

There was no information about the technical textile stream. Therefore, assumptions were
made based on data about fashion and home textiles [37]. In both cases, around 17 % are
incinerated, which is why the same ratio was assumed for technical textiles. Technical
textiles, such as protective textiles that are used in fields like healthcare, firefighting, law
enforcement, and manufacturing, require complex recycling [3]. Thus, we assumed that
technical textiles are almost three times less recycled than apparel and home textiles.

3.1.5. Origin of fabric

Around 60 % of the fibres used for fashion textile products are synthetic [25]. Among these
synthetic materials, polyester is the most widely used. In the group of home textiles even
more synthetic materials are used — about 70 % [25]. Also, polyester is predominant at 28 %,
and nylon at 23 %. Technical textiles have a similar ratio of synthetic fibres, but specific data
are not available. We assumed that most synthetics are used in the production of technical
textiles. Thus, the difference between both textile groups was added to the biggest ratio.

3.1.6. Market demand

All data for the market demand criterion are comparable as the same base year was used.
The global apparel market was EUR 511.39 billion in 2021 [38]. The global home and
technical textile markets were valued at EUR 103.31 billion and EUR 177.53 billion
respectively [39], [40].

3.1.7. Production volume

Apparel manufacturing is the leading contributor to total textile production. However,
technical textile is a fast-growing sector. In EU 27, clothing accounted for 31 %, knitwear
was 6 %, and underwear was 4 %. These product groups were considered fashion textile
products. Workwear production was not considered because it can be fashion and technical
textiles. Home and technical textile production ratios in 2021 were 14 % and 17 %
respectively [41].

3.1.8. International trade

For this indicator, only data about EU were selected [41]. In 2021, exported women's
clothing accounted for 24 %, men's clothing was 12 % and other garments knitted and woven
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was 23 %. Home and technical textile exported ratios were 2 and 14 % respectively. It should
be noted that in other countries or economic unions, the ratios could differ and affect the
overall results [41].

3.1.9. Labour productivity and Value added

EU data were used as global data are not available. European Commission data for 2018
were used [26]. In 2018, the overall value added for textile-wearing apparel and accessories,
technical and industrial textiles, and home textiles were 19 586, 7121, and 5507 million EUR
respectively. The labour productivity for fashion textiles in 2018 was 22 thousand EUR per
employee. This value is 14 % bigger than in 2015. For home textiles, labour productivity
decreased by 2 % since 2015 but still was higher than fashion textiles — 29 thousand EUR per
employee. Technical textile labour productivity increased by 5 % in the period 2015-2019
and was more than two times greater than fashion textiles — 47 thousand EUR per
employee [26].

For the second criterion, data on the share of value added in textiles compared to total
EU-27 manufacturing in 2018 was selected. The share of value added in total production for
textile-wearing apparel and accessories, home textiles and technical and industrial textiles
was 1.01 %, 0.28 %, and 0.37 % respectively [26].

3.1.10. Energy efficiency of production technologies

Yasin S. et al. summarized the energy consumption of five textile products [42]. Four
products were fashion textiles, and one was home textile. One fashion product was excluded
from this analysis because it is outside this study's scope. Polyester trouser manufacturing
consumes 20 % of energy, polyester blouse consumes 98 %, and denim jean manufacturing
uses 43 %. The home textile product was cotton curtains, and their manufacturing consumes
70 % of the total lifecycle energy.

An LCA study of wool and nylon carpets was selected to obtain data for technical
textiles [43]. Data from three processes were combined to get energy usage in the
manufacturing phase — raw material production, yarn production, and carpet tile production.
The energy usage for nylon carpet is 18.67 MJ per functional unit, which is 73 % of total
energy usage. Wool carpet production consumes 9.22 MJ per functional unit, which is 45 %
of total energy usage. The average value was used in further analyses.

3.1.11. Innovation capacity

The input data of this indicator were patents filed by industry-leading countries from 2015
to 2019 in textile sectors. The countries are EU 27 Member States and countries from the
European Free Trade Association, the Republic of Korea, the United States, China, Japan,
Turkey, the United Kingdom, India, and Vietnam. The number of patents filed in the fashion
textiles, home textiles, and technical textiles sectors was 5001, 127, and 3440
respectively [26].

3.1.12. Employment and Enterprises

Data were about EU companies because there is no data about the global situation. In 2018,
the number of employees in fashion textiles, home textiles, and technical textiles was 879
689, 191 916, and 150 920 respectively. Employment in home textiles and technical textiles
has increased since 2015, while in fashion textiles it has decreased by 2 %. The number of
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enterprises in fashion textiles, home textiles, and technical textiles in 2018 was 120 339,
26 182, and 14 688 respectively [26].

3.2. Sensitivity analysis

After collecting the input data, sensitivity analysis was performed to determine the criteria
weights. The analysis revealed that the landfilled waste, origin of fabric, and energy
efficiency of production technologies have insignificant sensitivity to shifts in weight. As a
result, these criteria were given the lowest weight (0.03). The environmental impact and
washes criteria responded the most to the changes in weight. Therefore, it received the most
significant weight (0.10). The sensitivity analysis results for environmental impact are shown
graphically in Fig. 1. The other criteria were given a weight of 0.07.
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Fig. 1. Results of sensitivity analysis for environmental impact criterion.

3.3. TOPSIS

The last analysis step was TOPSIS calculations. Obtained results are shown graphically in
Fig. 2. The results showed that the highest relative proximity to the ideal solution of the
analysed textile product streams is for fashion textiles. It was expected because the fashion
textile has eight ideal values. That means that the input value (see Table 2) met the criterion
ideal value conditions (see Table 1) for eight criteria.
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Fig. 2. Results from TOPSIS.
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The technical textiles stream also received relatively good results. If we look at the input
data, it has five ideal values. The lowest results are for home textiles. It was also predictable
because it has eight anti-ideal values and only two ideal values. In this case, weight
distribution did not significantly change the results. If all criteria had the same weights, the
results would be 0.69 for fashion textiles, 0.19 for home textiles, and 0.43 for technical
textiles.

4. CONCLUSIONS

The transition of the textile system to a circular economy is essential because of its high
environmental impact. This study collected information on three textile product streams:
fashion, home, and technical textiles. MCDA was then conducted to find the most suitable
textile group for circular economy growth.

In the literature review, we gathered data on each group of textile products. Then fifteen
criteria from environmental, economic, technical, and social aspects were selected for
TOPSIS, and sensitivity analyses were made to determine their weights. The results indicate
that the fashion textile product group has the most significant potential for circular economy
development (0.65). Mainly because it is the largest textile product stream, and the
development of a circular economy could be cost-effective.

These results can be used to improve existing circular economy policy. The results show
that the main focus should be on apparel while developing a textile circularity policy. But
technical textiles also showed relatively high circular economy potential and are a fast-
growing sector, suggesting that this potential could be even higher in the future. However,
before implementing a policy in a particular country or political union, more in-depth research
should be done, as this study looked at the global situation and made several assumptions.
The compiled data on each group of textile products is useful since it was not previously
available in the scientific literature.
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Abstract — Woody logging residues produced by logging activities are currently an
underutilised resource that is mainly burned for energy production or left in the forest to
decay, thus releasing CO: into the atmosphere. This resource could be used to manufacture
long-lasting products and store a significant amount of COz, promoting CO: valorisation in
rural areas. In this study, potential use for logging residues is proposed — the production of
low-density wood fibreboard insulation panels. The new material's potential properties,
manufacturing method and combined heat and power (CHP) plant parameters were
proposed. The potential climate benefits of the new product were analysed using various
biogenic carbon accounting methods. As energy production for manufacturing can be a
significant source of emissions, possible energy production scenarios were analysed for
manufacturing the product. However, an economically and environmentally viable energy
production scenario should be chosen. By conducting a multi-criteria analysis, three possible
energy production scenarios were analysed — wood biomass CHP plant, a natural gas CHP
plant and a standalone wood biomass combustion plant combined with Solar photo-voltaic
(PV) panels. The scenarios were analysed in terms of technological, economic, and
environmental performance to determine the best strategy in this case.

Keywords — COz storage; energy production; logging residues; wood products.

1. INTRODUCTION

Forestry practices produce large amounts of waste and residues from the harvestable yield.
This can present significant management problems, as the discarded biomass can hurt the
environment. Meanwhile, sustainable energy sources and raw material feedstock are required
with increasing global population and rising demand for construction products and materials.
Forestry waste and logging residues are under-utilized resources for energy and material
production. To date, there has been little activity to utilise these resources in a ‘low carbon’
way. It is estimated that for every cubic meter of logged wood material removed, a cubic
meter of wastes and residues (e.g., stumps, branches, greenery) is left in the forest. Currently,
of all wood-derived biomass produced globally, 20 % can be accounted as primary production
loss left in the woods to decay, which could instead be used as a feedstock for a variety of
products, including the production of fuels, polymers and building materials and products [1].

Wood, like products made from it, has a significant advantage over other building materials
— they are an essential source of CO; sequestration. It has been observed that there exists a
direct correlation between the amount of CO; sequestered and the amount of wood-derived
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biomass harvested to produce high-added value products — with increasing amounts of wood
harvested or rising efficiency of timber used, the amount of carbon sequestration is also
increased [2]. The overall decarbonisation solutions can be achieved if sustainable carbon
cycles, including using Carbon Capture and Utilisation technologies, are implemented (see

Fig. 1) [3]-[6].
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Fig 1. The sustainable carbon cycle of wood logging residues [1].

In the wood-based product sector, significant potential for CO, sequestration can be
attributed to the production of wood-based panels and engineered wood products [7], [8]. In a
2017 study about carbon storage in wood products, the carbon sequestration potential of three
different wood-based panels was reviewed — oriented strand board (OSB), particleboard (PB)
and medium density fibreboard (MDF). According to the IPCC methodology, all three of
these products are included in the national inventory reports as harvested wood products that
store carbon, thus decreasing the overall CO; balance in the atmosphere. It was calculated
that a cubic meter of PB and OSB sequester 720 kg of CO» each and that a cubic meter of
MDF sequesters 820 kg of CO,, considering the number of emissions from material
production [9].

However, despite this advantage, producing such panels is quite an energy-intensive
process. The Best Available Techniques (BAT) Reference Document to produce Wood-based
Panels states that the average amount of thermal energy required to produce one cubic meter
of the material is 0.955 MWh for PB, 0.4 MWh for OSB and 1.65 MWh for MDF panels.
The average amount of electrical energy required to produce one cubic meter of the material
is 0.155 MWh for PB, 0.115 MWh for OSB and 0.505 MWh for MDF panels [9], [10]. In turn,
producing such thermal insulation materials as Ecowool and mineral wool requires
0.00416 MWh and 0.200 MWh of electricity per cubic meter of product. Although
rigidboards are popular insulation material, they are mostly produced from expanded
polystyrene or polyurethane foam — both are produced from fossil resources eliminating the
opportunity to store CO; in such products. Nevertheless, rigid and flexiboards from wood
fibres are becoming more popular. Production technology of such materials is similar to other
wood fibre materials, in detail described further in this paper.
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Although the CO; sequestration benefits of one cubic meter of rigid board insulation
material will be lower than that of OSB, PB and MDF panels, considering the lower density
of wood in the material, it will require less energy and raw materials to manufacture. The low-
efficiency and uninsulated buildings in Latvia and many other countries are still tall, meaning
that building insulation materials will remain a high-demand product for the foreseeable
future. There is a wide range of insulation materials available today, each with its advantages
and disadvantages. However, modern consumers care not only about the physical and
mechanical properties of the material but also about the environmental impact. Manufacturing
insulation materials could become one of the future opportunities of the forestry industry of
Latvia. Generating by-products and residues in the harvesting and manufacturing processes
is inevitable. Currently, forestry companies mainly use these by-products to produce energy
or sell them to other companies. Exporting these by-products is still inefficient since they are
now sold as low-added value products. As companies in the forestry sector move to increase
the efficiency and productivity of their production, the utilisation of wastes and residues
previously considered low value is becoming an increasingly attractive option. Using these
by-products to manufacture thermal insulation is one of the potential solutions for increasing
their value [11], [12].

Mitigation of CO; emissions has become a top question in the last decades. Therefore,
understanding processes within rural CO, economy sectors, factors, interconnections and
effects on the environment and nature quality and guidelines for future activities are crucial.
Valorisation of CO,, including direct capture and utilization, transformed CO; utilization or
pre-processed CO; utilization, can positively affect the reduction of CO, emission and the
development of rural areas [3]-[6]. The changes in wood waste treatment practices and
production of the rigid board from wood logging residues can have a positive effect on
mitigating CO emissions, providing its storage in the products. This work aims to analyse
the environmental impact of this insulating material. Using an underestimated resource to
produce thermal insulation material can be viable from economic and technological
perspective. The practice could be favourable from product demand, and raw material supply
perspective by adding value to wood value-chain.

2. METHODS AND METHODOLOGY

For this study, the production of rigid board wood insulation material was chosen.
The production methodology consists of steps like a description of the production process
and needed feedstock calculation of the amount of CO, that can be stored in the final product.
As for the energy sources for the rigid board production. Three different scenarios have been
compared using the multicriteria analysis method. All steps of the methodology are seen in
Fig. 2.

Rigid board > Production process Production process
production process feedstock balance
A 4
Multi-Criteria Energy sources for Amount of stored CO,
Analysis production process calculation

Fig. 2. Algorithm of the methodology.
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The rigid board is produced similarly to other wood fibre boards e.g., MDF and LDF.
The same dry process is used for refining the dried wood fibres derived from wood chips.
After drying, the material goes through forming, pressing and profiling. A simplified
manufacturing process of rigid board insulation panels is shown in Fig. 3. The refined and
dried wood fibres are mixed with resin, formed into a mat, and then pressed and cured. Curing
occurs by passing steam through the mat to heat it slightly. In comparison to general MDF
production, the working pressure is lower and process does not require heated press.
The slight temperature increase and the small amount of water cure the resin. The resin used
for rigid board production is exclusively pMDI (polymeric methylene diphenyl diisocyanate).
Rigid board is produced in various thicknesses ranging 18—244 mm and in densities ranging
100-220 kg/m>. It is mainly used for insulation purposes, and the raw boards are passed
through a profiler to produce a tongue-and-groove finish [10].

Wood chips Resin

} ¥

Refining  jued Drying =] Forming

¥

Profiling  |egms  Pressing

'

Finished
Rigidboard

Fig. 3. Simplified rigidboard manufacturing process [10].

The primary feedstock for manufacturing the new rigidboard is logging residues, mainly
from coniferous trees, the dominant tree group harvested in Latvia. The logging residues used
for the production of chips will especially be branches, smaller logs and possibly stumps that
are not used in conventional production. It is assumed that all needles and other greenery will
fall off or be removed from the feedstock while in storage and manufacturing. To produce
fibreboard insulation panels, wood fibres of strong and uniform quality must be obtained.
Although MDF and other fibreboard producers traditionally use roundwood as a raw
feedstock, novel methods of cleaning and sorting waste wood or production residues from
other woodworking industries have enabled alternative sources of wood materials on
dedicated production lines [10]. A 2013 study about the chase characteristics of wood chips
produced from logging residues concluded that wood chips produced from logging residues
have a moisture content of 50 % and are suitable for use in small and medium size
boilers [13]. It is assumed that the wood chips obtained from logging residue feedstock will
be of sufficient quality to produce fibreboard panels.

The material balance of the new fibreboard insulation panel is shown in Table 1. Material
density is assumed maximum for rigid board production from the BAT Reference Document
for Wood-based Panels [10]. Material balance was chosen based on fibreboard and insulation
board data from the Forest Product Conversion Factors document [14], assuming an increased
bark and decreased wood content. The weight content of bark, binders and fillers, moisture
and wood in one cubic meter of the finished insulation panel were calculated based on the
chosen material density and material balance.
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For the new fibreboard insulation material manufacturing process, the standard dry
manufacturing process was chosen from the BAT Reference Document for the Production of
Wood-based Panels [10], modified for rigid board production (Fig. 2).

TABLE 1. FIBREBOARD INSULATION MATERIAL BALANCE

Content, kg/m* Balance, % Source

Density 220 100 [10]
Bark 6.6 3 [14]
Binders and fillers 11 5 [14]
Moisture 13.2 6 [14]
Wood 189.2 86 [14]

It is assumed that the new plant would produce 300 000 m? of fibreboard insulation material
annually, based on average plant capacities in the industry [10]. To calculate the specific
amounts of heat and electric energy needed to produce one cubic meter of the material,
existing insulation material manufacturing plant data was used. Assuming that an existing
plant has an electrical capacity of 5 MW and a heat capacity of 10 MW [15] and operates for
8000 hours annually, the manufacturing plant would require 0.13 MWh of electricity and
0.26 MWh of thermal energy to produce one cubic meter of fibreboard insulation material.
Energy consumption for the most energy-intensive manufacturing processes is shown in
Table 2. The drying of the wood fibres consumes the most energy, mainly in the form of
thermal energy, as the fibres need to be dried from a moisture content nearing 100 % to 5 %.
The dryers also need to be ventilated, using mechanical ventilators that consume electricity.
The second most energy-intensive process is refining the fibres, which requires powerful
motors that consume the most electricity. Thermal energy is also needed for refining to supply
hot steam for cooking and washing wood chips. The pressing of the fibreboard mat requires
thermal energy in the form of steam and electricity for the press rollers; however, for the
production of rigid board insulation, the energy consumption is minimised, as the temperature
required is relatively low. Lastly, all other processes requiring electricity are grouped, such
as chipping, sawing and profiling [10].

TABLE 2. ENERGY CONSUMPTION FOR PRODUCTION

Manufacturing process Electricity, MWh/m®  Thermal energy, MWh/m?

Drying 0.03 0.16
Refining 0.08 0.08
Pressing 0.01 0.02
Chipping, sawing, profiling  0.01 -

Total 0.13 0.26

To calculate the possible amount of CO, stored in the material, eight different standards for
biogenic carbon accounting in products were reviewed and used. Many different technical
standards for Life Cycle Analysis (LCA) with other methods and approaches for carbon
accounting. Still, in this case, only standards relevant to forest-based building materials and
biogenic carbon were used. The standards used can be grouped into those that deal only with
building materials (ISO-21930, EN-15804, CEN/TR-16970, EN-16485) and those which
cover all products (PAS-2050, ISO/TS-14067, PEF). The standards can also be distinguished
by geographical coverage, as some are international standards (ISO-21930, PAS-2050,
ISO/TS-14067), and others are specific to Europe (EN-15804, CEN/TR-16970, EN-16485,
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PEF) and have stronger links to government regulation [16]-[18]. As there currently exists
no scientific consensus on which standard and method are the most appropriate for use, an
average value derived from all standards was proposed.

The initial calculation for CO; stored in the material is assumed to be the same for all
standards and is calculated [17]:

mCO, = mg, (timber)-C , mmCO, (1)
m.me
where
mCO; mass of CO; sequestered, kgCO»;
mary(timber)  dry weight of timber in the finished product, kg;
Cy percentage of carbon in dry matter (for timber = 0.5);
m.mCO molecular mass of CO; = 44 g/mol;
m.mc atomic mass of carbon = 12 g/mol.
By substituting the masses of carbon and CO,, Eq. (1) becomes:
. 44 .
mCO, = my, (timber)-0.5 T = mg, (timber)-1.833 , (2)

where mCO; is the mass of CO; sequestered in the finished product and mar(timber) is the
dry weight of timber in the finished product.

Only the CO; sequestered from the wood and bark content for the new product is calculated.
The carbon content for bark is assumed to be the same as wood (50 %).

To maximise the CO, storage potential of the new fibreboard insulation material, the energy
production sources for the manufacturing process need to be reviewed and analysed, as energy
production is the single most significant source of emissions and can potentially offset the
avoided CO; stored in the product material. Indeed, producing heat and power from the most
environmentally friendly renewable sources would be the best way to minimise emissions
from manufacturing. However, this may not always be the most technologically and
economically viable option. Thus, energy production for product manufacturing needs to be
assessed from an environmental point of view while considering the technological and
economic aspects. Three energy production scenarios were evaluated based on the proposed
manufacturing plant capacity of 5 MW electrical capacity and 10 MW heat capacity [16],
current trends in the sector and possible future technologies. Technological, economic and
environmental data for the three proposed scenarios are shown in Table 3. The capacities of
the energy production plants were chosen according to the required minimum heat capacity
of the manufacturing plant of 10 MW, as all the process heat needs to be produced on-site to
meet heat and steam requirements. The electrical power of the energy production plant can
be lower than the electrical demand of the manufacturing plant, as electricity can also be
supplied from the grid. The first proposed scenario is to produce heat and power with a
biomass combined heat and power (CHP) plant, which would use wood chips as fuel.
The chosen CHP technology is a wood chip boiler combined with a steam turbine. The second
proposed scenario is a natural gas CHP plant with a gas turbine technology well suited for
industrial processes. The third proposed scenario is a wood biomass combustion plant (CP)
producing only thermal energy, using wood chips as fuel, combined with Solar Photo-voltaic
(PV) panels for electricity production.
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To evaluate environmental impacts, five different emission values were considered for each
scenario: NOx (nitrogen oxides), CO (carbon monoxide), VOC (volatile organic compounds),
PM (particulate matter) and CO, (carbon dioxide).

TABLE 3. TECHNOLOGICAL, ECONOMIC AND ENVIRONMENTAL PARAMETERS OF PROPOSED
ENERGY PRODUCTION SCENARIOS

Parameter Wood Natural gas Wood Sources
biomass CHP biomass CP
CHP + PV panels
Electrical capacity, MWe 5 7.5 4 [19], [20], [21]
Thermal capacity, MWth 12 10.7 12 [19], [20]
Electrical efficiency, % 25 29.2 - [20], [22]
Thermal efficiency, % 60 41.4 85 [20], [22]
Total efficiency, % 85 70.6 85 [20], [22]
Capital costs, EUR/kW* 3310 1510 965° [23]
O&M costs, Yocapex 2 2.5 20 [23]
Fuel cost, EUR/MWh 25 81.2 25 [24], [25]
NOx emissions, g/MWh* 29 27 9.1 [20], [26]
CO emissions, g/MWh* 8 31.5 25 [20], [26]
VOC emissions, gMWh* 0 27 0 [20], [26]
PM emissions, g/MWh* 44 0 13.6 [20], [26]
CO, emissions, kg/MWh? 0 202 0 [27]

* Based on the electrical capacity for CHP and thermal capacity for CP
® Does not include the cost of PV panels

¢ Applies to electricity produced for CHP and thermal energy for CP

4 Applies to both electrical and thermal energy produced

The capital costs of the standalone biomass combustion plant are assumed to be 30 % lower
than the costs of the same thermal capacity CHP plant. Still, they are recalculated according
to the thermal capacity of the combustion plant. Similarly, emission levels for the standalone
biomass combustion plant are assumed to be the same as for the biomass CHP plant. Still,
they are recalculated for a total thermal efficiency of 85 % instead of 60 % and apply only to
the thermal energy produced.

The capital costs and O&M costs for the Solar PV panels are chosen according to the peak
capacity of Solar PV panel installation. A Solar PV panel installation with an electrical
capacity of 4 MWe is assumed to have a peak capacity of 5.4 MWp. The capital costs for an
installation of this size are 510 EUR/kWp, and O&M costs 6.5 EUR/kWp [21].

A multicriteria analysis using the Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) method compares the three energy production scenarios. Using the
TOPSIS method, the proposed scenarios or alternatives are evaluated for the ideal possible
solution. The alternative that is the closest to the ideal solution is considered to be the best
scenario [28]. The criteria were selected according to the opinion of experts whose work
profile is directly related to construction, sustainability and innovation, as well as the
literature analysis. The criteria chosen for the analysis are shown in Table 4. The values of
the criteria were calculated using data from Table 3 and applied to the manufacturing plant’s
selected electrical and thermal energy demand parameters, with the annual plant production
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capacity of 300 000 m? of fibreboard insulation material. The criteria values were calculated
relative to one cubic meter of the finished product.

To perform the multicriteria analysis, the criteria weights need to be determined.
The criteria weights were determined using the Analytical Hierarchy Process (AHP)
method [28]. The criteria were first ranked in importance, prioritising economic and
technological criteria, and then ranking the environmental criteria by their global warming
potential. The weights of each criteria were then determined according to their rank,
consequently comparing them to each other.

TABLE 4. CHOSEN CRITERIA FOR THE MULTICRITERIA ANALYSIS

Technological criteria Economic criteria Environmental criteria

Fuel energy content, GI/m*  Capital costs, EUR/m’ NOx emissions, g/m’
Fuel costs, EUR/m? CO emissions, g/m’
O&M costs, EUR/m? VOC emissions, g/m?

Bought/sold electricity, EUR/m*  PM emissions, g/m*

CO; emissions, kg/m*

With the obtained criteria weights, the results of the multicriteria analysis were calculated.
The result is shown as a relative closeness coefficient to the ideal solution. The results can
have a value ranging from 0 to 1, with the ideal solution being a value of 1. The closer the
coefficient of a proposed alternative is to the maximum value of 1, the closer it is to the ideal
solution.

3. RESULTS

The amount of stored biogenic CO, in the new fibreboard insulation material for the eight
different accounting standards is shown in Table 5. The stored amount has been calculated
for one cubic meter of the new fibreboard insulation material.

TABLE 5. STORED BIOGENIC CO; DEPENDING ON ACCOUNTING STANDARD

Technical standard Stored CO,, kg/m3 Source
EN-15804 (2012) 359 [18]
ISO/DIS-21930 (2015) 251 [29]
EN-15804 (2012) +A1:2013 359 [18]
CEN/TR-16970 (2016) 359 [18]
EN-16485 (2014) 359 [18]
ISO/TS-14067 (2013) 90 [30]
PEF v2.2 (2016) 90 [30]
PAS-2050 (2011) 291 [31]

For standards EN-15804 (2012), EN-15804 (2012) +A1:2013, CEN/TR-16970 (2016) and
EN-16485 (2014) the calculated amount of stored CO; is the same, as they are all based om
the same standard of EN-15804 (2012) and assume that the amount is calculated with the
formula shown in Eq. (2), with no further elaboration. ISO/TS-14067 (2013) and PEF v2.2
(2016) standards are based on the previous ISO-14040/44 standard for LCA, and do not differ
in calculating the stored COa,.
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Standards-based on the EN-15804 standard offer the highest amount of CO, stored in one
cubic meter of the product — 359 kgCO»/m?, while the lowest amount of CO, stored can be
attributed to standards based on the previous 1SO-14040/44 LCA standard — 90 kgCO»/m3.
Considering all standards, an average value of 270 kgCO,/m? stored can be assumed as the
final result if no single carbon accounting method is chosen.

The calculated criteria values and weights for the multicriteria analysis of three different
energy production scenarios are shown in Table 6.

TABLE 6. CRITERIA VALUES AND WEIGHTS

Wood Natural Gas Wood Criteria

biomass CHP biomass CP weight

CHP + PV panels
Fuel energy content, GJ/m? 1.56 2.26 1.10 0.079
Capital costs, EUR/m’ 12.68 38.01 8.45 0.210
Fuel costs, EUR/m? 55.17 37.75 47.80 0.288
O&M costs, EUR/m* 1.10 0.94 0.89 0.152
Bought/sold electricity, EUR/m? 3.84 —9.45 19.77 0.110
NOx emissions, g/m? 3.14 4.95 2.36 0.028
CO emissions, g/m? 0.86 5.78 0.64 0.016
VOC emissions, g/m? 0 4.95 0 0.020
PM emissions, g/m? 4.7 0 35 0.040
CO;, emissions, kg/m* 0 90 0 0.057

The results of the multicriteria analysis of three different energy production scenarios are
shown in Fig. 4.

2]
.2
] Natural gas CHP plant 0.490
3
)
Wood biomass CHP plant 0.622

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
Relative proximity to the ideal solution

Fig. 4. Multicriteria analysis results.

The results of the multicriteria analysis show that the best scenario for energy production
for the manufacturing plant is the wood biomass CHP plant (0.622). In second place are the
wood biomass combustion plant and Solar PV panel scenario (0.531), barely beating out the
natural gas CHP plant scenario (0.490). While currently, the multicriteria analysis shows that
the fossil resource use scenario of natural gas is relatively close in valuation compared to the
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renewable resource use scenarios of wood biomass, it is evident that the evaluation of the
natural gas CHP plant scenario could decrease in the future, as the world moves to use more
renewable resources. Nevertheless, the natural gas CHP plant scenario still needs to be
reviewed and considered, so it can be clearly shown that there are better renewable resource
alternatives, which are the wood biomass CHP and combustion plants. To emphasise this
further, more detailed studies should be carried out, which should consider both quantitative
and qualitative data, including data and opinions of experts and companies in the field. Social
and political aspects should also be reviewed in further studies. This, in turn, could
significantly impact the evaluations of the different energy production scenarios, possibly
increasing the assessment of the renewable energy source scenarios to mark them as the clear
favourite over fossil resource use.

4. CONCLUSION

This study proposed a new possible wood fibreboard insulation material product made from
a currently underutilised wood resource — logging residues. The material balance of the new
product was presented, along with the manufacturing technology, manufacturing plant
capacity and energy resource demands. The possible amount of CO> stored in the new product
was calculated and reviewed using eight standards and their methods for biogenic carbon
accounting.

The amount of stored CO; in the material varies considerably depending on the accounting
method. Ideally, one of the eight possible standards should be chosen and prioritised. If no
standard can be selected, an average value of stored CO; calculated from all eight standards
could be proposed.

As the single largest source of emissions for the manufacturing of the new product is energy
production, different energy production scenarios were analysed based on current trends in
the industry. The scenarios were analysed regarding technological, economic, and
environmental performance. Renewable energy scenarios should be considered a priority.
However, fossil resource use was also considered, as the technical and financial benefits
might outweigh the environmental disadvantages.

Three energy production scenarios were analysed: wood biomass combined heat and power
(CHP) plant, a natural gas CHP plant and a standalone wood biomass combustion plant
combined with solar photo-voltaic (PV) panels. The analysis results show the wood biomass
CHP plant as the best scenario for energy production for the new manufacturing plant.
However, the other scenarios are relatively close in evaluation.
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Keywords: Building with wood has become more popular and so has the circularity concept and carbon
Global warming storage in products. This study aims to analyse the life cycle impacts of cross-laminated timber
Wood

(CLT) recycling. Functional unit of 1 m® was chosen for the CLT and recycled cross-laminated
timber (ReCLT) comparison. For the life cycle assessment, the ReCiPe methodology was used
allowing to calculate midpoint and endpoint accumulated impacts of both ReCLT and CLT,
therefore allowing for the best comparison. Overall, the ReCLT showed significantly reduced
environmental impacts in endpoint categories from 50 % to 80 % reduction in the single score
evaluation. Although midpoint impacts showed mostly reduced environmental impacts, e.g.,
global warming, land use and others, the water eutrophication — both marine and freshwater,
leading to think for improvements in the recycling process.

Land use
Circular economy
Environmental impacts

1. Literature review

Building sector constitutes for 40 % of annual global carbon dioxide emissions, largely due to the used construction materials,
especially the production and use of steel and concrete — both being known as materials with high environmental footprint [1].
Therefore, The European Green Deal and other initiatives strive to make changes in the sector by setting goals to reach lower emission
levels. The goals could be reached by improving the efficiency of production technologies or by developing and using new materials
with lower emission footprint. Cross laminated timber (CLT) has been on the market for around 30 years and it has shown to be a
promising alternative material to concrete and steel as CLT’s mechanical properties are sufficient for it to be a structural material and
the cost for building with CLT are competitive to the popular building techniques with steel and concrete [2]. Building with CLT have
been gaining traction for climate reasons — for the renewable material and carbon storage potential, replacing energy intensive
concreate production [3]. Building with wood has regained its popularity with the invention of CLT, timber use cases have been
expanded to mid-rise buildings [4].

With The European Green Deal in place, even the climate beneficial CLT buildings have been subjected to thinking more about
circularity in this building sector. Circularity comes into building with CLT in multiple ways. It is important to include CLT in the
overall building recycling efforts aimed at better reuse of the materials from demolished buildings. Although building with CLT is
relatively new, it is expected that in the years to come the need for recycling of post-consumer CLT materials will arise [2], the time will
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come when CLT buildings will be at the end of life. Most popular assumption of CLT service life is 50-60 years [1]. In addition, the CLT
production step as it is today can be improved by increasing the circularity [5], [6].

To ensure effective material circularity, it is important to keep better record of used materials, recognize the volumes and types at
the demolition phase, but the second step is the physical sorting, reuse, and recycling where necessary. Life cycle assessment (LCA) is a
standard method for assessing the environmental impacts of a product in order to get an insight into impacts of specific stages of life.
Life cycle impact research has shown that the biggest environmental impacts of CLT life cycle are created in the CLT production phase
[6]. Cuttings from building preparation phase can be utilized to produce recycled CLT panels, if the practise would become a common
practice, this would reduce the environmental impacts of virgin CLT panels, as waste would be reduced. Nevertheless, the technology
for recycling has not yet reached the market to ensure sufficient recycling, the reCLT in Latvia is produced from post production
cuttings of single-family dwelling housing unit [7].

Previous research on cross laminated timber (CLT) end of life (EoL) utilization shows that most life cycle impact categories have
lower negative impacts of material recycling compared to utilization for energy recovery [7], the results showed how the recycling of
cuttings can be beneficial to reduce environmental impacts of construction itself, as the residues are sent back to production phase,
thereby replacing the virgin material needed to produce CLT. Using secondary raw material in larger volumes might result in lower
overall environmental impacts. Previously described technology for CLT recycling [7] was based on the recycling of excellent quality
cuttings, but the future of CLT recycling will require technologies dealing with used CLT recycling. After CLT have been exposed to
humid condition, its structure is compromised by fungi attacks and hygrothermal processes (see Fig. 1.) [8].

The damaged layers might need to be replaced with new material in order to ensure material quality. Therefore, new technology
has been proposed for dealing with CLT panels with damaged outer layers. Before resawing, rip- and cross-cutting to required di-
mensions, the outer layer is removed for the panel to be further used as a raw material for recycled CLT (ReCLT) production, avoiding
the impacts from core layer production. Additionally, the use of existing waste stream wood increases the biogenic carbon storage in
the economy [1,9]. To better understand the midterm and long term life cycle impacts of CLT and reCLT, comparative assessment of
midpoint and endpoint should be made.

The midpoint method indicates the impact earlier in the cause-effect chain, while the endpoint indicates the final outcome. For
example, when looking at toxic chemicals, the environmental impact of chemical spills needs to be taken into account. In such a case,
the midpoint factors indicates an increase in the concentration of the chemical in water bodies, while the endpoint factors indicates the
extinction of aquatic animals due to pollution [10]. The ReCiPe method provides 18 categories at the midpoint level that characterize
the environmental impact of the system under study. These are then multiplied by damage factors and aggregated into three endpoint
categories - damage to human health, damage to ecosystems and damage to resources [2].

The environmental impacts of building materials are becoming more important as companies have started to account their carbon
emissions in more detailed manner according to GHG Protocol developed by the World Business Council for Sustainable Development
and World Resources Institute. Under the Scope 3 companies are reporting their supplier emissions from the goods purchased, this
includes all the construction materials used for the business [11]. This gives an advantage to companies that can provide equivalent
products with lower emissions. It has been shown that using circular business models (CBM), the overall life cycle impacts of a wood
products can be reduced [6]. Therefore, this study aims to assess the mid-point and end-point impacts of improved reCLT and CLT. By
comparing the two products’ impacts on global warming, human toxicity, water consumption, land use change, and many more, we
are able to evaluate the benefits of increased CLT circularity in Latvia.

Fig. 1. Visual example of CLT panels with damaged surface planes. (pictures provided by Ltd. Forma).
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2. Methodology
2.1. Case study location

The demonstration of improved CLT recycling was done by Ldt. “FORMA” engineers on the Ieriki, Latvia premise. Ldt. “FORMA” is
a SME providing custom machinery to woodworking industry in Latvia. This demonstration was carried out on a semi-industrial scale,
processing one to three panels at a time. All the energy consumed for the processes were measured and included in the life cycle
inventory (LCI) (see Annex 1).

2.2. Life cycle assessment

Life cycle assessment is a well-established tool used to assess the environmental impacts of all life cycle activities. It is used to
quantify the environmental impact of a product or process. The International Organisation for Standardisation (ISO 14040) specifies
that an LCA study should follow a framework consisting of four interrelated steps: goal and scope, LCI, life cycle impact assessment
(LCIA) and interpretation [12].

The analysis starts by defining the objective of the study, functional unit (FU), system boundaries, assumptions and limitations,
allocation and the chosen LCIA method in the Goal and Scope section. An LCI is then developed that includes input flows of water,
energy and materials, and outputs including waste streams and releases to air, water and land. In the LCIA part, impact categories,
category indicators and characterisation models are selected. Alongside all processes, the interpretation process assesses the
completeness, sensitivity and consistency of the analysis and identifies conclusions, limitations and recommendations.

2.2.1. Goal and scope

The objective of the LCA is to determine the environmental impact of a recycled CLT panel made and to compare it with the
environmental impact of a conventionally produced CLT panel. For this study, the functional unit was defined as 1 m® of cross
laminated timber panels.

LCA was performed according to ISO 14040/14044 standards. SimaPro software was used for the analysis. Input datasets were
taken from the Ecoinvent 3.8 database. ReCiPe Midpoint (H) life cycle impact assessment method was selected. No impact allocation
was made in the study. A gate-to-gate LCA was carried out. Beyond the technical boundaries was the extraction of resources, trans-
portation of resources, energy extraction, packaging material production and production of machinery.

2.2.1.1. ReCLT production processes. In total, the processing of CLT cuttings consists of six steps: thickness splitting, formatting,
tapping, first gluing and pressing, second gluing and pressing and packaging (see Fig. 1).

A recycling process had already been developed, which was covered by Vamza et al. in the 2021 study [7], but the company
discovered a flaw: reprocessed CLT panels are not comparable to newly produced ones because they have visually noticeable joints that
reduce their use cases. To solve this problem and add the recyclability of thicker cuttings, the recycling process was modified. Im-
provements in the recycling technology include removing the outer layers before joining the CLT cuttings and then apply a new layer at
the end to cover the joints. This recycling approach is expanding the use cased from post-production to recovered CLT, as the layers
might be damaged after prolonged exploitation, thereby have reduced mechanical properties [13].

The new reprocessing process starts with the removal of outer layers from the incoming CLT cuttings. The removed planks enter the
waste stream. The process of removing the outer layer uses electricity to separate the layer from the rest of the CLT panel. The specific
electricity consumption is 0.044 kWh on removed meter (see. Table 1.). The outer layers are 20 mm thick. CLT is assumed to have an
average density of 490 kg/m® [14].

Once the outer layers are removed, the CLT cuttings are further formatted to acquire straight lines and 90° corners, straightening
the round corners made by CNC end mills. Formatting removes 6 cm around the perimeter. The formatting is carried out with an
electric saw, which consumes 0.01 kWh/m electricity. Removed edges end up in the waste stream. Sawing also generates sawdust,
which enters the waste stream. For every meter cut, 5 mm are lost. All the generated waste from these processes are further shipped to
fuel pellet producers and excluded from this study. In a complete CMB the energy from burning these pellets could be used for timber
kilns.

Once the required dimensions have been obtained, it is necessary to make sure that the panels can be connected to each other. This

Table 1
Energy consumption of recycling process.

Process Electricity consumption

kWh per running m

Specific electricity consumption of thickness splitting (up to 6 m width) 0.044
Specific electricity consumption of formatting 0.01
Specific electricity consumption of tapping 0.16
kWh per pressing
Per first pressing 0.09
Per second pressing (full reCLT panel) 0.09
3
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is achieved by a tapping process in which finger joints are cut out in the edges for further connection. A visual representation is given in
L. Vamzas et al. study [7]. The outer perimeter of the finished ReCLT panel, 18 m, remains without finger joints. The process is also
carried out with an electric saw that consumes 0.16 kWh/m. The depth of the cut is 54 mm. Taking into account the length of the taping
and the thickness of the panel, the volume of finger joints is obtained. The same volume is lost in sawdust.

Next the cuttings are glued and pressed together. The final dimensions are a 3 x 6 m ReCLT panel. Melamine urea formaldehyde
(MUF) adhesive is used to join the finger-joint edges. The MUF glue ratio is 50:50 with hardener, application methodology included
covering one surface of the finger-joint with the MUF glue and the other finger-joint surface with the hardener, thereby ensuring the
hardening process takes place only when the parts are pressed together. The adhesive consumption is 0.3 kg per m? of joint surface.
The joint surface is 0.58 m?/m. After glue application, the panels are pressed with a hydraulic press that consumes 0.09 kWh per
pressing. On average, three finished cuts can be pressed at the same time.

The second gluing and pressing is the application of the new outer layers. The surface layer is made of softwood planks with di-
mensions of 480 cm, 17 cm and 2 cm. Polyurethane (PUR) adhesive is used to fix the top layer and then it is pressed again to produce
the final product. The consumption of PUR adhesive is 0.15 kg/m>.

The final process is the packaging of the finished product. Packaging is done manually, so there is no electricity consumption. Also,
it is assumed that there is no waste from packaging process, as trimmings from previous process steps are used in the packaging
process. On each 50 m® of new product (reCLT), 1 m® of cuttings from previous processes are used.

The packaging is not depicted in Fig. 2, as there are no improvements or major differences comparing to standard practices. The
system boundaries for LCA are indicated by the dashed line (see Fig. 3.). In the case study, company Ltd. “FORMA” provided data on
the processing/manufacturing process. It should be noted that it is a pilot case for improved CLT recycling.

Post-production CLT cuttings are the main incoming material flow for the reCLT. The material comes in a range of size and
thicknesses. They are sorted by usable area and thickness. Incoming material first is sorted based on the shape - complex geometric
shapes are separated, leaving those with a reusable surface area greater than 1 m?. The improved CLT recycling machinery is suitable
for incoming material of CLT cuttings with thickness of 80, 100, 120, 140, 150, 160, and 200 mm. For this analysis, cuttings with
thickness of 80-120 mm were excluded, as their recycling do not require thickness splitting and the smaller thickness cutting recycling
is described in previous publication [7]. Cuttings are sourced from three different CLT production plants in Latvia (Cross Timber
Systems, Nordic CLT) and Estonia (Arkwood) and processed in Ltd. Dardu street 3, Ieriki, Latvia. The average driving distance is
163 km. When the CLT cuttings are delivered to the reprocessing site, all the processes take place in one location, reducing the further
transportation needs.

2.2.1.2. Assumptions and limitations. This section will highlight the modeling assumptions when selecting built-in materials or pro-
cesses from the Ecoinvent database. Recycling is described in more detail as data on the production of new CLT was not available from
the company.

Unit datasets were used throughout, rather than system datasets. All inputs were taken from the market as indicated at the system
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Fig. 2. Visual diagram of the improved recycling process.
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boundaries as the production of inputs were not analysed in detail. For this demonstration and LCIA only post-production CLT cuttings
were used, although it is expected to test the recycling technology on post-consumer CLT panels (see Fig. 1.) in the coming future. The
CLT cuttings entering the recycling process are environmental burden-free as they were not produced for the purpose of reCLT pro-
duction, therefore the environmental impacts are already accounted in the CLT production. For the recycling process, all processes
were built from scratch using the built-in material flows.

The location for materials and processes was chosen in priority order - Latvia, Europe, Global. The transport was used only for the
transport of the CLT cutting and was taken as transport, freight, lorry 16-32 metric ton, EURO5. Latvian grid data was used for electricity
in all processes - market for electricity, medium voltage. The medium voltage was chosen because it was used in the built-in cross
laminated timber production dataset, so we assumed the same.

Two types of adhesives - melamine urea formaldehyde and polyurethane - were used in the production of ReCLT and new CLT, both
of which were taken from the Ecoinvent database under the same name. ReCLT production involves the application of a new outer
layer, which is softwood, so dataset sawn wood, board, softwood, dried (u=10 %), planned was taken.

Two types of waste are generated in the production of ReCLT: sawdust and cuttings. The cuttings have the properties of CLT, but the
closest waste type that could be used for modelling was chosen. The waste type selected was waste wood, untreated built-in. Its disposal
scenario was a Latvian case with 3 % open burning, 15 % open dumping, 4 % unsanitary dumping, 77 % sanitary dumping [15]. The
second type of waste is sawdust, which was treated as built-in waste type sawdust, loose, wet, measured as dry mass. In the analysis
sawdust built-in waste scenario is used [16], nevertheless, in most cases company ensures to transfer the waste to solid fuel pellet
producers. Therefore, this scenario includes the collection and storage of sawdust but does not include what happens to it at the end,
whether it is landfilled, incinerated or otherwise, as this might change. This was done because the environmental impact of this process
is minor in the overall assessment.

As a packaging material for each 1 m® of product, 0.02 m® of CLT cutting were used as a spacers for reCLT panels.

CLT recycling company does not produce virgin CLT, therefore, a literature review was carried out to find life cycle inventory for
CLT production. Chosen Environmental product declaration represented virgin CLT production in Latvia, thereby providing
comparative data for the comparison.

A review of several product environmental declarations revealed that data on electricity consumption and waste were missing or
aggregated over several life cycle stages, some of which are not included in this study [17,18,19]. This was most likely due to data
protection concerns. A complete life cycle inventory of CLT production comparable to our case was not available in the scientific
literature. It was therefore decided to use the built-in Ecoinvent process as it reflects the average situation in Europe [20].

SimaPro built-in process was modified - cross laminated timber production - to the boundaries of our study and to fit Latvia’s case.
Original data in dataset are based on a sample of CLT production in Germany [20]. The first big distinction was the boundaries of the
system, because the process includes the production of machinery, which was taken out because it did not fit the boundaries of present
study. Next, synthetic rubber was taken out, as it is not used in the case of Latvia. Lubricating oils needed to maintain the equipment
were included in the process. In our situation, given the low production capacity, this was also removed. Waste streams associated with
the removed input streams were removed.

Additional reasoning for machinery removal was different scales of CLT and reCLT production, as reCLT production is only pilot
scale, adequate machinery comparison will be possible after scaling the reCLT production to at least TRL9.

Gathered life cycle inventory (LCI) of FU (m®) CLT and reCLT is shown in Annex 1.
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3. Results
3.1. Midpoint and endpoint impact of ReCLT

Regarding reCLT, the largest impacts in most categories are both gluing processes. In both processes petrochemical adhesives are
used. The process with the third largest impact is the thickness splitting, showing greatest impact on freshwater eutrophication and
marine eutrophication. As this process consumes the most energy per FU. Impacts in land use category show that almost all the reCLT
impacts are due to second gluing and pressing (see Fig. 4.), this is due to the use of virgin material, as for this case study primary raw
material was sourced for the outer layer production, ensuring identical visual quality with the CLT.

For the endpoint impacts (see Fig. 5.), using ReCiPe methodology, three categories were assessed — human health, ecosystem, and
resources. Analysis showed that human health category had the greatest impact by single score resulting in 3.68 Pt. Again, the gluing
processes accounted for more than half of the impact, with thickness splitting in third place. In the ecosystem impact category, the
second gluing with PUR glue showed the largest impact, accounting for half of the total. The resource category showed the lowest
impact, as the process does not use any rare elements and most of the FU is made of renewable material.

3.2. Comparison of midpoint and endpoint impacts of ReCLT and CLT

To truly evaluate the benefits of using recycling technology, the reCLT was compared with CLT using the midpoint and endpoint
indicators showing the impact of each product, allowing for the side-by-side comparison. For the midpoint comparison (see Fig. 5.)
almost all impact categories show smaller impacts for the reCLT’s FU. Only exception where the reCLT shows larger negative impacts
are eutrophication categories resulting in 0.48 kg of phosphorous equivalent for the freshwater eutrophication and 0.36 kg of nitrogen
equivalent. These impacts have been linked with inappropriate disposal of biomass residues [6], therefore some of the impacts in the
case study could be linked to disposal of sawdust. Most notable improvements are in the global warming, land use, and terrestrial

ecotoxicity impact categories (see Table 2).
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Table 2
Potential midpoint impacts of 1 m® of recycled cross-laminated timber (reCLT) and cross laminated timber.
Impact category Unit ReCLT CLT
Global warming kg CO2 eq 82.76 151.24
Stratospheric ozone depletion kg CFC11 eq 0.00006 0.00017
Tonizing radiation kBq Co—60 eq 3.96 16.73
Ozone formation, Human health kg NOy eq 0.23 0.87
Fine particulate matter formation kg PM2.5 eq 0.11 0.38
Ozone formation, Terrestrial ecosystems kg NOy eq 0.24 0.92
Terrestrial acidification kg SO, eq 0.26 0.56
Freshwater eutrophication kg P eq 0.54 0.06
Marine eutrophication kg N eq 0.049 0.013
Terrestrial ecotoxicity kg 1,4-DCB 2302.88 4243.63
Freshwater ecotoxicity kg 1,4-DCB 3.80 6.11
Marine ecotoxicity kg 1,4-DCB 6.82 12.93
Human carcinogenic toxicity kg 1,4-DCB 15.35 36.44
Human non-carcinogenic toxicity kg 1,4-DCB 94.98 153.25
Land use m?a crop eq 94.08 861.79
Mineral resource scarcity kg Cu eq 0.26 0.48
Fossil resource scarcity kg oil eq 23.33 46.78
Water consumption m® 0.63 1.81

ReCLT shows more considerable negative impacts un the Freshwater and Marine Eutrophication categories, this can be due to
chosen ammonium sulphate hardener in the gluing process. Relative impact comparison in the midpoint is depicted in Fig. 6, showing
the proportional gains of reCLT, especially in the land use category.

Aggregated impact comparison is shown by the endpoint using the single score (see Fig. 6.), again showing the reCLT accumulates
in smaller negative impacts compared to CLT with almost 60 % reduction on human health and more than 80 % on the ecosystem, with
the smallest decrease being 50 % on the resources category.

4. Discussion and conclusions

Life cycle analysis of the case study shows that even the use of virgin material for improved visual quality of the reCLT, recycling
route is overall more beneficial compared to CLT production purely from virgin timber.

Environmental benefits of recycling CLT reach out further than purely product vs. product comparison. Extensive studies have
shown that recycling of the retrieved CLT after demolition improve the overall building environmental footprint adding prolonged
biogenic carbon storage in products [1]. Although global warming impacts showed ReCLT superiority compared to CLT, mechanical
properties were not tested in the scope of this research, previously done research show compatible mechanical properties for
single-family dwelling’ construction [7]. Largest environmental gains are attributable to land use, as in the case of ReCLT there is
reduced need for virgin timber. Although in the case study, virgin material is used, the planks for outer layer could be replaced with
retrieved sawnwood instead of primary sawnwood, thereby increasing the timber cascade [9] and reducing the impact on land use.

Overall, largest negative impacts of the ReCLT were attributed to the used adhesives. Both MUF and PUR are known for their
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negative effects, therefore replacement of these adhesives with lignin-based adhesives in the final product can benefit the ReCLT
performance in LCA calculation. The negative effects of ecotoxicity could be reduced if all the sawdust and cuttings would be disposed
in more efficient manner and energy mix from the Latvia’s grid could be replaced by energy with larger renewable energy contents, at
this point the renewable energy in Latvia’s mix accounts for maximum of 43 % [6]. Previous research on CLT unrecyclable residues
have shown that incineration is not the most preferable option [5], and from the cascade perspective as well, the residues could be
incorporated into other products with longer lifespan [6].

In conclusion, with the existing recycling technology, the produced ReCLT is overall preferable form life cycle perspective,
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nevertheless, there are some improvements that could improve the ReCLT performance, e.g., transition to renewable energy, green
lignin-based adhesives, and post-consumer wood for the outer layer replacement. Additionally, more comprehensive LCA could be
updated when the recycling technology TRL will be increased to 9 or higher, ensuring the inclusion of full-scale production line’s
machinery.
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Annexes

Table Al
Inventory of the recycled cross laminated timber (reCLT)

Process - ReCLT production Amount Unit Location

PRODUCT

ReCLT 1.00 m? n/a
INPUTS

Material/transport

CLT cuttings 1.20 m n/a
Land transport, freight, lorry 16-32 metric ton, EURO5 95.86 tkm Europe
Polyurethane adhesive 2.35 kg Global
Melamine urea formaldehyde adhesive 5.22 kg Global
Ammonium sulfate (hardener) 5.22 kg Europe
Sawnwood, board, softwood, dried (u=10 %), planed 0.12 m3 Europe
Electricity/heat

Electricity, medium voltage, 2.68 kWh Latvia
OUTPUTS

Waste to treatment

Cuttings (waste wood, untreted) 136.74 kg Latvia
Sawdust 29.91 kg Global

Table A2
Table A Inventory of cross laminated timber (CLT)

Process - CLT production Amount Unit Location

PRODUCT

CLT 1 m® n/a
INPUTS

Material/transport

Sawnwood, board, softwood, raw, dried (u=10 %) 0,88 m3 Europe
Ammonium sulfate (hardener) 0.02 kg Europe
Melamine urea formaldehyde adhesive 3,67 kg Global
Polyurethane adhesive 3,29 kg Global
Sawlog and veneer log, softwood, measured as solid wood under bark 0,58 m® Europe

(continued on next page)
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Table A2 (continued)

Process - CLT production Amount Unit Location
Tap water 81,96 kg Europe
Electricity/heat

Electricity, medium voltage, 93,74 kWh Latvia
Diesel, burned in building machine 71.04 MJ Global
Furnace, wood chips, with silo, 300 kW 1.34 p Global
OUTPUTS

Waste to treatment

Municipal solid waste 0,40 kg Latvia
Wastewater from particleboard production 0,11 m? Global
wood ash mixture, pure 0,39 kg Europe
Emissions to air/water

Acetaldehyde 4,7E—05 kg n/a
Acetone 1,6E-01 kg n/a
Ammonia 1,3E-03 kg n/a
Arsenic 7,8E—07 kg n/a
Benzene 7,1E-04 kg n/a
Benzene, ethyl- 2,3E-05 kg n/a
Benzene, hexachloro- 5,6E—12 kg n/a
Benzo(a)pyrene 3,9E-07 kg n/a
Bromine 4,7E—05 kg n/a
Cadmium 5,4E-07 kg n/a
Calcium 4,6E—-03 kg n/a
Carbon dioxide, non-fossil 8,3E+ 01 kg n/a
Carbon monoxide, non-fossil 3,9E-01 kg n/a
Chlorine 1,4E-04 kg n/a
Chromium 3,1E-06 kg n/a
Chromium VI 3,1E-08 kg n/a
Copper 1,7E-05 kg n/a
Dinitrogen monoxide 1,9E-03 kg n/a
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin 2,4E-11 kg n/a
Fluorine 3,9E-05 kg n/a
Formaldehyde 5,6E—03 kg n/a
Hydrocarbons, aliphatic, alkanes, unspecified 7,1E—04 kg n/a
Hydrocarbons, aliphatic, unsaturated 2,4E-03 kg n/a
Lead 1,9E-05 kg n/a
m-Xylene 9,3E-05 kg n/a
Magnesium 2,8E-04 kg n/a
Manganese 1,3E-04 kg n/a
Mercury 2,3E-07 kg n/a
Methane, non-fossil 3,5E-03 kg n/a
Nickel 4,7E-06 kg n/a
Nitrogen oxides 1,4E-01 kg n/a
NMVOC, non-methane volatile organic compounds, unspecified origin 5,4E—03 kg n/a
PAH, polycyclic aromatic hydrocarbons 8,6E—06 kg n/a
Particulates, < 2.5 pm 7,0E-02 kg n/a
Particulates, > 2.5 ym, and < 10um 7,0E—02 kg n/a
Phenol, pentachloro- 6,3E—-09 kg n/a
Phosphorus 2,3E—-04 kg n/a
Potassium 1,8E-02 kg n/a
Sodium 1,0E-03 kg n/a
Sulfur dioxide 1,9E-03 kg n/a
Toluene 2,3E-04 kg n/a
Water 1,4E-01 m? n/a
Zinc 2,3E-04 kg n/a
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The authors do not have permission to share data.
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Abstract — Textile fibres are derived from natural and artificial fibres and, in some cases, are
blended together to ensure optimum properties. Textiles made from cotton and polyester
blends currently hold a significant market share as they are relatively inexpensive, offer
excellent performance, and have complementary properties. However, the production and
consumption of textiles contribute significantly to environmental degradation and greenhouse
gas emissions, but the scale of the impact is uncertain and under debate. This is also the case
in studies of cotton and polyester blends, as a detailed life cycle inventory of the production
of this material is absent in the scientific literature, thus affecting its environmental impact
assessment. Therefore, the study aimed to identify the limitations and assumptions used so
far in the environmental assessments of cotton and polyester blends and to assess the
uncertainties they may introduce in future environmental assessments. Two methods were
used: literature analysis and scenario-based life cycle assessment. The literature analysis
summarized five studies and reports that have carried out an environmental assessment of
blended textiles and provided inventory data. The results of the life cycle assessment showed
that it is not possible to fill the knowledge gap by creating a new life cycle inventory using
existing literature data. This is because the uncertainty in results was too high, reaching as
much as 772 % difference from the baseline scenario. Nevertheless, this study is a step
towards a complete life cycle inventory and can improve the future environmental assessment
of textile blends.

Keywords — Cotton; environmental impact; fabric; Life Cycle Inventory (LCI); literature
analysis; mixed fibre; polyester.

1. INTRODUCTION

The textile industry has a significant environmental impact due to resource-intensive
production and high demand for textile products [1]. In the European Union, textiles are the
third largest category regarding land and water use and the fourth largest category regarding
negative environmental impact and climate change [2]. This impact will only increase as
consumption is expected to grow rapidly under the current business-as-usual approach. The
production of textiles is the most impactful part of their life cycle, as it consumes large
amounts of energy, water, and chemicals [3], [4]. Overall, these impacts can account for
almost 70 % of the total life cycle environmental impacts — fibre production (38 %), yarn

* Corresponding author.
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production (8 %), fabric production (6 %), and wet processing (15 %) [5]. However, this
depends on the fibre type, processing methods, and technologies.

Textile production and finishing include a variety of technological phases, depending on
the desired properties and specific use case of the final product. The basis for the properties
is ensured by various types of fibres — man-made, natural, and artificial which offers different
properties and often multiple types of fibres are combined to achieved desired properties for
the final product [6]. The most commonly used natural fibre for textile production is cotton,
making up 23 % of all fibres produced globally [7]. Cotton production has significant
negative environmental and social impacts despite its natural origin. These impacts are caused
by the intensive use of land, water, pesticides, and chemicals in the production process [8].

Man-made fibres can be classified by their polymeric origin: natural and synthetic
polymers [8]. Polyester is the most widely used synthetic fibre, accounting for 52 % of textile
fibres [7]. Environmental concerns are mainly linked to dependence on fossil resources for
materials and energy [9]. In the production of polyester textiles, harmful chemicals and dyes
are also often derived from fossil resources. Another issue with synthetic textiles is the
creation of microplastics during their use and at the end of their life cycle [10].

Blended textiles are commonly used because blending two or more fibre types gives
combined and unique characteristics [6]. The most common blended textile on the market is
cotton/polyester (CO/PES), used in different proportions. This blend is so popular and widely
used in everyday clothing as polyester provides durability, anti-wrinkle properties, fast
drying, and shape retention, while cotton offers comfort, moisture control, and breathability
of fabric [11]. However, once a blended textile reaches the end of its life cycle, significant
challenges arise because the various blends and complex structures make recycling
complicated [6], [12]. Cotton and polyester blends are no exception. Moreover, the different
percentages of blends prevent a standardized system for their separation and recycling.

The most widely applied method to evaluate the environmental impact of a product is the
life cycle assessment (LCA) [13]. The analysis can cover the entire life cycle, from raw
material extraction to the end of the life cycle, such as disposal or recycling. The LCA method
is also used to evaluate textiles. Numerous LCA studies have been performed to assess
textiles, taking into account variables such as fibre, processing methods, and the type of
textile product manufactured [14]—[16]. Also, some studies focus specifically on a particular
stage of the life cycle, for example, wet processing [17] recycling and reuse [18]

When performing an LCA, uncertainty is one of the main factors affecting the reliability
of the LCA results [19]. Uncertainty in LCA arises in several ways and can be divided into
nine classes [20]. The most commonly measured and considered type of uncertainty is the
parameter uncertainty which includes variability and uncertainty in model input parameters.
The two most widely used methods for quantifying uncertainties in this area are the Monte
Carlo simulation and sensitivity analysis [19]. Monte Carlo simulation is a numerical
propagation of uncertainty that operates by generating random samples for all input variables,
inserting these values into the model to obtain results, and analysing the impact on the
results [20]. Sensitivity analysis has many definitions and is used in various ways. It can be
used in the same way as the previous method, by changing numerical inputs or by changing
specific system characteristics [20]. If a system characteristic or set of parameters is changed,
a scenario analysis is performed where different scenarios are run and compared with each
other. Scenario analysis can be considered as a form of sensitivity analysis [20].

A knowledge gap was identified when looking more closely at the LCA studies on CO/PES
blends. Several studies have been carried out on the environmental impact of this material
[13], [21]-[23], but they do not cover a detailed life cycle inventory (LCI). Wagner et al. also
identified this knowledge gap [13]. A literature review is necessary to develop a complete
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LCI for CO/PES blends. This will improve the understanding of what has been studied so far,
what assumptions have been made in the LCA of blended textiles, and why a comprehensive
LCI has not been developed. Therefore, the aim of this study is to review the literature on
environmental assessment studies of cotton and polyester blend production and to identify
what data assumptions have been made so far and to assess how these data variations can
introduce uncertainties in environmental impact assessments using scenario-based life cycle
assessment. Textile production and consumption are known to contribute to environmental
degradation and greenhouse gas emissions, but the actual size of this impact is still unclear
and under debate [4]. Thus, a step closer to a complete life cycle inventory can help assess
textiles’ environmental impact more accurately, leading to improved knowledge on their
sustainability.

2. METHODOLOGY

When developing new technologies for recycling processes, their environmental impact
needs to be assessed in comparison with existing technologies on the market [18]. Recycling
technologies for textiles are currently under active research. In order to compare the
environmental impact of blended textile recycling processes with that of virgin textile
production, an environmental impact assessment is necessary. Thus, the final objective is to
carry out a life cycle assessment of the production and recycling of the polyester and cotton
blend. However, in order to do so, a complete LCI is needed. Hence, an algorithm was
developed to understand the steps to be taken to reach the final goal (see Fig. 1).

Objectives and scope Datai tori Primary and
of the studies in ala Inventories secondary input data

literature
Processing data
inventories
_____________________________________________________

Scenario-based LCA
Scenario analysis

Do data
variations have a
significant impact
on results?

Literature analysis

Life Cycle ) that meets

Assessment Study
k

>

study?

LCl standards

Detailed LCI Primary data
database collection study

I_Outside the study boundaries

Threshold for
variations

Literature-based LCI

Fig. 1. Algorithm for the methodology.

Initially, a literature analysis should be carried out to obtain a complete LCI for blended
textiles. To determine whether the LCI obtained from the literature is complete, the inventory
standards for the specific product should be analysed. If a complete LCI is already available

796
165



Environmental and Climate Technologies

2024 /28

in the literature, it can be used as the LCI base for the LCA study. Certainly, minor adaptations
should be made to make it more suitable for the specific product under investigation. On the
other hand, if a complete LCI is not available in the literature, further analysis will be needed
to determine whether a complete LCI can be developed from the data available in the
literature.

The aim of the further analysis is to investigate the impact on the life cycle assessment if
the LCI were to be created from the inventories found in the literature. It is therefore necessary
to choose a base inventory that is the most relevant to the scope of the study and the most
complete inventory. The analysis can be carried out using Monte Carlo simulation or
sensitivity analysis by varying a number of input parameters based on data found in the
literature. In this case, several parameters would be changed separately and the impact on the
system of a particular parameter would be measured. However, the parameters are
interrelated, e.g., hydrogen peroxide and sodium hydroxide depend on each other [24], so this
relationship would be ignored. It is therefore better to carry out a scenario analysis in which
several parameters can be changed simultaneously.

Scenario analysis is most often used to develop and test future scenarios or best and worst
case scenarios [20], for example future-oriented LCA with qualitative scenarios for agri-food
sector [25], scenario-based LCA to evaluate future impacts of offshore wind [26] and
scenario-based LCA for best and worst case end-of-life scenarios for renewable energy
systems [27]. To our knowledge, the use of scenario-based LCA to test data variations and
the resulting uncertainties has not been used so far. However, the methodology is suitable for
such a study.

In scenario-based LCA each scenario will be based on the baseline scenario and the variable
parameters will come from inventories found in the literature. The analysis will result in
variations that will be compared to a threshold value to determine whether they are significant
or not. If they are not significant, a LCI for the product will be created from the literature
data. However, if significant, further research will be needed to obtain primary data to build
a new LCI database for blended textiles.

2.1. Literature Analysis

The literature analysis started with a bibliometric analysis to gain an overview of the
research area and to identify the main keywords for further use. Bibliometric analysis is a
quantitative method used to assess the current state of a research field by looking at the
interrelationships between scientific publications in that field [28]. The analysis is based on
a large number of scientific publications, which are analysed using software that uses
statistical and network tools. VOSviewer software was used in this study.

The aim was to gain insight into research on the environmental impact of blended textiles,
particularly CO/PES blends. For bibliometric analysis, Scopus or Web of Science databases
are recommended [29]. The Web of Science database was used in this study, as 381 results
were found for the given keywords, while 211 results were found in the Scopus database. The
keywords were combinations between environmental impact and environmental assessment
and between mixed textiles, blended textiles, and cotton-polyester blends, for example,
environmental impact mixed textiles. In total, six keywords were created and separated by
“OR”.

After the first analysis, a number of words were identified and changed in the original file
as they had the same meaning but different spellings, ¢.g., LCA and life-cycle assessment
were replaced by life cycle assessment. After that, a threshold was chosen. The number of
keyword occurrences above 12 was selected because logical clusters were formed, and the
number of words was not too high.
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Using the identified keywords, further literature analysis was carried out to summarize
studies on the environmental assessment of CO/PES blend production. To do this, keywords
from the life cycle assessment cluster were used mainly, but occasionally, keywords from
other clusters, like wastewater and toxicity, were used. In addition to the existing keywords,
authors also searched for studies on specific stages of textile production — yarn sizing,
weaving, pre-treatment, dyeing, and finishing. Three databases were used — Web of Science,
Google Scholar, and Scopus. The studies were qualitatively assessed, and only those with
sufficient quantitative data were selected for further analysis.

After the literature review, the Ecoinvent database was also explored as it will be used in
further analysis. The database contains datasets on various sectors, such as energy production,
transport, and materials. It contains more than 20 000 interlinked datasets [30]. Therefore, it
was examined whether the database includes processes for the production of CO/PES blends.

Also, the Product Category Rules (PCR) were reviewed to get an idea of what a complete
LCI should look like. PCRs have been developed for specific products or product groups to
be followed when carrying out an LCA for an Environmental Product Declaration (EPD) [31].
They provide guidance on things like system boundaries, functional units and LCI. To
determine the threshold of potential uncertainty, LCA standards [32]-[34] and methodology
study [20] were reviewed.

2.2. Scenario-Based Life Cycle Assessment

LCA method was used to analyse the data from the literature review. The aim of the analysis
was to evaluate the potential uncertainties on the environmental assessments of CO/PES
blended textiles due to differences in available data and assumptions made in the literature.
When comparing scenarios against each other, it is not the value of the impact score that
matters, but the difference or ratio between the impact scores. Thus, absolute values are
irrelevant when assessing uncertainty [20]. The results of the LCA scenarios will therefore
be presented as ratios. It is important to note that each study on which the scenarios are based
has different inputs and processes with various technologies. It is also one of the sources of
uncertainty in LCA. The literature review shows that studies often use data from the literature
that are close to the target but do not come from exactly the same technological processes as
the specific case [13], [23]. This is done in the absence of specific data. Therefore, the current
analysis does not take into account the variety of technologies in order to consider their impact
on uncertainty.

The scope of the LCA was based on the study on which the baseline scenario is based [13].
The functional unit in the reviewed study is woven doctor’s trousers (unisex) in white with
two side pockets and two back pockets with material parameters cotton-polyester yarn
(35/65), 470 dtex [13]. However, the material parameters are only relevant at the beginning
of yarn production, as all other production processes have been adopted from cotton
production [35]. In the current study, only fabric production is considered, so the functional
unit is 1 kg of cotton and polyester blended textile with the same material parameters. The
unit of weight was used because the reviewed study inventory was attributed to 1 kg of
fabric [13].

LCA from cradle to gate was applied and covers the following processes: fibre extraction,
yarn production, weaving preparation (sizing), weaving, pre-treatment, continuous dyeing,
and fabric finishing. A more detailed description of the processes is given in the study by V.
Wagner et al. [13]. The LCA was performed according to ISO 14040/14044 standards. The
SimaPro 9.5 software was used for the analysis. Input datasets were taken from the Ecoinvent
3.8 database. The ReCiPe Midpoint (H) V1.08 life cycle impact assessment method was
chosen [13].
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3. RESULTS
3.1. Literature Analysis on Blended Textile Environmental Impact Assessment

3.1.1. Bibliometric Analysis

As a result, 31 keywords were identified that occurred 12 or more times. The keywords
were linked by 278 links and formed four clusters. The keywords and their links are shown
in Fig. 2. The most popular keyword was waste (36 occurrences), followed by textile (35
occurrences), and next came life cycle assessment and wastewater (34 occurrences). Looking
at the total link strength, the order was similar, except for the second strongest connection,
shown by sustainability, indicating a high correlation with other words, although occurring
less than other words.

The largest cluster was around the keyword wastewater and degradation, indicating that
much of the research in this area deals with textile wastewater and textile end-of-life. The
next cluster in size was around the keywords waste and textiles, linking words such as
mechanical performance, showing that research is also being done on the technical side of
blended textiles. The last cluster, which was of considerable size, was around the keyword
life cycle assessment, meaning that studies are carried out on the environmental impact of
blended textiles over their whole life cycle, taking into account sustainability and circular
economy aspects.

An important finding was that life cycle assessment is not closely linked to wastewater, as
it is not linked to terms such as wastewater, toxicity, and heavy metals. This suggests that
existing LCA studies on blended textiles are likely to pay little attention to the wastewater
and its toxic effects. Also, keywords related to greenhouse gas emissions do not appear, which
means that this aspect has not been sufficiently researched or may not be relevant when
considering the environmental impact of a blended textile.
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Fig. 2. Keyword co-occurrence with a threshold of at least 12 occurrences.
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Many review and research studies were reviewed before it was possible to compile studies
on the environmental impacts of CO/PES production relevant to this study. Most of the
reviewed research does not directly address the CO/PES blend production [15], [36], use
generic data [23], use pre-built processes from databases such as Ecoinvent [37], or do not
give detailed input data [22]. It was confirmed that no complete LCI on CO/PES production
is available in the literature. However, several studies and reports were found with data
partially covering production, see Table 1.

TABLE 1. STUDIES AND REPORTS THAT PARTIALLY COVER DATA ON THE ENVIRONMENTAL
IMPACT OF CO/PES PRODUCTION

Functional

Processes

General

Publication

Product  Material . Data covered . Source
unit covered assumption year
Medical CO/PES  woven yarn Input: Energy,  All datataken 2023 [13]
workwear doctor's spinning, water, from cotton
trousers in sizing, chemicals. production
white with weaving, Output: water ~ except for
cotton- pre- emissions, yarn spining
polyester treatment, waste
yarn dyeing and
(35/65),470  finishing
dtex
Fabric CO/PES 2 tons of pre- Input: Energy, Data were 2018 [38]
polyester- treatment, water, obtained from
cotton dyeing and chemicals. commercial
product finishing Output: water ~ companies,
emissions, air ~ but it is not
emissions specified
what, if any,
assumptions
were made
Hospital CO/PES  hospital yarn Input: Energy,  Excluding 2019 [21]
uniform uniform, spinning, water, sizing and de-
cotton- weaving, chemicals sizing, and
polyester dyeing and Output: water ~ only dyeing
weave finishing emissions, air 18 specifically
emissions, for CO/PES
waste
Fabric CO/PES 100 kg of pre- Input: Energy, The data is 2003 [39]
cotton- treatment, water, from a
polyester dyeing chemicals company
fabric Output: water ~ report, but
emissions potentially
outdated
Fabric CO and n/a pre- Input: Energy,  Cotton and 2023 [40]
(BAT) cO treatment, water, cotton blends
blends dyeing and chemicals are assumed
finishing to have the
same input
parameters,
except at the
finishing
stage
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The most complete LCI on CO/PES production was included in the Wagner et al. LCA
study [13]. It includes data on primary inputs such as energy and water, which are included
in several studies reviewed. Still, it also provides a detailed list of chemicals used and the
wastewater characteristics for each process. For complete data, there is a lack of data on air
emissions. However, the main problem is that all data are taken for cotton production [35],
as the authors found that no data on CO/PES production were available in the literature.

A literature review led to a study on CO/PES fabrics, which included LCI [38]. The data
for the study are collected from companies and include data on pre-treatment, dyeing, and
finishing. The LCI provides air emissions that were not covered by the previously discussed
research, but input parameters and water emissions are limited. Only lye (NaOH) and dyes
are listed as input chemicals as they are one of the most important inputs in the production
process. The data acquisition and assumptions are also not described, only the fact that the
data were obtained from commercial businesses.

The lack of data in the literature on textile input chemicals was also recognized by
Roos et al. who carried out a study to develop a nomenclature system for textile-related
chemicals, that was used to create a generic chemical inventory for use in LCA of textiles
[21]. LCI data for several key textile manufacturing processes were collected and compiled
into LCI datasets. In addition, LCA was also carried out for some textile products using the
established LCI. One was a hospital uniform made of a CO/PES blend. However, the study
only looked at one process specifically for the CO/PES mixture — dyeing. Also, the sizing and
de-sizing, which uses many chemicals in the pre-weaving and pre-treatment process [13], was
not included.

As no other studies were available in the scientific literature that included the required data,
various reports were reviewed. For further analysis, the BO5 company report and the Best
Available Techniques (BAT) for the textile industry report were selected [39], [40]. For
company BO0S5, the environmental impact of CO/PES fabric production was reported [39].
Only two processes were reported, and no detailed emission data are available. Furthermore,
the report was prepared in 2003, and production technologies have evolved since then, so the
data may be outdated.

Unlike the previous case, the BAT report summarizes all current developments in the textile
industry [40]. However, this was not an exception, as relatively little attention was paid to
textile blends, and in several cases, cotton and cotton blends were assumed to have the same
processing and production processes. This may be correct in some cases, but incorrect in
others, for instance the dyeing process requires an additional dyeing stage to colour the PES
part of the blend in order to obtain a dark colour [41]. This needs to be clarified in order to
avoid the assumption that in all cases the same raw materials and processes can be adopted
for the production of CO blends as for the production of CO. Emissions from textile
production were also considered more qualitatively, and no specific data was compiled to
provide insight into the reference values for water and air emissions in the textile industry.

To better understand the differences between the studies, the process-specific data from
each study were analysed, and then the values of the shared parameters were summarized in
Table 2 and Table 3. It should be noted that these are only the shared parameters, and the
tables do not show the other input parameters for each case.

Table 2 summarizes the overlapping input chemicals for three processes — pre-treatment,
dyeing, and finishing. Data for the other processes are not included as they were only listed
in one study [13]. A switch to the same units of measurement was made to allow the values
to be compared with each other. Comparing the input values, it can be observed that inputs
like enzymes have quite small variations, on the other hand, some inputs such as sodium
dithionite and sodium hydroxide vary considerably. This variation might be driven by the
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desired properties of the final product — its colour, fastness, etc. [42]. Also are likely due to
the different treatment steps and technologies involved in the main processes in each
situation, as well as the exclusion of other input chemicals that could smooth out the overall
difference. It should also be noted that there are no completely overlapping parameters,
indicating that there are no essential chemicals used in all variations of the process and
included in the LCI.

TABLE 2. COMPILATION OF OVERLAPPING DATA FROM SELECTED STUDIES AND REPORTS

(CHEMICALS)

CcO ) CO and CO/PI:ZS CO/P!ZS CO/PES

(Medical CO/PES (Hf)spltal (Fabric, B0S (Fabric)

workwear) (BAT)* uniform) company)** 38]

[13], [35] [40] [21] [39]

Pre-treatment
Enzymes, g kg™ 4.8 5 - - -
Hydrogen peroxide (H,0,), g kg™ 354 10 - 65 -
Non-ionic and ionic surfactant/ 0.05 23.5 - - -
Wetting agents, g kg™
Sodium hydroxide (NaOH), g kg™ 472.5 452 - 20 7000
Stabilizing agent, g kg™ - 5 - 25.3 -
Sodium silicate/Detergent, g kg™ - 14 - 48 -
Dyeing
Sodium dithionite/Sodium 24 - - 3472 -
hydrosulphite, g kg™
Hydrogen peroxide (H,0,), g kg™ - - 10 19.5 -
Non-ionic and ionic surfactant/ 0.02 108 4 - -
Wetting agents, g kg™
Sodium hydroxide (NaOH), g kg™ 65.3 - 12 425 -
Sequestering agents, g kg™ - 144 6 - -
Anti-migration agent, g kg™ - 900 - 198.4 -
Acetic acid/Vinegar, g kg™ 5 57.6 52 - -
Vat dye, g kg™ - - 20 520.8 33
Reactive dye, g kg™ - - 20 - -
Disperse dye, g kg™ - - - 54.6 -
Finishing

Softener, g kg™ 16.2 920 - - -
Acid/Acetic acid, g kg™ 5.1 11.5 - - -

* In some cases, the chemicals were given as g L™! water but no water consumption was provided, so to get g kg™ water
consumption was taken from V. Wagner et al. study [13].
** In the study, several input chemicals were given as mL kg™!, which were converted to g kg™ using density.

Energy and water data were compiled the same way as for chemicals (see Table 3). It can
again be observed that there are cases where the differences are minimal, such as water
consumption in finishing, and there are also very significant variations, such as water and
wastewater in pre-treatment. The least data are available for thermal energy. Zhang et al.
included in their inventory the amount of coal used, which was most likely used for heating
but due to insufficient information, this was not included [38]. The BAT report provides only
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general data on energy and water consumption in the textile industry but no data on specific
materials and processes, except for water consumption in pre-treatment [40].

TABLE 3. COMPILATION OF OVERLAPPING DATA FROM SELECTED STUDIES AND REPORTS

(ENERGY AND WATER)

CO (Medical CO and CO/PES CO/PES CO/PES

workwear) CO/PES (Hospital (Fabric, B0S (Fabric)

[13], [35] (BAT) [40] uniform) [21] company) [39] [38]

Pretreatment
Electricity, kWh kg 0.036 - - 0.049 3.55
Water, L kg™! - 23 - 23.24 615.50
Wastewater, L kg™ 15.10 - - 20.40 350
Heat, kWh kg™ 0.16 - - - -
Dyeing
Electricity, kWh kg  0.19 - 0.70 0.014 0.45
Water, L kg™! 72.72 - 75 24.80 12
Wastewater, L kg™ 33.35 - - 19.50 -
Heat, kWh kg™ 1.84 - 8.33 - -
Finishing

Electricity, kWh kg 0.16 - - - 0.31
Water, L kg™! 23.30 - - - 22.90
Wastewater, L kg™ 8.35 - - - 19.75
Heat, kWh kg™ 0.56 - - - -

The least included data in the reviewed environmental assessments are water and air
emissions. This is consistent with the conclusion of the bibliometric analysis that LCAs and
wastewater show no connection. This should not be the case because when it comes to the
environmental impact of textile production, much focus is on the toxicity of wastewater [43].
Therefore, LCA studies should also include this aspect to assess blended textiles’
environmental impact fully. Only the study about medical workwear includes a detailed
composition of the textile wastewater but it is taken from the cotton production [13]. Other
studies only include the Chemical Oxygen Demand (COD) [21], [38], [39], which is the most
significant component by weight [43]. Therefore, one of the objectives of the following
analysis is to find out whether the exclusion of wastewater significantly impacts the results.

It is not possible to develop a comprehensive LCI for CO/PES blended textiles using the
data from the literature analysis because some data are unavailable, the differences in the
available data are too large, and the assumptions on processes and technologies are not fully
clear. Therefore, scenario-based LCA was carried out to see how the differences in available
data affect the environmental impact results for CO/PES blends.

3.1.3. Ecoinvent Processes

Following the literature review, the Ecoinvent database was checked to assess whether
built-in CO/PES production datasets are available. The database includes a textile category
in materials and process sections, which contains datasets on textiles and the processes used
in their production and use. The materials did not include CO/PES textile material, from
which it would have been possible to see input data for its production. Cotton and polyester
fibres were available and were used further in the LCA modelling.
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Also, in terms of processes, there were no built-in processes specifically for the CO/PES
blend. Still, there were various processes for cotton and polyester separately, although not all
of them. For example, data on the sizing process was again missing. Processes that could be
used for CO/PES modelling with assumptions are synthetic fibre weaving, cotton fibre
continuous dyeing, and finishing cotton woven textiles.

3.1.4. Product Category Rules and Uncertainty Threshold

Several textile related PCRs were considered. According to the United Nations Central Product
Classification, the most appropriate PCR was selected, being PCR 2022:04 Fabrics [44]. The
guidelines cover system boundaries, data quality requirements, allocation and other key aspects
of LCA. However, there is no mention of waste water and its composition or direct emissions to
the air. For input parameters, a 1 % cut-off rule is included, which means that 99 % of input
variables should be included in the inventory according to their influence on impact categories,
mass and energy. These guidelines are mandatory for the development of EPDs, not for research,
but they provide an overview of what a complete LCI should look like.

The review of the standards and the study revealed that there is no strict and universal threshold
that can be used to assess the uncertainty of results in impact categories [20], [32]-[34]. It was
therefore decided to assess the uncertainties qualitatively, based on their potential impact on the
ability to establish the LCI and perform the LCA for the CO/PES blended textile.

3.2. Uncertainty Identification through Scenario-Based Life Cycle Assessment

The LCA study on the medical workwear [13], having the most detailed LCI, was used as
the baseline model. It is also the only study to include all manufacturing processes. See Tables
2 and 3 for all input parameter values. Scenarios were created for all studies and reports,
summarized in Table 1. The scenarios were built by changing the parameters outlined in
Table 2 and Table 3 that were shared with the baseline scenario study. In addition, it was
decided to make an exception and add water consumption in the pre-treatment process to the
scenarios, although it is not included in the baseline scenario. This was done because it was
found in all studies that looked at this process except the baseline case. The changed
parameters are shown in Table 4.

TABLE 4. SCENARIOS CREATED AND PARAMETERS CHANGED IN THE PROCESSES

. Scenario 3 (hospital Scenario 4 (B0S Scenario S
Processes Scenario 2 (BAT) [40] uniform) [2(1] ’ company) [29] (fabric) [38]
Pretreatment  Enzymes; - Hydrogen peroxide; Sodium
Hydrogen peroxide; Sodium Hydroxide; Hydroxide;
Non-ionic and ionic Electricity; Electricity;
surfactant/Wetting agents; Water; Water;
Sodium Hydroxide; Wastewater Wastewater
Water
Dyeing Non-ionic and ionic Non-ionic and ionic Sodium Electricity;
surfactant/Wetting agents surfactant/Wetting agents; dithionite/Sodium Water
Sodium Hydroxide; hydrosulphite;
Acetic acid/Vinegar; Sodium Hydroxide;
Electricity; Electricity;
Water; Water;
Heat Wastewater
Finishing Softener; - - Electricity;
Acid/Acetic acid Water;
Wastewater
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The scenarios were built without water emissions, as water emissions were only included
in the baseline scenario study, so there are no shared parameters to change. However, when
carrying out an LCA for textiles, water emissions should be included. In this case, they can
be excluded as uncertainty will be assessed rather than specific environmental impacts.

In addition, a scenario was created using built-in Ecoinvent processes — the weaving of
synthetic fibres, continuous dyeing of cotton fibres, and finishing of cotton woven textiles.
For built-in processes, emissions are kept in as the Ecoinvent processes include not only direct
emissions but also indirect emissions. The reason for this is that it is modelled using inputs
from nature rather than from the techno sphere, as the authors of the process have to manually
align the emissions. Therefore, it is not possible without in-depth research to distinguish
which emissions are direct in order to remove them.

3.2.1. Impact Categories and Production Processes

First, the baseline scenario was analysed, looking specifically at the distribution of the
impact of production processes. Life cycle impact assessment provides results for several
impact categories. The chosen method has 18 impact categories, each with a corresponding
unit of measurement. However, to compare the categories, switching to a common unit of
measurement is necessary. This is achieved through normalization. It is the process of
normalizing the impact categories to a single dimension and presenting the results in a broader
context that indicates the impact of each category in relation to the overall environmental
impact [45]. The normalized values for the baseline scenario are shown in Fig. 3. All
categories with normalized values greater than 0.0020 are included in the graph, except for
global warming (0.0016), which was also included as a widely used category in environmental
impact assessments. It should be noted that the results are not original, as the model is based
on an existing study [13]. However, the results are not presented and analysed this way, so
the following observations are original.

0.07

0.06
3
£ 0.04
15}
&
B
N 0.03
E
2 0.02
4
0.01
0 = = == %
Global Freshwater Terrestrial ecotoxicity ~ Marine ecotoxicity ~Fossil resource scarcity
warming eutrophication
-0.01 Impact category
@ Market for cotton fibre B Market for polyester fibre B Yarn production OYarn sizing
OFabric weaving W Fabric pre-treatment @ Fabric continuous dyeing D Fabric finishing

Fig. 3. Normalised results by impact categories for the baseline scenario of cotton and polyester blend production.
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It can be observed that the main impact categories are related to toxicity — human
carcinogenic toxicity, marine ecotoxicity, and freshwater ecotoxicity. This underlines the
importance of having a complete LCI with chemicals, as they are a major source of toxicity.
Of the input chemicals, sodium hydroxide had the highest impact, which is explained by the
quantity used, as sodium dithionite has the highest impact in Scenario 4, which is based on
data from company BO0S. It is also important to note that the global warming category has a
relatively small impact on overall environmental impact. This should be taken into account
when analysing the environmental performance of textiles.

Looking at the breakdown of the processes involved, the extraction of raw materials - cotton
and polyester fibres - has the highest environmental impact, followed by pre-treatment. Note
that this is for the baseline scenario, as the distribution of impact changes when looking at
other scenarios. The reference study shows similar results [13], as the second largest impact
was related to the extraction of raw materials, while the first was related to the use phase,
which is outside this study’s scope.

3.2.2. Wastewater Importance

One of the objectives of the analysis was to find out whether the exclusion of water
emissions from the LCI significantly changes the results. Therefore, two baseline scenarios
were developed — with and without water emissions. The results were then compared with
each other, and it was found that 12 of the 18 impact categories had the same results. The
results differed significantly in the six categories shown in Fig. 4. These categories have the
highest environmental impact compared to the rest, as depicted in Fig. 2, except the human
non-carcinogenic toxicity, which shows the highest variation but is not as influential as the
others. In contrast, the 10 % difference is shown by human carcinogenic toxicity, which has
the highest environmental impact of all categories. Overall, these results show that detailed
water emissions are justified to be included in the LCI as they affect the main environmental
impact categories in the context of blended textile production.

Human non-carcinogenic toxicity 54.9%
%w Human carcinogenic toxicity 9.5%
%D Marine ecotoxicity 2.2%
é Freshwater ecotoxicity 1.8%
E Marine eutrophication 1.3%
Freshwater eutrophication 1.3%
0% 10% 20% 30% 40% 50% 60%

Changes in outcome if water emissions are included
Fig. 4. Variation of results by including detailed water emissions in the production of cotton and polyester blends.

3.2.3. Comparison of Scenarios

As mentioned previously, the aim of this study is not to obtain specific quantitative results
but to look at the differences in results. Therefore, the results obtained for each scenario were
compared with the baseline scenarios without water emissions and expressed as percentage
differences. Fig. 5 summarizes the results obtained in the scenarios for all impact categories.
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Scenario 5 (fabric) Scenario 6 (ecoinvent processes)

Fig. 5. Comparison of the results by impact categories, using the baseline scenario without water emissions as reference.

Scenarios 2 and 3 show the lowest differences from literature-based scenarios compared to
the baseline scenario without water emissions, with average differences of 6 % and 8 %,
respectively. These scenarios are based on a BAT and hospital uniform study [21], [40]. The
slight difference could be explained by the fact that the sources provide the least data on
energy and water, which underlines the importance of these data, and the Scenario 3 study
only had data on one of the three processes. The graph also shows that none of the literature-
based scenarios have lower environmental impacts than the baseline scenario. This means
that the baseline scenario is the best-case scenario regarding environmental impact, at least
according to the data available in the literature. However, it is mainly based on cotton
production, so it cannot be considered the best option in all cases for the assessment of
blended textiles. Although in this specific case it might be that only cotton is treated with
dye, yielding a light colour for the final textile, this outcome would not be desirable for all
use cases, therefor the same LCI would not be applicable.

Scenario 6 with Ecoinvent processes showed, on average, only a 1 % difference from the
baseline, but the environmental impacts were lower in some categories. Yet the outcome
shows that there is no need to make bigger assumptions and make the model more general by
using the built-in processes of Ecoinvent.

The most significant changes are found in scenarios 4 and 5, with an average of 288 % and
81 %, respectively. Scenario 5 is based on the Zhang et al. study [38], which specifically
looked at a blend of CO/PES but used limited input data. In this scenario, only two chemicals
were altered, but almost all water and energy inputs were changed, indicating that the water
and energy data were most likely responsible for the large changes. Not all processes for
producing CO/PES materials are the same, and the choice of process depends largely on the
type of finished material and its end use. Consequently, water and energy consumption will
vary depending on applied processes and used technologies. On the other hand, it is better to
compare parameters for similar end products, such as hospital uniforms in Scenario 3 and in
the baseline scenario, as the production processes are more likely to match. In Scenario 5, as
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in Scenario 4, only four categories are relatively consistent with the baseline scenario —
stratospheric ozone depletion, marine eutrophication, land use, and water consumption. The
water consumption category does not change significantly, although water consumption
increases in Scenario 5, as the impact of this category is mainly driven by cotton extraction.

In the scenario 4, the variation ranges from 3 % to 772 %. This scenario has the most
changes in input parameters. Sodium dithionite has the greatest impact as it is used in very
high quantities compared to the baseline scenario. Considering that the data for this scenario
is from 2003 [39], it is also possible that outdated technologies are causing major changes in
results. The graph shows strong peaks for eight categories, exceeding a difference of 350 %.
Five of these categories have relatively significant environmental impacts, as shown in Fig. 3.
Scenarios 4 and 5 show that results can vary significantly based on the data available in the
literature and underline the need for a specific LCI for CO/PES blends.

4. CONCLUSION

A review of the environmental impact assessment studies on CO/PES blends revealed a
knowledge gap: several studies have been carried out on the environmental impact of this
material, but they do not include a comprehensive LCI. Therefore, the aim of the study was
to conduct a literature review on the environmental assessment of the production of CO/PES
blends and to identify what assumptions have been made so far and how these assumptions
might affect the environmental assessment. A literature analysis was carried out to achieve
the objective, including a bibliometric analysis and a review of the scientific literature and
the Ecoinvent database. The results were used for scenario-based LCA to determine the
possible effects of assumptions and data variations on environmental impacts.

A bibliometric analysis of the environmental impact of blended textiles revealed that studies
fall into three main groups, covering textile wastewater and end-of-life, the technical side and
life cycle assessments. A key finding was that existing LCA studies on blended textiles are
unlikely to cover the effects and toxicity of wastewater. Greenhouse gases also appear to be
understudied or possibly irrelevant in assessing blended textiles' environmental impacts. This
was confirmed by further literature review.

Most of the environmental impact studies on blended textiles do not directly address the
production of CO/PES blends, use generic data, or do not provide detailed input data.
However, it was possible to summarize five studies and reports that provide some relevant
data to move toward a complete LCI. They revealed that the environmental impacts of the
sizing process, as well as water and air emissions, are mostly overlooked. Overall, it can be
concluded that it is not possible to develop a comprehensive LCI for the CO/PES blend using
the data available in the literature. Nevertheless, scenario-based LCA was performed to see
what would happen if one tried to establish a complete LCI using the available data.

The scenario-based LCA highlighted the importance of considering input chemicals when
addressing blended textiles, something that is often overlooked in practice. These chemicals
lead to toxic environmental impacts. Furthermore, while comparing and evaluating blended
textiles, it is crucial to concentrate on toxicity categories, such as human carcinogenic
toxicity, rather than global warming indicators, as they are more influential for the
environmental impact. It is also essential to include a detailed composition of the wastewater
as it affects the main environmental impact categories. Finally, the LCA showed that
differences in the data available in the literature can lead to considerable uncertainties in
results, sometimes as much as eight times more different results. The resulting uncertainties
suggests that assumptions and data sources need to be carefully evaluated before use and
should be standardized to produce reliable results. Thus, a more detailed database is needed
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to develop product-specific LCIs for blended textiles in order to avoid such significant
uncertainties in future environmental assessments.

The final product and its required properties influence the production processes and
technologies chosen, which in turn have an impact on the consumption of chemicals, water
and electricity. The main process that determines the chemicals used in textile production is
dying. When dyeing blended textiles, there are cases where only CO can be dyed if a light
colour is desired. On the other hand, if a darker and brighter colour is desired, both
components of the mixture must be dyed; either in one bath or two bath processes. This
indicates that there are times when the processes for producing cotton and CO/PES blends
may overlap. However, there are cases where the input parameters for a CO/PES blend cannot
be considered to be the same as for CO. This largely depends on the colour fastness to washing
and/or rubbing as well the other required end characteristics. Thus, when performing an LCA
on a blended textile, it is necessary to assess these factors to know which input data to choose.
This leads back to the functional unit that describes the amount with defined functions and
properties, allowing later comparison of the impact of products providing the same
functionality.

The results of this study can be used to understand better what has been done so far and
what is missing in the literature. Identified knowledge gaps can be further explored and
improved. The main objective was to highlight the impact of knowledge gaps on future
research in this area. Further, a primary data collection study is needed to achieve the final
goal, which is a life cycle assessment for a blended CO/PES textile. It should be noted that
the scenario-based LCA made many assumptions, so the results cannot be used quantitatively
and separately and can only be used in the context intended by this study.
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Abstract: This article examines energy audit procedures as a crucial instrument for raising
building and business energy efficiency in European Union (EU) Member States. Energy
audits, which include technical, economic, and environmental aspects, are essential to
reaching the EU’s climate targets, which include increasing energy independence and
cutting emissions by 55% by 2030. The study highlights how crucial energy efficiency
initiatives are to combating climate change, cutting energy use, and advancing sustainable
development. A thorough examination of methods, financing sources, and legislative
frameworks reveals differences in how Member States carry out directives such as the
Energy Performance of Buildings Directive and the Energy Efficiency Directive. A case
study on Latvia is included in the article, highlighting the country’s energy audit regu-
lations, implementation difficulties, and successes. This study applied a bibliographic
methodology or review of the scientific and other relevant literature, analyzing sources
identified through targeted keyword searches in academic databases and a variety of online
sources, including official legal websites, handbooks, reports, plans, and other publicly
available digital resources. The integration of energy efficiency principles and country
performances are compared using data from the Odyssee and Mure databases. The results
highlight how important it is to standardize energy auditing practices, promote informa-
tion sharing across national borders, and move past obstacles like public resistance and
budgetary limitations. Policy recommendations to improve energy efficiency and aid the
EU’s transition to climate neutrality by 2050 are included in the research’s conclusion.

Keywords: energy audit; energy efficiency; reduction in greenhouse gas emissions;
electricity consumption; energy efficiency management

1. Introduction

It is clear that the climate crisis is a global problem and requires coordinated actions on
different levels, from household to enterprise, until country leaders tackle it [1]. Combined
policy strategies can help overcome complex crises that affect sustainable development [2].
In recent years, many national and international organizations have launched special
initiatives, for example, Green Deal, to fight against climate change and environmental
degradation [2—4]. The issue of achieving climate neutrality has been on the agenda of
the European Union (EU) for more than the last ten years. In order to achieve the climate
goals set for 2030 and to be able to implement the EU’s long-term strategy, which envisages
achieving climate neutrality by 2050, it is necessary to significantly reduce carbon emissions
in the EU, including in the EU’s energy system [5]. The building sector is one of those

Energies 2025, 18, 522

https:/ /doi.org/10.3390/en18030522
181


https://doi.org/10.3390/en18030522
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0006-1320-5701
https://orcid.org/0009-0006-6344-8146
https://orcid.org/0000-0002-0267-0580
https://orcid.org/0000-0002-5658-1559
https://doi.org/10.3390/en18030522
https://www.mdpi.com/article/10.3390/en18030522?type=check_update&version=1

Energies 2025, 18, 522

2 0f 20

sectors where energy audits are conducted and specific goals must be achieved. One
of the main directions of the European Green Deal is to prioritize energy efficiency and
improve the energy performance of buildings, which will help reduce greenhouse gas
(GHG) emissions and improve people’s quality of life [3]. Directive (EU) 2024/1275 of the
European Parliament and of the Council of 24 April 2024 on the energy performance of
buildings and Directive (EU) 2023/1791 of the European Parliament and of the Council of
13 September 2023 on energy efficiency and amending Regulation (EU) 2023/955 (recast)
are of a great importance since they set basis for energy efficiency targets [6-8]. To achieve
climate neutrality Directive (EU) 2023/1791 of the European Parliament and of the Council
of 13 September 2023 on energy efficiency and amending Regulation (EU) 2023 /955 (recast),
obligations are provided for its Member States to reach exact cumulative end-use energy
savings annually from 2021 to 2030 and 2040 [4]. However, Directive (EU) 2024 /1275 of
the European Parliament and of the Council of 24 April 2024 on the energy performance of
buildings sets the target of minimum energy performance standards for non-residential
buildings and trajectories for progressive renovation of the residential building stock [8].

While Member States need to obtain energy consumption and its potential savings
information at the comprehensive level of all its sectors, building owners, commercial
operators, and service providers need to evaluate their energy consumption and possible
savings. Accordingly, this is one of the energy efficiency and energy audit concept crossing
points. “Namely, energy efficiency means the ratio of output of performance, service, goods
or energy to input of energy [4]”. However, the purpose of energy audits is obtaining
adequate knowledge of the energy consumption of a building, an industrial or commercial
operation, an installation, or a private or public service, and, as a result, identifying and
quantifying opportunities for cost-effective energy savings, identifying the potential for cost-
effective use or production of renewable energy, and reporting the findings [4]. Respectively,
energy audits are instruments that provide information and suggestions to company
owners, maintenance companies, homeowners, investors, various financial institutions,
and other relevant parties about the energy consumption and condition of buildings,
possible technical improvements, and, as a result, energy consumption reduction [9].
By using energy more efficiently and thus consuming less, all world country residents,
business owners, and others can reduce their energy bills, help protect the environment,
reduce climate change, improve quality of life, reduce EU dependence on imported oil and
natural gas suppliers, support sustainable growth, and boost the EU and other country
economies [10]. To achieve these benefits, energy efficiency must be improved on both
the supply side and demand side, from production to end-use [6,8]. To move towards the
goals of the Green Deal and comply with the directives, many governments have created
and implemented various initiatives, regulations, and plans that provide energy efficiency-
promoting measures and policies, with a focus on implementing energy management
systems and conducting energy audits, as these are useful tools for increasing energy
efficiency [11,12].

The aim of this review paper is to evaluate energy audit practices across EU Member
States, identifying challenges and the best practices to enhance energy efficiency and move
closer to achieving the EU’s climate neutrality goals. The review starts with an applied
methodology description (Section 2) followed by the legislative and policy framework of
energy efficiency and energy audits in Section 3. Sequentially, Section 4 provides an energy
efficiency performance statistical comparison in EU Member States. Further, Section 5 com-
prehensively describes the process of energy audits, involved parties, costs, and financing
instruments. The closing sections provide a description of an energy audit case study in
Latvia (Section 6), concluding that across the EU, there should be a harmonization of the
types and methods of energy auditing (Section 7).
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In the paper, Latvia is chosen as a case study since Latvia is one of the EU Member
States obliged to reach climate neutrality and decarbonization of its building sector by
2050. As these goals cannot be reached without energy efficiency improvement measures,
it is of great importance that each EU Member State’s energy efficiency industry has
the capacity to move the state to reaching these goals. Currently in Latvia, by January
2025, only 75 experts have active independent expert certificate status [13]. Therefore,
it is necessary to bring Latvia’s energy efficiency industry to light to encourage future
professionals to enter the industry, as well as to a start discussion among the energy
efficiency science experts on sharing experiences regarding the transposition of Directive
(EU) 2024/1275 of the European Parliament and of the Council of 24 April 2024 on the
energy performance of buildings and Directive (EU) 2023/1791 of the European Parliament
and of the Council of 13 September 2023 on energy efficiency and amending Regulation
(EU) 2023 /955 (recast) [4,8,14].

2. Methodology

Identifying the relevant literature for this study on energy audit practices involved
conducting a performance analysis on documents and journal articles published between
2009 and 2024. The bibliometric review was performed on documents published in reliable
scientific publication abstract and citation databases SCOPUS and MDPL. These databases
include a wide range of disciplines, provide publication metrics, and are open-access,
which facilitates their use. The search focused on energy audit practices, energy efficiency
measures, and associated legislative frameworks in European Union Member States.

The search was conducted using multiple queries. The selected settings for queries
included searching defined keywords within titles, abstracts, and keywords of the docu-
ments; some queries also included searches in all fields or in the full text. The keywords
used in the queries were enclosed in quotation marks.

The first 6 queries (see Table 1) aim to perform a search for all published documents
on the topic of energy audits in the time period of 20092024 in the SCOPUS database.
Queries 7-9 were used to perform a search for all published journal articles in the MDPI
database also for the time period of 2009-2024. Query 10 was used to search for legal acts
in EUROPA SEARCH, accessible from the European Commission official website’s search
box. For query 10, there was no time limitation.

Logical operators (AND, OR) were used in queries 1-9 to combine terms and ensure
thorough results. Logical operators distinguished the use of similar keywords, particularly
if a keyword has alternative terms. The logical operator AND was used in all queries in
SCOPUS and MDP], thus allowing us to find documents that refer to both energy auditing
and energy efficiency, as well as allowing us to set a time restriction.

Additional gray literature was sourced from government institution websites and
enterprises that offer energy audit services (company offers or websites of associations).
These documents were searched in English or the Latvian language for legislative acts, and
an important aspect was their validity as well as the inclusion of their amendments.

Accordingly, documents and scientific publications that did not meet the earlier
mentioned criteria were not considered.

The initial search produced a wide range of the literature, which was manually
screened for relevance based on title, keywords, abstract, and content. Sources were
selected if they aligned with the keywords and provided insights pertinent to the study
objectives. This process resulted in 84 literature sources categorized as follows:

e A total of 37 academic sources, including electronic books, scientific journals, confer-
ence papers and articles.
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e A total of 40 gray studies: legislation, international standards, guidelines, technical
and informative reports, and governmental guidance notes fall under this category.

e  The professional use literature category collected 7 sources, such as reports on the
energy market, statistical data, and websites of companies offering energy audit
services [15].

Some of these references include The Odyssee and Mure databases, supported by
the LIFE-CET program of the European Commission, as they were used to assess and
compare energy efficiency progress by sector and country, as well as to assess national
energy efficiency policy measures [16].

This study addresses a gap in energy audit research, as the existing literature is
limited and lacks review articles that summarize common practices and experiences across
Member States. This study contributes by consolidating existing knowledge and providing
a foundation for future research in energy audit policies and practices under European
Union frameworks and goals.

Table 1. Description of queries for bibliometric analysis.

. . Number of
No. Query Setting Keywords in Query Documents
Query in SCOPUS
1 Advanced query in all fields, in all published ALL (“energy audit”) OR ALL (“energy auditing”) AND 0446
’ documents in year range of 2009-2024 PUBYEAR > 2008 AND PUBYEAR < 2025
,  Advancedquery in fifle abstract and keywords,in  yyr; g ABS KEY (“Green Deal”) OR TITLE-ABSKEY (“fit a1
: all published documents In year range o for 55”) AND PUBYEAR > 2008 AND PUBYEAR < 2025
2009-2024
3 Advanced query in title, in all published TITLE (“energy audit”) OR TITLE (“energy auditing”) 631
: documents in year range of 2009-2024 AND PUBYEAR > 2008 AND PUBYEAR < 2025
4 Advanced query in title, in all published TITLE (“energy audit”) AND ALL (“energy efficiency”) 366
: documents in year range of 2009-2024 AND PUBYEAR > 2008 AND PUBYEAR < 2025
5 Advanced query in fifle abstract and keywords,in - qypy p_ABS KEY (“Green Deal”) OR TITLE-ABSKEY (it 1
: published documents in ye 8¢ O for 55”) AND PUBYEAR > 2008 AND PUBYEAR < 2025
2009-2024
S . TITLE (“energy efficiency first”) OR TITLE (“energy
6. A;O‘ﬁlr:\eeig“iirye’;tr‘;f ;“Oafgg(;‘gb_g%};id efficiency first principle”) AND PUBYEAR > 2008 AND 17
y & PUBYEAR < 2025
Query in MDPI
Advanced query in full text field, in all published FULLTEXT ( energy pohc1ss ) AND EULLT]?,X T (“energy
7 documents in year range of 2009-2024 policy”) AND “energy efficiency 3448
Y 8 With adding search filter for years between 2009-2024
Advanced query in all fields, in all published ALL (“energy audit”) 9R ALL( enersy Sfﬁclency audit”)
8. documents in year range of 2009-2024 AND “energy efficiency 821
¥y & With adding search filter for years between 2009-2024
9 Advanced query in title, in all published TITLE (“energy audit”) AND ALL (“energy efficiency”) 23
: documents in year range of 2009-2024 With adding search filter for years between 2009-2024
Query in EUROPA SEARCH
10. Query in all fields and all formats (Web, Word, Energy efficiency 6061

PowerPoint, Excel, PDF)

3. Legislative and Policy Framework

Energy efficiency is an important goal of many governments, aimed at reducing CO,
emissions and obtaining a more efficient use of energy resources [17]. Although energy
efficiency was not highlighted in several of the agreements and, for example, not included
in the Millennium Development Goals, it later appeared in the United Nations (UN) Sus-
tainable Development Goals, with proposals such as sustainable cities and communities,
access to renewable energy and climate action, and with Sustainable Development Goal 7
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calling for “international progress on energy efficiency to be doubled by 2030”, and aiming
“to provide universal access to reliable, modern and sustainable energy services by 2030”7,
increasing the share of renewable energy in global energy balances and improving interna-
tional cooperation on access to clean energy research and technology, including renewable
energy, energy efficiency, and advanced technologies, as well as increasing investment in
energy infrastructure and clean energy technologies [18]. Therefore, according to these
international agreements, EU countries are required to reduce greenhouse gas emissions,
not only by increasing the production and use of renewable energy, but also by using this
energy more efficiently [6]. The EU has identified three main aspects for achieving its
energy goals: improving energy efficiency, reducing GHG emissions, and widening the use
of renewable energy resources; so, the EU governments have developed several documents
related to energy and climate protection [19].

The energy efficiency policy established by the EU to reduce energy consumption and
costs, as well as to reduce GHG emissions, is based on various legal acts and initiatives
that bind all EU Member States. For example, the Latvian government, as one of the EU
Member States, has ratified and signed several international treaties: The United Nations
Framework Convention on Climate Change, the Paris Agreement, the Montreal Protocol,
the Kyoto Protocol, and the UN Sustainable Development Goals [18,20-23]. The Kyoto
Protocol’s second article clearly states that each of the parties listed in Annex 1 is obliged
to implement policies and measures that are in line with its own national circumstances,
including “improving energy efficiency in key economic sectors”, as well as promoting
sustainable development and reducing greenhouse gas emissions [23].

Overall, a number of legislative acts, initiatives, and agreements have contributed
to the development and promotion of energy efficiency (see Figure 1). Many of them
have already provided a significant boost in the last century, and it is expected that this

momentum will continue to grow in the coming decades.

Figure 1. Historical timeline of the different energy audit promotion measures [3,4,8,24-26].

According to Directive 2010/31/EU of the European Parliament and of the Council of
19 May 2010 on the energy efficiency of buildings, as amended by Directive 2018/844 of
30 May 2018 and Regulation 2018/1999 of 11 December 2018, in 2017, a long-term strategy
for building renovation was developed [6,27,28]. The main goal of the strategy was to
stimulate investments in the renovation of the public and private residential building
stock and commercial areas, determining the improvement of energy efficiency and the
renovation of multi-apartment buildings as some of the goals of housing and energy policy.
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The strategy envisages appropriate, cost-effective renovation approaches for the building
type and climatic zone, as well as the necessary political measures to promote building
renovations [29]. It states that energy efficiency measures should be included as a key
element in any strategy developed to address consumer vulnerability and energy poverty.

The directive emphasizes that improving energy efficiency strengthens energy security,
lowers energy costs, and reduces GHG emissions. As energy-efficient buildings reduce the
demand for heating fuel, including solid fuel, this has a positive impact on both indoor
and outdoor air quality, thus contributing to EU air quality policy objectives [6,27,28].

It is also noted that improvements in energy efficiency can help achieve higher eco-
nomic productivity and reduce energy poverty, thus improving the quality of life of the
population. At a time when energy poverty affects around 50 million households in the
EU, helping energy consumers reduce energy use in buildings can lead to lower consumer
energy expenditure [30].

The directive states that, in line with the goals of the Paris Agreement, it is necessary
to transform the entire EU building stock into near-zero energy buildings in the long term.
However, the current volumes of building renovation are insufficient, so energy efficiency
issues should be given more attention and considered as a full-fledged energy resource [8].
To facilitate the overcoming of energy efficiency obstacles, various energy policies in the
form of energy programs are created in different EU countries [31].

With the Directive of the European Parliament and the Council since 2006, the EC has
been paying attention to providing political support for the introduction of energy audits
too. According to the European Energy Services Directive, Member States are required to
implement high-quality energy audit schemes for large companies that do not have energy
management systems in place, to regularly conduct energy audits, and to encourage small
and medium-sized companies to conduct energy audits [6,32,33].

Energy audits and energy management systems play a key role in Article 8 of the
Energy Efficiency Directive (EED) as a driver for improving energy efficiency in end-
use sectors. According to the EED, Member States must promote and ensure the use of
high-quality, cost-effective energy audits and energy management systems for all final
consumers, including both large, small, and medium-sized enterprises (SMEs) [6].

4. Energy Efficiency Performance Comparison in EU Member States

With Commission Recommendation (EU) 2021/1749, the Energy Efficiency First (EE1)
principle was established, outlining specific actions for EU countries to ensure its proper
application [34].

This principle strengthens other EU objectives and has been made legally binding for
Member States, requiring its application in decision-making, policy-making, investment
decisions, and energy planning activities, incl. integration in national energy and climate
plans (NECP) [34-37].

Valuable insights into EU countries’ energy efficiency performance, enabling mutual
comparison, are provided by the Odyssee-Mure database. Odyssee-Mure is a multi-year
European Commission project that involves the development of an extensive statistical
database (Enerdata) for key energy efficiency indicators in various economic sectors and
energy efficiency policy instruments in EU Member States [38]. To evaluate how effective
the EE1 principle has been integrated into the national NECPs, the quantitative indicator
approach from the Odyssee and Mure databases was reviewed [16]. The indicator was
applied to 14 EU Member States; this is the only database that collects indicators from at
least that many Member States (see Table 1). The database employs 13 criteria (see Table 2),
assessing a simple semi-quantitative scoring system ranging from 0 to 2. In this system,
a score of 0 indicates non-compliance or minimal compliance, while a score of 2 reflects
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a high degree of compliance. In Table 1, the column "Total’ sums up all the previously
mentioned scores.

Table 2. Overview of the integration of the EE1 principle into the NECP of the countries included in
the Odysee-Mure database.

Policy-Makin, Removal of Regional and -
Country Total oncess 8 Barriers Challenges L fcal Level Monitoring
Ireland 3.18 0.89 0.69 0.6 05 0.5
Slovenia 2.75 0.5 0.65 0.6 05 0.5
France 272 0.5 0.62 0.6 0.5 0.5
Netherlands 2.58 0.5 0.58 0 0.5 1
Spain 2.57 0.39 0.58 0.6 0.5 0.5
Latvia 2.54 0.32 0.42 0.3 0.5 1
Denmark 2.53 0.29 0.54 0.2 0.5 1
Malta 25 0.39 0.31 0.8 0.5 0.5
Austria 2.33 0.42 0.31 0.6 05 0.5
Ttaly 2.11 0.39 0.42 0.3 0.5 0.5
Lithuania 211 0.39 0.42 0.3 0.5 0.5
Poland 2.11 0.5 0.31 0.3 0.5 0.5
Sweden 1.99 0.61 0.38 0 0.5 0.5
Germany 1.98 0.29 0.69 0 0.5 0.5

All 13 criteria were grouped into five pillars:

1. Policy-Making Process (criteria: screening process, in which both supply and demand
options are compared with each other, comparison between different solutions via
cost-benefit analysis, discount rates, multiple benefits (MBs), and economic efficiency
potentials used as a guiding principle);

2. Removal of Barriers to Energy Efficiency (criteria: prevention of distorted markets,
access to information, access to capital, reduction in risk and uncertainty);

3.  Tackling Energy Efficiency Challenges (criteria: energy poverty, sufficiency);

4.  Integration of EE1 at regional and local level (criteria: EE1 principle on regional and
local level);

5. Monitoring Energy Efficiency (criteria: monitoring) [16,39].

For comparison, Ireland, Latvia, and Germany were selected for deeper analysis.
Ireland was chosen for having the highest score among the 14 participating Member States,
Latvia represents a mid-range score, and Germany had the lowest score.

In Ireland, which ranks first in terms of EE1 integration, both supply-side and demand-
side solutions are considered in the energy efficiency policy-making process, with the same
discount rates applied for both sides. The impact of existing and planned policies is
compared with the economic energy efficiency potential and financial programs that have
been established to support the transition to green energy. The government uses targeted
energy efficiency measures. Extensive campaigns ensure awareness of both supply-side
and demand-side opportunities. However, there is no systematic approach to checking
possible market imbalances and reviewing policies [16].

In Latvia, the EE1 principle has not been specifically implemented at the regional
or local level. Several shortcomings exist in the energy efficiency policy: the impact of
existing and planned policies is not compared with the economic energy efficiency potential,
no cost—benefit analysis is conducted, and no measures have been introduced to reduce
investment risks in energy efficiency, in addition to a lack of financial support. The strong
point of the policy is the monitoring area, where measures are tracked depending on the
sector, program, and actions. However, the monitoring would need to be enhanced by an
evaluation of the overall energy efficiency progress and trends [16].

The EE1 principle has not been fully implemented in Germany either. However,
comprehensive information campaigns have been developed to raise awareness of both
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supply-side and demand-side options. Financial programs and funds have been estab-
lished to support the transition to green energy, meaning that these instruments target not
only investments in energy efficiency, but also supply-side and demand-side investments.
However, no cost-benefit analysis was conducted, the same discount rates are used for
supply-side and demand-side options, and there was no systematic approach to check
possible market imbalances and review policies. Furthermore, no specific measures have
been identified to promote energy efficiency adequacy, with information provision and
awareness-raising being key enablers of the renovation policy (see Figure 2) [16].

Monitoring

Region and local level
Suffucuency

Energy poverty

Risk and certainty
Access to information

Access to capital

Criteria

Prevention of disorted markets

Economic efficiency potentials

MBs
Discount rates

Cost-benefit analysis

Comparison of supply and demand
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Figure 2. Evaluation of criteria in three Member States [16].

After displaying the scores of the 13 criteria, it is immediately apparent which of
the criteria stagnates the assessments of all countries—these are MBs, prevention of dis-
torted markets, and sufficiency. However, the highest scores are observed in the criteria
comparison of supply and demand, as well as access to capital and information.

Ireland, as the best example, has achieved a maximum of 3 points in 7 out of 13 criteria,
which significantly contributes to its top ranking, while in contrast, Germany has achieved
maximum score in 3 out of 13 criteria; comparatively, Latvia has maximum score in 1 out of
13 criteria.

Despite Germany having achieved the maximum assessment in several criteria, in the
remaining criteria, its assessment most often reaches only one point, which also prevents it
from having a higher total score.

The European Energy Efficiency Scoreboard from the Odysee-Mure database allows
for the assessment of energy efficiency performance across European countries. It is based
on energy efficiency indicators from the Odysee database and information and data on
policies and energy savings, relative to total energy consumption collected in the Mure
database [39].
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The performance of each country is analyzed through three categories: energy effi-
ciency levels, progress, and policy indicators. Each category is scored on a scale from 0 to 1,
with 1 representing the highest performance. The overall energy efficiency performance is
calculated as the average score of these three categories, with each category given equal
weight (one third of the total score) (Figure 3). The score reflects quantitative impact (i.e.,
energy savings) derived from the energy efficiency assessments.
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Figure 3. The overall energy efficiency performance in Member States [16,39].

The figure provides a comprehensive overview of how countries perform in energy
efficiency compared to other European countries. Some countries, such as Luxembourg,
Germany, and France, stand out with higher scores, indicating stronger energy efficiency
performance, while several Eastern European countries (for example, Bulgaria, Lithuania,
Czechia, and others) have lower scores, signaling less developed policy initiatives and
slower progress in energy efficiency.

It is noted that, despite the significant promotion of interest with the help of various
informative campaigns, the public’s interest in participating in measures to increase energy
efficiency is still at a low level, assuming that the residents mostly avoid becoming involved
directly because of the large bureaucracy and many necessary administrative measures.
This is linked to the need to go through extensive bureaucratic processes to receive funding
from the EU structural funds, the involvement of many people by organizing general meet-
ings of residents, and educational and explanatory events, in order to obtain the consent of
the majority of the residents of the building. Often there are cases when the implementation
of the energy efficiency measures of buildings is stopped because the homeowners are not
interested and do not want to become involved. An undeniably significant role in the low
involvement of the population is also related to the low solvency of the homeowners, debt
obligations for utility payments, including for heating, the relatively long payback period
of energy efficiency measures, and relatively high interest rates for financing [29,37].
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5. General Overview of Energy Audits

The energy auditing of buildings or companies is a process that helps to identify prob-
lems with utility engineering in facilities, improve the comfort of the building’s residents,
and improve the efficiency of energy consumption in buildings and companies. In com-
panies, energy audits also help to identify weak links in the production process, offering
solutions to improve the efficiency of processes. In addition, by conducting an energy audit
and analyzing the report, it is possible to evaluate the energy saving options offered. The
audit process is initiated as needed, and it evaluates changes in building use, the status
of utility engineering, and the applicability of new energy-efficient technologies [40]. An
energy audit provides a company the opportunity to identify potential energy efficiency
improvement measures and reduces energy costs [41].

Energy audits are an energy service that does not increase energy efficiency itself but
is considered as an important step towards investments and energy efficiency measures.
Energy audits usually are outlined in both political documents and regulatory acts as
well as in the scientific literature [42,43]. Other authors point out that energy audits and
energy consumption monitoring are the first steps towards increasing energy efficiency [43].
Energy audit reports can be characterized as the main component in decision-making
related to energy management [44]. Energy audits are also popularized as an effective tool
to promote investments in energy efficiency measures in the residential sector. Although
energy audits have been operating in many countries for several decades, information
on the impact of audits on the household sector is conflicting. This is related to the fact
that a significant part of the energy efficiency recommendations was ignored, the main
reason being that maintenance companies and homeowners considered their homes already
energy-efficient enough [45].

Any energy audit process (see Figure 4) begins with the formation of an appropriate,
certified energy audit team or an individual who clearly defines the scope of the audit.
Before the audit begins, it is very important for the expert to review the available data to
determine the duration of the audit, the costs, the size of the team (in case of companies),
and to request all the necessary information about the building [40].
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Figure 4. The energy audit process scheme [40].

Energy audits of companies can be carried out on at least three different levels de-
pending on the time, budget constraints, complexity of the company, and client require-
ments [46,47]. The basic level only provides general recommendations for energy and water
savings, this type of audit does not provide long-term data analysis, while the second level
provides an inspection and energy data analysis as well as recommendations for energy
savings [40,47]. The most detailed is the third level, where energy consumption is finely
analyzed with additional developed proposals, the priority of their implementation is
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indicated, and even capital investments are indicated [47]. Regardless of the level division,
the procedures of these levels are not detailed in standards or directives, leaving it to
the energy audit team, which decides which data to collect and which improvements to
evaluate [48].

Energy audit is especially important for historical buildings as they are energy-
intensive and outdated structures, the restoration of which requires huge investments,
and the improvement of buildings may sometimes be limited by the projects of individual
protective zones [49]. Improving the energy efficiency of such buildings would mean
environmental and financial benefits, as well as preserving cultural and historical heritage.
In addition, the integration of renewable energy sources in such buildings would provide
an additional influx to the energy balance of the RES of countries and reduce the use of
fossil fuels [27,50].

To achieve the European Union’s target of “nearly zero energy buildings”, local gov-
ernments have a decisive role in supporting and implementing energy-efficient measures
at the local level [51].

5.1. Involved Parties of the Energy Audit

The parties involved in an energy audit can be directly or indirectly subject to the
energy audit. One of the parties involved is the energy auditor (legal entity) or the indepen-
dent expert who conducts qualitative and quantitative measurements of the object, selects
and applies data analysis methods, conducts an inspection of the object, obtains accurate
information about the existing energy consumption of the building and equipment, deter-
mines and compares the most economically efficient energy efficiency measures, determines
the priorities of energy efficiency measures, and determines the possibilities of reducing
CO; emissions [52,53]. However, primarily, they must recognize the client’s wishes and
develop an energy audit report (in the case of companies) and an energy-efficiency certifi-
cate (in the case of buildings) [47]. The energy audit client or customer can be a company
(management or engineers), an individual (homeowner), a municipality, a state institution,
or any other private or legal entities who want to carry out energy efficiency measures,
determine heat losses, receive a summary of data, or receive any other benefit that can
be obtained from an energy audit. They can also not benefit if they do not consider the
auditor’s recommendations [44].

The main audit requirements are originally set in relevant EU directives and standards,
whereas the state and its institutions, based on the relevant directives and standards,
provide detailed conditions for carrying out energy audits, set requirements for their
performers, create a normative and institutional basis, create energy efficiency funds,
provide support for research, and monitor the implementation of various projects. The
functions of the EU are like those of the state—it creates regulatory acts and issues directives,
and allocates and monitors various funds [49]. Employees, owners, or household members
of the building/company where the audit is carried out provide access to the object,
if necessary, provide information and/or analyze the data obtained, and vote for the
introduction of energy efficiency measures [45,54]. Energy service companies provide
access to energy services; they are employers for energy auditors and independent experts
of the energy efficiency of buildings, who, in accordance with all the regulatory acts
established in the state, offer their goods and professional services to consumers and
ensure their availability and competitive prices. Research and educational institutions
provide research and project implementation, qualified training of energy auditors, and
certification [55].
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5.2. Financing of Energy Audits

Financing of energy audits is an essential aspect of promoting their implementation,
although energy audits provide substantial benefits, companies and other institutions are
in no hurry to carry out audits due to their significantly high costs, as well as the expenses
associated with necessary improvements [56]. Most commonly, municipal institutions and
energy-intensive companies conduct energy audits because they are a state or municipal
requirement, not due to their own initiative. Consequently, in many countries and munici-
palities, governments, as well as private funds, are considering ways to not only co-finance
energy audits, but also provide various loan and credit options, often under favorable
conditions [57,58].

In Germany, for example, to encourage small and medium-sized companies to conduct
energy audits, the German Federal Ministry for Economic Affairs and Climate Action
launched a Special Fund program that provided financial assistance for energy audits
in small and medium-sized companies and was administered by a state-owned German
institution—an investment and development bank “KfW” in cooperation with regional
partners and chambers of industry and commerce. The main goal of this program was
to overcome the information barriers related to the implementation of energy efficiency
measures with an energy audit [59]. The provision of information and consultancy services
is only covered by financial support, and the audits are carried out by independent energy
auditors registered with “KfW”, providing reports on the audit results, energy saving
potential, and a plan for increasing energy efficiency. The daily rate of energy auditors
in the amount of 60-80% was covered by the granted grants. However, only part of the
proposed energy efficiency measures was used by the companies. Therefore, the German
Federal Ministry for Economic Affairs and Climate Action has created two additional
support mechanisms for energy-audited companies that make energy-efficient investments.
One of them is a financing scheme that supports the investment of small and medium-sized
companies in the field of energy-efficient technologies. The Federal Office for Economic
Affairs and Export Control oversees this initiative. The other is a low-interest financing
program managed by “KfW”, available to companies investing in energy efficiency-related
equipment. Companies have the opportunity to use both support mechanisms [60].

Energy audits are also widely used in Scandinavia—the Swedish Energy Audit Pro-
gram is a state-funded program aimed primarily at small and medium-sized enterprises
to help them develop and implement energy efficiency measures, incl. to finance en-
ergy audits. This program was introduced in the period from 2010 to 2014 as a tool
for overcoming obstacles to energy efficiency by subsidizing energy audits of small and
medium-sized industrial enterprises [31,61]. Nowadays, with the Implementation of the
Energy Performance of Buildings Directive (EPBD) in Sweden, various policy instruments
and supportive measures are available, including support for energy efficiency and energy
audit conduction [62], offering support of up to 50% of eligible costs if the energy efficiency
measure is estimated to result in the building’s energy performance improved by at least
20 percent [62,63].

In Denmark, energy efficiency is one of the cornerstones of energy policy. The Danish
parliament subsidized energy audits from the state budget, introducing standardized re-
ports on heat consumption reduction measures. Since 2006, Denmark has aligned itself with
the European Union’s energy efficiency policy and goals. To promote energy efficiency in
residential and public buildings, the Electricity Savings Trust (since 2010, the Danish Energy
Savings Trust) was established. A fee paid by each electricity customer funded the trust,
and several of the trust’s campaigns sponsored government-subsidized personal energy
audits [64]. Since 2020, Denmark has implemented the Danish Climate Agreement for
Energy and Industry 2020, also providing for mandatory energy audits for large companies,
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while at the same time offering a competitive subsidy scheme related to private enterprises
to reduce energy consumption and CO, emissions [33,65,66].

5.3. Cost of Energy Audits

The industry, the size of the facility, the qualifications of the energy auditor and/or the
audit company, the type of energy audit, the accuracy and completeness, the information
and the data provided, and the level of competition in the auditor market, all have a
significant impact on the cost of energy audits [67].

Aspects such as taxes, the general cost of living, energy costs, auditor qualifications
and other factors will vary across Member States. For example, an energy audit in Germany
or the United Kingdom may cost significantly more than one in Eastern Europe. Of course,
some businesses choose more costly auditing methods, such as hiring a larger team, a
company with more expertise, or a company with a better reputation instead of hiring an
independent expert [68].

However, Table 3 presents the estimated costs of energy audits for manufacturing
companies across different EU Member States. These energy audits must meet the minimum
criteria outlined in Annex VI to the EU EED and any additional criteria established in
national legislation transposing Article 8. These requirements ensure that audits are
conducted by qualified auditors with the necessary education, skills, and experience to
guarantee the quality of the audits [4].

Table 3. Price range of energy audits in 5 EU Member States in euros [68].

Energy Audit Costs, Euro, for Building Area

Country
<2500 m? 2500-7000 m>  7000-15,000 m®>  15,000-40,000 m? >40,000 m?
Germany 10,000 12,000 14,000 18,000 23,000
France 9000 10,000-11,000  13,000-14,000 17,000 24,000-25,000
Italy 8000-9000 10,000 12,000-13,000 15,000-16,000 22,000-23,000
Denmark 8000 10,000 15,000 25,000 29,000
Romania 9000 17,000-18,000  21,000-22,000 22,000-23,000 250,00-27,000
Sweden 9000 11,000 16,000 27,000 32,000

It should be mentioned that the expenses listed below pertain to manufacturing
companies; it cannot be excluded that an energy audit of a manufacturing company is
often more time-consuming and more costly than, for example, an energy audit of an office
building. The price ranges reflect the average costs for energy audits in manufacturing
companies and are included solely to illustrate the price differences between Member States.

Table 3 shows the differences in energy audit costs for manufacturing sites relative to
the total area occupied. As a general trend, the costs decrease as the area increases. This
indicates that larger manufacturing sites do not necessarily require audits that are directly
proportional to the size of the company or its energy intensity.

In general, energy audits and various energy efficiency measures are promoted all
over the world, which are subsidized in various ways by companies, municipalities and
countries. Despite different approaches, all these measures contribute to the reduction of
CO; emissions, increase energy efficiency at the national and municipal level, and reduce
costs related to energy consumption.

6. Case Study: Energy Audit Experience in Latvia

Latvia’s national energy efficiency policy is aimed at reducing the consumption of
energy resources and increasing energy efficiency in all sectors of the economy in order
to achieve the energy efficiency goal set by the EU. In general, Latvia has several policies
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and programs aimed at improving energy efficiency, saving energy, and reducing GHG
emissions to achieve sustainable and environmentally friendly development [42,69-71].

Currently, in Latvia, energy efficiency measures and conditions for energy audits are
affected and regulated by the energy efficiency law (for companies), the building energy
efficiency law (for buildings), as well as other complementary regulatory acts, such as
Cabinet of Ministers Regulation No. 487 “Rules for Energy Audits of Enterprises” (Figure 5)
and Cabinet of Ministers Regulation No. 222 “Building energy efficiency calculation
methods and building energy certification rules” [53,72].

Chief Energy Officer)

+ Company representative (the

= Preparation
* Data documentation and analysis

* Compilation of results and
recommendations

Team of technical experts:
energy auditor,
economist,
industry specialists,
technical experts

iifi

Figure 5. Steps of the industrial energy audit [41,53].

Currently, the legislators set out all the competency requirements and certification
procedures for energy auditors of companies as well as independent experts of the energy
certification of buildings, the monitoring and responsibility of the energy auditor and the
expert, the general procedures for conducting energy audits, as well as the registration
and content of an energy audit report and experts issued energy efficiency certificate of
buildings in the Building Information System and the procedures for its use. Currently
several companies in Latvia offer energy audit services [73].

According to the data of the State Agency “Latvian National Accreditation Bureau”,
there are seven institutions in Latvia whose sphere is the energy audit of companies and
which comply with the requirements of LVS EN ISO/IEC 17020:2012 and are competent to
carry out inspection or assessment and preparation of the report [74,75].

However, the Building Information System maintains and provides a register of all
independent experts in energy efficiency of buildings field, where it is possible to obtain
information about each expert, its competence area and certificate status (currently, by
December 2024, 75 experts have active certificate status) [76].

In Latvia the competence of an independent expert of energy efficiency of buildings
field is checked and the supervised by the Latvian Heat, Gas and Water Technologies Engi-
neers Association, which in turn is accredited institution by Latvian National Accreditation
Bureau [13].

Building energy audits are performed for all types of buildings—private houses, multi-
apartment buildings, and public buildings. There is no set ceiling for the prices of energy
audits, and the price of such a service depends on many factors: building size, location,
type of building, scope of the audit, assigned information, and other factors [67,73]. Re-
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garding the energy audit of buildings, in Latvia, there exists two kinds of energy efficiency
certificates for the buildings in operation. Firstly, the energy performance certificate that
is based on both calculated and measured data of energy consumption of building and
a list of energy savings and energy efficiency measures is given. Secondly, the energy
performance certificate that is based on measured data only. Such a certificate is especially
suitable for cases where the building is being sold or rented. A list of energy savings and
energy efficiency measures is not obligatory for this kind of certificate but can be added if
the homeowner has demanded it. Moreover, new buildings being constructed are issued
an energy efficiency certificate based on calculated data [42,77]. Since most buildings in
Latvia meet the requirements of class E and F, the improvement and renovation of their
energy efficiency is very urgent [77,78].

In Latvia, the Cabinet of Ministers has issued the Energy Audit Regulations for Enter-
prises, which determines the procedure for conducting an energy audit of enterprises, the
requirements for energy auditors, the submission of reports, data reporting, and collection,
and other information to be followed by all enterprise energy auditors. For insight, Figure 5
shows the scheme of the company energy audit [53].

Municipalities are also increasingly conducting energy audits of public buildings to
reduce total energy consumption and mitigate substantial costs. Whether the municipal-
ity conducts energy audits for public buildings or co-finances their implementation in
residential buildings may also depend on whether the municipality has obtained energy
management system certification, such as ISO 50001 [79].

Several municipalities in Latvia offer the opportunity to receive co-financing for the
energy audit of multi-apartment residential buildings, with a support intensity of up to
100%, for example, Talsi, city in Latvia, which offers municipal co-financing for energy
audits up to 700 EUR and also up to 10,000 EUR for energy efficiency measures that were
specified in the energy audit in the report [80,81].

The municipality of Liepaja also actively invites residents to use the support granted
to multi-apartment residential buildings to improve energy efficiency by carrying out a
series of measures, including energy audits and the renovation of buildings. In terms
of the number of renovated buildings, Liepaja is the leader among cities because the
implementation of energy efficiency improvement measures there has been particularly
active so far. Liepaja municipality offers municipal co-financing options for the partial
compensation of project documentation, develops mechanisms to facilitate formalities,
which in turn makes it easier for residents to reach a common agreement, as well as invests
resources in informing residents and maintenance companies [82].

Overall, in Latvia, co-financing support is available for energy audits and also energy
efficiency measures for multi-apartment buildings, as well as privately owned houses.
Similar approaches and support measures are available for company activities that raise
the company’s energy efficiency [58,83].

7. Conclusions

For more than ten years, the European Union has set increasingly higher energy
efficiency targets in order to promote the energy security and energy independence of
the Member States, the achievement of climate targets, and the development of a green
economy. At the EU, national, and regional level, several documents have been developed
that define the guidelines and goals of the energy efficiency policy, including the necessary
measures to promote building renovations. Since EU Member States and other countries
also have a binding obligation to reduce energy poverty, the promotion of the energy
efficiency of buildings and companies is an essential tool in fulfilling the obligation. As
the housing stock ages, it needs renovation measures more and more urgently. Despite
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its relevance, it is not intended to establish the obligation to carry out energy efficiency
measures for buildings, thus leaving the agreement on the carrying out of such measures
in the voluntary control of building owners.

Unused energy efficiency improvement potential exists in many sectors of the national
economy. Thus, companies participating in these programs can improve their energy
efficiency, which in turn contributes to the reduction of CO, emissions. Energy audits are
a widely recognized service, which companies and institutions often choose to use for
energy efficiency purposes [45,49]. However, it is not clear whether they serve effectively
for energy efficiency, since even during energy audits, there are several energy efficiency
barriers—customers who do not want to invest in building or equipment renovation, data
editing, object inspection, etc.—which the energy auditor or independent expert may
encounter.

Research on energy audits and their connection to the legislative and policy framework
confirms that there are no detailed standards and support programs that are identical across
all EU Member States. To comply with the requirements of the directives, the governments
of the EU Member States, including the Latvian government, have implemented various
efficiency-enhancing measures and policies achieving varying levels of effectiveness. How-
ever, there are differences in how each Member State has interpreted and adapted the
EU requirements, so the exchange of information between Member States based on their
experience has been proposed as a key improvement aspect for countries to move together
towards a Green Deal. However, it could be difficult to compare international energy audit
programs because the programs are implemented and evaluated differently in each country.
A combined system, such as providing information, setting goals or subsidies, can make
energy audits more effective [84]. Similarly, such a system will be more effective in reducing
CO; emissions, especially if it is combined with other policy instruments [85]. Andersson’s
et al. study confirms that in the evaluations of energy audit programs there are differences
in both methodology and results, indicating a lack of consistency in the classification of
measures [48]. For these reasons, EU countries should agree on specific but mutual types
of energy audits and methods for conducting them, creating standards and manuals, and
adapting them to EU climate neutrality requirements.

Author Contributions: Conceptualization, D.B. and D.L.; methodology, V.L., K.Z. and 1.B.; formal analysis,
T.B., KL. and VL, investigation, V.L. and K.L.; data curation, V.L. and A.E.B.; writing—original draft
preparation, LB., K.L. and V.L; writing—review and editing, K.L. and K.Z; visualization, T.B.; supervision,
D.L.; project administration, D.B.; funding acquisition, K.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This work has been supported by the European Social Fund within the Project
No 8.2.2.0/20/1/008 «Strengthening of PhD students and academic personnel of Riga Technical
University and BA School of Business and Finance in the strategic fields of specialization» of the
Specific Objective 8.2.2 «To Strengthen Academic Staff of Higher Education Institutions in Strategic
Specialization Areas» of the Operational Programme «Growth and Employment».

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Pfeifer, L.; Otto, .M. Changing seasonal temperature offers a window of opportunity for stricter climate policy. Environ. Sci.
Policy 2023, 140, 35-45. [CrossRef]

2. Panarello, D.; Gatto, A. Decarbonising Europe—EU citizens’ perception of renewable energy transition amidst the European
Green Deal. Energy Policy 2023, 172, 113272. [CrossRef]

3. European Commission. The European Green Deal. Available online: https://commission.europa.eu/strategy-and-policy/

priorities-2019-2024 / european-green-deal_en (accessed on 12 December 2024).

196


https://doi.org/10.1016/j.envsci.2022.11.010
https://doi.org/10.1016/j.enpol.2022.113272
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en

Energies 2025, 18, 522 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

European Parliament. Directive (EU) 2023/1791 of the European Parliament and of the Council of 13 September 2023 on Energy Efficiency
and Amending Regulation (EU) 2023/955 (Recast); European Union: Brussels, Belgium, 2023.

Kalantzis, F,; Revoltella, D. Do energy audits help SMEs to realize energy-efficiency opportunities? Energy Econ. 2019, 83, 229-239.
[CrossRef]

Energy Efficiency Directive. Available online: https://energy.ec.europa.eu/topics/energy-efficiency /energy-efficiency-targets-
directive-and-rules/energy-efficiency-directive_en (accessed on 17 December 2024).

European Parliament and of the Council. Directive 2010/31/EU of the European Parliament and of the Council of 19 May 2010 on the
Energy Performance of Buildings; European Union: Brussels, Belgium, 2010; Available online: https:/ /eur-lex.europa.eu/eli/dir/20
10/31/0j (accessed on 18 December 2024).

Directive (EU) 2024/1275 of the European Parliament and of the Council of 24 April 2024 on the Energy Performance of Buildings (Recast)
(Text with EEA Relevance); European Union: Brussels, Belgium, 2024.

Wohlfarth, K.; Eichhammer, W.; Schlomann, B.; Mielicke, U. Learning networks as an enabler for informed decisions to target
energy-efficiency potentials in companies. J. Clean. Prod. 2017, 163, 118-127. [CrossRef]

European Commission. European Commission REPowerEU: Energy Savings and Energy Efficiency. Available online: https:
/ /ec.europa.eu/commission/presscorner/detail /en/fs_22_3137 (accessed on 6 December 2024).

Collombet, R.; Peillon, R.H. Energy Performance of Buildings Directive: Implementation Guide. Available online: https://
efficientbuildings.eu/wp-content/uploads /2024 /10/ Efficient-Buildings- Europe-Implementation-Guide-2024_online-1.pdf (ac-
cessed on 9 January 2025).

Kubule, A.; Lo¢melis, K.; Blumberga, D. Analysis of the results of national energy audit program in Latvia. Energy 2020, 202, 117679.
[CrossRef]

Zemgale Regional Energy Agency Energy Auditors and Documents. Available online: https://www.zrea.lv/lv/eksperti_152/
energoauditori_282/ (accessed on 9 December 2024).

European Commision. Energy Performance of Buildings Directive. Available online: https://energy.ec.europa.eu/topics/energy-
efficiency /energy-efficient-buildings/energy-performance-buildings-directive_en (accessed on 20 January 2025).

Fox, M.; Coley, D.; Goodhew, S.; de Wilde, P. Thermography methodologies for detecting energy related building defects.
Renew. Sustain. Energy Rev. 2014, 40, 296-310. [CrossRef]

ODYSSEE-MURE. Energy Efficiency First Tool: Benchmark & Assess the Implementation. Available online: https://www.
odyssee-mure.eu/data-tools/eel-tool.html (accessed on 16 December 2024).

Kanna, L.V. Energy Policies and Standards. In Encyclopedia of Renewable Energy, Sustainability and the Environment (First Edition);
Rahimpour, M.R., Ed.; Elsevier: Oxford, UK, 2024; pp. 9-20. [CrossRef]

United Nations. Sustainable Development Goals. Available online: https:/ /www.un.org/sustainabledevelopment/sustainable-
development-goals/ (accessed on 6 December 2024).

European Commission. Country Report—Council Recommendation on the 2023 National Reform Programme of Latvia and
Delivering a Council Opinion on the Stability Programme of Latvia. Available online: https://commission.europa.eu/system/
files /2023-05/COM_2023_614_1_EN.pdf (accessed on 6 December 2024).

Ministry of Environmental Protection and Regional Development. Fourth National Communication of the Republic of Latvia
Under United Nations Framework Convention on Climate Change. Available online: https://unfccc.int/resource/docs/natc/
latnc4.pdf (accessed on 6 December 2024).

The Parliament of Latvia. The Paris Agreement. LIKUMLLV. Available online: https:/ /likumi.lv/doc.php?id=288600 (accessed
on 6 December 2024).

Cabinet of Ministers Government of the State of Latvia. Montreal Protocol. LIKUMLLV. Available online: https://likumi.lv/doc.
php?id=34452 (accessed on 6 December 2024).

Government of Latvia. Kyoto Protocol. LIKUMLLV. Available online: https://likumi.lv/doc.php?id=63180 (accessed on 6
December 2024).

Mauro, M.R. Energy Security, Energy Transition, and Foreign Investments: An Evolving Complex Relationship. Laws 2024, 13, 48.
[CrossRef]

Cucchiella, F.; Condemi, A.; Rotilio, M.; Annibaldji, V. Energy Transitions in Western European Countries: Regulation Comparative
Analysis. Energies 2021, 14, 3940. [CrossRef]

Urbano, E.M.; Kampouropoulos, K.; Romeral, L. Energy Crisis in Europe: The European Union’s Objectives and Countries’ Policy
Trends—New Transition Paths? Energies 2023, 16, 5957. [CrossRef]

European Parliament. Directive (EU) 2018/844 of the European Parliament and of the Council of 30 May 2018 Amending Directive
2010/31/EU on the Energy Performance of Buildings and Directive 2012/27/EU on Energy Efficiency (Text with EEA Relevance); European
Union: Brussels, Belgium, 2018; Volume 156.

197


https://doi.org/10.1016/j.eneco.2019.07.005
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficiency-targets-directive-and-rules/energy-efficiency-directive_en
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficiency-targets-directive-and-rules/energy-efficiency-directive_en
https://eur-lex.europa.eu/eli/dir/2010/31/oj
https://eur-lex.europa.eu/eli/dir/2010/31/oj
https://doi.org/10.1016/j.jclepro.2016.11.128
https://ec.europa.eu/commission/presscorner/detail/en/fs_22_3137
https://ec.europa.eu/commission/presscorner/detail/en/fs_22_3137
https://efficientbuildings.eu/wp-content/uploads/2024/10/Efficient-Buildings-Europe-Implementation-Guide-2024_online-1.pdf
https://efficientbuildings.eu/wp-content/uploads/2024/10/Efficient-Buildings-Europe-Implementation-Guide-2024_online-1.pdf
https://doi.org/10.1016/j.energy.2020.117679
https://www.zrea.lv/lv/eksperti_152/energoauditori_282/
https://www.zrea.lv/lv/eksperti_152/energoauditori_282/
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://energy.ec.europa.eu/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://doi.org/10.1016/j.rser.2014.07.188
https://www.odyssee-mure.eu/data-tools/ee1-tool.html
https://www.odyssee-mure.eu/data-tools/ee1-tool.html
https://doi.org/10.1016/B978-0-323-93940-9.00089-X
https://www.un.org/sustainabledevelopment/sustainable-development-goals/
https://www.un.org/sustainabledevelopment/sustainable-development-goals/
https://commission.europa.eu/system/files/2023-05/COM_2023_614_1_EN.pdf
https://commission.europa.eu/system/files/2023-05/COM_2023_614_1_EN.pdf
https://unfccc.int/resource/docs/natc/latnc4.pdf
https://unfccc.int/resource/docs/natc/latnc4.pdf
https://likumi.lv/doc.php?id=288600
https://likumi.lv/doc.php?id=34452
https://likumi.lv/doc.php?id=34452
https://likumi.lv/doc.php?id=63180
https://doi.org/10.3390/laws13040048
https://doi.org/10.3390/en14133940
https://doi.org/10.3390/en16165957

Energies 2025, 18, 522 18 of 20

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

European Parliament. REGULATION (EU) 2018/1999 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 11
December 2018 on the Governance of the Energy Union and Climate Action, Amending Regulations (EC) No 663/2009 and
(EC) No 715/2009 of the European Parliament and of the Council, Directives 94/22/EC, 98/70/EC, 2009/31/EC, 2009/73/EC,
2010/31/EU, 2012/27/EU and 2013/30/EU of the European Parliament and of the Council, Council Directives 2009/119/EC
and (EU) 2015/652 and Repealing Regulation (EU) No 525/2013 of the European Parliament and of the Council. Available online:
https:/ /eur-lex.europa.eu/legal-content/LV /TXT/PDF /?uri=CELEX:02018R1999-20231120 (accessed on 9 December 2024).
Cabinet of Ministers Government of the State of Latvia Order of the Cabinet of Ministers no. 46: About Latvia’s National Energy and
Climate Plan 2021-2030. LIKUMILV. Available online: https:/ /likumi.lv/doc.php?id=312423 (accessed on 9 December 2024).
European Commision. Energy Poverty. Available online: https://energy.ec.europa.eu/topics/markets-and-consumers/energy-
consumers-and-prosumers/energy-poverty_en (accessed on 9 December 2024).

Paramonova, S.; Thollander, P. Ex-post impact and process evaluation of the Swedish energy audit policy programme for small
and medium-sized enterprises. J. Clean. Prod. 2016, 135, 932-949. [CrossRef]

Mbaye, A. Review on Energy Audit: Benefits, Barriers, and Opportunities. Am. . Energy Nat. Resour. 2022, 1, 45-58. [CrossRef]
Dolge, K.; Kubule, A.; Rozakis, S.; Gulbe, I; Blumberga, D.; Krievs, O. Towards Industrial Energy Efficiency Index. Environ. Clim.
Technol. 2020, 24, 419-430. [CrossRef]

THE EUROPEAN COMMISSION COMMISSION RECOMMENDATION (EU) 2021/1749 of 28 September 2021 on Energy
Efficiency First: From Principles to Practice. Available online: https:/ /eur-lex.europa.eu/legal-content/EN/TXT/PDF /?uri=
CELEX:32021H1749 (accessed on 18 December 2024).

von Malmborg, F. First and last and always: Politics of the ‘energy efficiency first’ principle in EU energy and climate policy.
Energy Res. Soc. Sci. 2023, 101, 103126. [CrossRef]

Mandel, T.; Pat6, Z. Towards effective implementation of the energy efficiency first principle: A theory-based classification and
analysis of policy instruments. Energy Res. Soc. Sci. 2024, 115, 103613. [CrossRef]

Cabinet of Ministers Government of the State of Latvia Latvia’s National Energy and Climate Plan 2021-2030. Available online:
https:/ /energy.ec.europa.eu/system/files /2020-02 /1v_final_necp_main_lv_0.pdf (accessed on 6 December 2024).

Thomas, S.; Rosenow, J. Drivers of increasing energy consumption in Europe and policy implications. Energy Policy 2020, 137, 111108.
[CrossRef]

Enerdata, A. Energy Efficiency Trends & Policies | ODYSSEE-MURE. Available online: https://www.odyssee-mure.eu/ (accessed
on 12 December 2024).

Alajmi, A. Energy audit of an educational building in a hot summer climate. Energy Build. 2012, 47, 122-130. [CrossRef]

TUV NORD Baltik Ltd. Energy Audit of the Enterprise—Energy Efficiency. Available online: https://www.tuv-nord.com/lv/
en/services/energy-efficiency /energy-audit-of-the-enterprise/ (accessed on 16 December 2024).

LIKUMLLV. Saeima the Parliament of the Republic of Latvia The Energy Efficiency Law. Available online: https://likumi.lv/doc.
php?id=280932 (accessed on 9 December 2024).

Bunse, K.; Vodicka, M.; Schonsleben, P.; Briilhart, M.; Ernst, EO. Integrating energy efficiency performance in production
management—Gap analysis between industrial needs and scientific literature. J. Clean. Prod. 2011, 19, 667-679. [CrossRef]
Abdelaziz, E.A ; Saidur, R.; Mekhilef, S. A review on energy saving strategies in industrial sector. Renew. Sustain. Energy Rev.
2011, 15, 150-168. [CrossRef]

Murphy, L. The influence of energy audits on the energy efficiency investments of private owner-occupied households in the
Netherlands. Energy Policy 2014, 65, 398-407. [CrossRef]

Al-Ajlan, S.A. Energy Audit and Potential Energy Saving in an Office Building in Riyadh, Saudi Arabia. J. King Saud Univ. Eng.
Sci. 2009, 21, 65-74. [CrossRef]

Blumberga, A.; Blumberga, D.; Biseniece, E.; Kamenders, A.; Kass, K; Vanaga, R.; Zogla, G. Eku Energoefektivitate: Vakar, Sodien
un Rit; RTU Izdevnieciba: Riga, Latvia, 2017; Available online: https://ortus.rtu.lv/zdas/lv/publications /27311 (accessed on
9 December 2024).

Andersson, E.; Arfwidsson, O.; Bergstrand, V.; Thollander, P. A study of the comparability of energy audit program evaluations.
J. Clean. Prod. 2017, 142, 2133-2139. [CrossRef]

Magrini, A.; Gobbi, L.; d’Ambrosio, ER. Energy Audit of Public Buildings: The Energy Consumption of a University with Modern
and Historical Buildings. Some Results. Energy Procedia 2016, 101, 169-175. [CrossRef]

European Parliament. Directive 2012/27/EU of the European Parliament and of the Council of 25 October 2012 on Energy Efficiency,
Amending Directives 2009/125/EC and 2010/30/EU and Repealing Directives 2004/8/EC and 2006/32/EC Text with EEA Relevance;
European Union: Brussels, Belgium, 2012; Volume 315, Available online: http://data.europa.eu/eli/dir/2012/27/0j/eng
(accessed on 9 December 2024).

Annunziata, E.; Rizzi, F.; Frey, M. Enhancing energy efficiency in public buildings: The role of local energy audit programmes.
Energy Policy 2014, 69, 364-373. [CrossRef]

198


https://eur-lex.europa.eu/legal-content/LV/TXT/PDF/?uri=CELEX:02018R1999-20231120
https://likumi.lv/doc.php?id=312423
https://energy.ec.europa.eu/topics/markets-and-consumers/energy-consumers-and-prosumers/energy-poverty_en
https://energy.ec.europa.eu/topics/markets-and-consumers/energy-consumers-and-prosumers/energy-poverty_en
https://doi.org/10.1016/j.jclepro.2016.06.139
https://doi.org/10.54536/ajenr.v1i1.1054
https://doi.org/10.2478/rtuect-2020-0025
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021H1749
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021H1749
https://doi.org/10.1016/j.erss.2023.103126
https://doi.org/10.1016/j.erss.2024.103613
https://energy.ec.europa.eu/system/files/2020-02/lv_final_necp_main_lv_0.pdf
https://doi.org/10.1016/j.enpol.2019.111108
https://www.odyssee-mure.eu/
https://doi.org/10.1016/j.enbuild.2011.11.033
https://www.tuv-nord.com/lv/en/services/energy-efficiency/energy-audit-of-the-enterprise/
https://www.tuv-nord.com/lv/en/services/energy-efficiency/energy-audit-of-the-enterprise/
https://likumi.lv/doc.php?id=280932
https://likumi.lv/doc.php?id=280932
https://doi.org/10.1016/j.jclepro.2010.11.011
https://doi.org/10.1016/j.rser.2010.09.003
https://doi.org/10.1016/j.enpol.2013.10.016
https://doi.org/10.1016/S1018-3639(18)30510-5
https://ortus.rtu.lv/zdas/lv/publications/27311
https://doi.org/10.1016/j.jclepro.2016.11.070
https://doi.org/10.1016/j.egypro.2016.11.022
http://data.europa.eu/eli/dir/2012/27/oj/eng
https://doi.org/10.1016/j.enpol.2014.02.027

Energies 2025, 18, 522 19 of 20

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Moya, D.; Torres, R.; Stegen, S. Analysis of the Ecuadorian energy audit practices: A review of energy efficiency promotion.
Renew. Sustain. Energy Rev. 2016, 62, 289-296. [CrossRef]

LIKUMI.LV. Cabinet of Ministers Government of the State of Latvia Regulations Regarding Energy Audit of Enterprises. Available
online: https://likumi.lv/doc.php?id=283807 (accessed on 16 December 2024).

Schleich, J.; Fleiter, T. Effectiveness of energy audits in small business organizations. Resour. Energy Econ. 2019, 56, 59-70.
[CrossRef]

Shen, B.; Price, L.; Lu, H. Energy audit practices in China: National and local experiences and issues. Energy Policy 2012, 46,
346-358. [CrossRef]

Kuokkanen, A.; Yazar, M. Cities in Sustainability Transitions: Comparing Helsinki and Istanbul. Sustainability 2018, 10, 1421.
[CrossRef]

JSC Swedbank Latvia Financing. For Energy Efficiency in Apartment Buildings—With a Target of at Least 30% Primary Energy
Savings. Available online: https:/ /www.swedbank.lv/business/finance/loans/renovation (accessed on 16 December 2024).
Riga City Council. Binding Regulations No. RD-23-204-sn. About Municipal Co-Financing for the Renovation of Residential
Buildings and Promotion of Energy Efficiency. LIKUMILLV. Available online: https://likumi.lv/doc.php?id=342789 (accessed on
9 December 2024).

Schubert, T.; Breitschopf, B.; P16tz, P. Energy efficiency and the direct and indirect effects of energy audits and implementation
support programmes in Germany. Energy Policy 2021, 157, 112486. [CrossRef]

Fleiter, T.; Schleich, J.; Ravivanpong, P. Adoption of energy-efficiency measures in SMEs—An empirical analysis based on energy
audit data from Germany. Energy Policy 2012, 51, 863-875. [CrossRef]

Andersson, E.; Karlsson, M.; Thollander, P.; Paramonova, S. Energy end-use and efficiency potentials among Swedish industrial
small and medium-sized enterprises—A dataset analysis from the national energy audit program. Renew. Sustain. Energy Rev.
2018, 93, 165-177. [CrossRef]

Ministry of Rural Affairs and Infrastructure Forordning (2021:664) om Stod till Energieffektivisering i Flerbostadshus. Available
online: https:/ /www.riksdagen.se/sv/dokument-och-lagar/dokument/svensk-forfattningssamling /forordning-2021664-om-
stod-till_sfs-2021-664/ (accessed on 17 December 2024).

Emma Svensson, H.-O.K.H. Implementation-of-the-EPBD-in-Sweden. Available online: https://www.ca-epbd.eu/Media /6383
73595736227761 /Implementation-of-the-EPBD-in-Sweden.pdf (accessed on 17 December 2024).

Sovacool, B.K. Energy policymaking in Denmark: Implications for global energy security and sustainability. Energy Policy 2013,
61, 829-839. [CrossRef]

ODYSSEE-MURE. Database Denmark Energy Efficiency & Trends Policies | Denmark Profile. Available online: https://www.
odyssee-mure.eu/publications/efficiency-trends-policies-profiles /denmark.html (accessed on 17 December 2024).

Danish Energy Agency Fa Tilskud til den Grenne Omstilling | Energistyrelsen. Available online: https://sparenergi.dk/
erhvervspuljen (accessed on 17 December 2024).

Ltd Siltie Nami. Energy Audit. Available online: http://www.siltienami.lv/pakalpojumi/energoaudits/ (accessed on
17 December 2024).

Directorate-General for Energy Study on Energy Efficiency in Enterprises: Library of Typical Energy Audit Recommendations,
Costs and Savings—European Commission. Available online: https://energy.ec.europa.eu/publications/study-energy-efficiency-
enterprises-library-typical-energy-audit-recommendations-costs-and-savings_en (accessed on 17 December 2024).

Ministry of Environmental Protection and Regional Development of the Republic of Latvia Sustainable Development Strategy of
Latvia Until 2030. Available online: https:/ /www.varam.gov.lv/lv/latvijas-ilgtspejigas-attistibas-strategiju-lidz-2030gadam-
latvija2030 (accessed on 6 December 2024).

Latvian State Language Center Informative Report—Long-Term Energy Strategy of Latvia 2030—Competitive Energy for the
Society | Valsts Valodas Centrs. Available online: https://www.vvc.gov.lv/en/laws-and-regulations-republic-latvia-english /
informative-report-long-term-energy-strategy-latvia-2030-competitive-energy-society (accessed on 9 December 2024).

Riga Energy Agency. The Riga State City Energy and Climate Action Plan of Riga for 2030. Available online: https:/ /rea.riga.lv/
wp-content/uploads/2024/03/bdf163da5b991590d5a806b580470c3204d0061b.pdf (accessed on 9 December 2024).

Helmane, I. New Procedure for Building Energy Certification and Energy Efficiency Calculation. Available online: https:
/ /lvportals.lv/skaidrojumi/327063-jauna-kartiba-eku-energosertifikacijai-un-energoefektivitates-aprekinasanai-2021 (accessed
on 20 January 2025).

Ltd. “Ekodoma,”. “Energoauditing,” ekodoma.lv. Available online: https://www.ekodoma.lv/energoauditi (accessed on
9 December 2024).

Construction Control Department. Energy Audit and ISO Certification. Available online: https://www.bvkb.gov.lv/lv/
energoaudits-un-iso-sertificesana (accessed on 9 December 2024).

Latvian National Accreditation Bureau. Accredited Institutions. Available online: https://ai.latak.gov.lv/index.php?lang=Iv
(accessed on 9 December 2024).

199


https://doi.org/10.1016/j.rser.2016.04.052
https://likumi.lv/doc.php?id=283807
https://doi.org/10.1016/j.reseneeco.2017.08.002
https://doi.org/10.1016/j.enpol.2012.03.069
https://doi.org/10.3390/su10051421
https://www.swedbank.lv/business/finance/loans/renovation
https://likumi.lv/doc.php?id=342789
https://doi.org/10.1016/j.enpol.2021.112486
https://doi.org/10.1016/j.enpol.2012.09.041
https://doi.org/10.1016/j.rser.2018.05.037
https://www.riksdagen.se/sv/dokument-och-lagar/dokument/svensk-forfattningssamling/forordning-2021664-om-stod-till_sfs-2021-664/
https://www.riksdagen.se/sv/dokument-och-lagar/dokument/svensk-forfattningssamling/forordning-2021664-om-stod-till_sfs-2021-664/
https://www.ca-epbd.eu/Media/638373595736227761/Implementation-of-the-EPBD-in-Sweden.pdf
https://www.ca-epbd.eu/Media/638373595736227761/Implementation-of-the-EPBD-in-Sweden.pdf
https://doi.org/10.1016/j.enpol.2013.06.106
https://www.odyssee-mure.eu/publications/efficiency-trends-policies-profiles/denmark.html
https://www.odyssee-mure.eu/publications/efficiency-trends-policies-profiles/denmark.html
https://sparenergi.dk/erhvervspuljen
https://sparenergi.dk/erhvervspuljen
http://www.siltienami.lv/pakalpojumi/energoaudits/
https://energy.ec.europa.eu/publications/study-energy-efficiency-enterprises-library-typical-energy-audit-recommendations-costs-and-savings_en
https://energy.ec.europa.eu/publications/study-energy-efficiency-enterprises-library-typical-energy-audit-recommendations-costs-and-savings_en
https://www.varam.gov.lv/lv/latvijas-ilgtspejigas-attistibas-strategiju-lidz-2030gadam-latvija2030
https://www.varam.gov.lv/lv/latvijas-ilgtspejigas-attistibas-strategiju-lidz-2030gadam-latvija2030
https://www.vvc.gov.lv/en/laws-and-regulations-republic-latvia-english/informative-report-long-term-energy-strategy-latvia-2030-competitive-energy-society
https://www.vvc.gov.lv/en/laws-and-regulations-republic-latvia-english/informative-report-long-term-energy-strategy-latvia-2030-competitive-energy-society
https://rea.riga.lv/wp-content/uploads/2024/03/bdf163da5b991590d5a806b580470c3204d0061b.pdf
https://rea.riga.lv/wp-content/uploads/2024/03/bdf163da5b991590d5a806b580470c3204d0061b.pdf
https://lvportals.lv/skaidrojumi/327063-jauna-kartiba-eku-energosertifikacijai-un-energoefektivitates-aprekinasanai-2021
https://lvportals.lv/skaidrojumi/327063-jauna-kartiba-eku-energosertifikacijai-un-energoefektivitates-aprekinasanai-2021
https://www.ekodoma.lv/energoauditi
https://www.bvkb.gov.lv/lv/energoaudits-un-iso-sertificesana
https://www.bvkb.gov.lv/lv/energoaudits-un-iso-sertificesana
https://ai.latak.gov.lv/index.php?lang=lv

Energies 2025, 18, 522 20 of 20

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Construction Control Department. Building Information System: Register of Independent Experts in the Field of Energy Efficiency
of Buildings. Available online: https:/ /bis.gov.lv/bisp/lv/expert_certificates (accessed on 9 December 2024).

Cabinet of Ministers Government of the State of Latvia. Building Energy Efficiency Calculation Methods and Building Energy
Certification Regulations. LIKUMLLV. Available online: https:/ /likumi.lv/doc.php?id=322436 (accessed on 17 December 2024).
Goverment of Latvia. Informative Report ‘Long-Term Building Renovation Strategy. LIKUMLLV. Available online: https:
/ /likumi.lv/doc.php?id=342294 (accessed on 17 December 2024).

International Organization for Standardization. ISO—ISO 50001—Energy Management. Available online: https://www.iso.org/
is0-50001-energy-management.html (accessed on 9 December 2024).

Talsi County Council. Binding Regulations No. 38 About Talsi Municipality’s Co-Financing for Energy Efficiency Measures
in Multi-Apartment Residential Buildings. LIKUMILLV. Available online: https:/ /likumi.lv/doc.php?id=337803 (accessed on
9 December 2024).

The municipality of Talsi. Co-Financing for Energy Efficiency Measures in Multi-Apartment Residential Buildings. Avail-
able online: https:/ /www.talsunovads.lv/1v/lidzfinansejums-daudzdzivoklu-dzivojamo-maju-energoefektivitates-pasakumu-
veiksanai (accessed on 9 December 2024).

Liepaja County Council. Binding Regulations No. 2 About the Amount of Co-Financing of the Municipality of Liepaja and the
Procedure for Its Allocation for Energy Efficiency Measures in Multi-Apartment Residential Buildings. LIKUMI.LV. Available
online: https:/ /likumi.lv/doc.php?id=288491 (accessed on 9 December 2024).

JSC Development Finance Institution ALTUM. Energy Efficiency of Apartment Buildings 2022-2026. Available online: https:
/ /www.altum.lv/en/services/individuals/energy-efficiency-of-apartment-buildings-2022-2026/ (accessed on 17 December 2024).
Nabitz, L.; Hirzel, S. Transposing The Requirements of the Energy Efficiency Directive on Mandatory Energy Audits for Large
Companies: A Policy-Cycle-based review of the National Implementation in the EU-28 Member States. Energy Policy 2019, 125,
548-561. [CrossRef]

Yajima, N.; Arimura, T.H. Promoting energy efficiency in Japanese manufacturing industry through energy audits: Role of
information provision, disclosure, target setting, inspection, reward, and organizational structure. Energy Econ. 2022, 114, 106253.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

200


https://bis.gov.lv/bisp/lv/expert_certificates
https://likumi.lv/doc.php?id=322436
https://likumi.lv/doc.php?id=342294
https://likumi.lv/doc.php?id=342294
https://www.iso.org/iso-50001-energy-management.html
https://www.iso.org/iso-50001-energy-management.html
https://likumi.lv/doc.php?id=337803
https://www.talsunovads.lv/lv/lidzfinansejums-daudzdzivoklu-dzivojamo-maju-energoefektivitates-pasakumu-veiksanai
https://www.talsunovads.lv/lv/lidzfinansejums-daudzdzivoklu-dzivojamo-maju-energoefektivitates-pasakumu-veiksanai
https://likumi.lv/doc.php?id=288491
https://www.altum.lv/en/services/individuals/energy-efficiency-of-apartment-buildings-2022-2026/
https://www.altum.lv/en/services/individuals/energy-efficiency-of-apartment-buildings-2022-2026/
https://doi.org/10.1016/j.enpol.2017.12.016
https://doi.org/10.1016/j.eneco.2022.106253

Circular Economy and Sustainability (2025) 5:2725-2749
https://doi.org/10.1007/s43615-025-00584-6

ORIGINAL PAPER .-

()

Check for
updates

What Drives the Circular Economy? Textile Sorting or
Consumption Reduction

Megija Valtere'® . Tereza Bezrucko' - Dace Lauka' - Andra Blumberga' -
Dagnija Blumberga'

Received: 1 October 2024 / Accepted: 16 April 2025 / Published online: 2 May 2025
© The Author(s) 2025

Abstract

Textiles are essential in the EU’s shift towards a circular economy, sustainability, and
climate neutrality, accounting for 4 to 6% of the EU’s ecological footprint. To explore the
potential of the circular economy in the EU fashion textiles value chain, this study carried
out a literature review to collect data and used system dynamics modelling to assess the
potential of the circular economy. The results show that landfilling of clothing consumed
and produced in the EU will increase from 3.3 million tonnes in 2018 to 5.8 million tonnes
per year. Around 95% of this amount represents the lost value. The findings show that the
projected increase in textile sorting capacity in the EU is insufficient to contribute to the
target reduction of municipal waste streams by 2030. Moreover - sorting rates are declin-
ing. Two strategies were analysed: clothing sorting and consumption reduction. The sys-
tem dynamics model led to the conclusion that it is more effective to prioritise measures
aimed at reducing clothing consumption rather than focusing solely on increasing sorting
capacity. However, it should be kept in mind that sorting and recycling are in any case
necessary to create a circular economy. This study reduces uncertainty and knowledge
gaps in the literature and can be used for policy planning.

Keywords Circular Economy - Clothing Waste - Flow Analysis - Policy Instruments -
System Dynamics Modelling - Textile Value Chain

Introduction

Textiles are among the world’s oldest and most widely used artificial materials. Textiles are
used not only for clothing but also in healthcare, transport, construction, and other appli-
cations [1]. Global production and consumption of textiles have doubled in the last two
decades [2], with negative environmental impacts due to the textile industry’s highly pol-
luting, resource intensive, and waste generating nature. Around 87% of the fibres extracted
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from raw materials end up in landfills or are incinerated throughout their life cycle, and
less than 1% are recycled back into textiles [3]. Circular economy practices are currently
not widely used in the textile system and it is mostly based on a linear economic model.
Nevertheless, the textile system has great potential for circularity, as most materials could
be recycled or reused. Introducing the circular economy into the fashion textile value chain
could result in 95% of textiles being returned to the supply chain [4].

There is an increasing number of studies on sustainability and the potential of applying
the circular economy approach in the textile sector [5], which look at different aspects such
as eco-labelling [6], consumer involvement [7], circular supply chain [8] and waste manage-
ment [9, 10]. However, significant drawbacks can be observed: data uncertainty, outdated
data or missing data. Studies reveal inconsistencies in data across different aspects, such as
the global share of emissions and clothing consumption. For example, the share of emis-
sions from the textiles sector in total global emissions ranges from 3 to 10% in the literature
[1, 11, 12]. The sector also lacks up-to-date data. For example, in the EU context, the latest
data on waste, emissions and resource consumption are from 2020 [13]. However, these
data reflect the impact of COVID- 19, which may no longer be relevant, and several data
are missing, such as the sorting rate of textiles. The next most recent data is from 2018 [14].

There is also a data gap in the literature at the time the study was conducted. In general,
data are available on consumption, the share of sorted textiles and textiles entering the waste
stream. The EU values are summarised in Table 1. These indicators are the most relevant for
the circular economy in the textile sector. However, there is a lack of data on the amount of
textiles disposed of at the production, retail and post-consumer stages in the economy chain.
This is a major data gap, as information on these indicators and their projected growth pro-
vide insight into the potential of the circular economy throughout the life cycle of textiles.

There are several possible paths to achieving EU circular economy targets [15], with
two primary challenges in textile system: improving sorting and recycling, and reducing
consumption. The textile industry puts strong emphasis on sorting and recycling. These pro-
cesses are interconnected: effective recycling requires high-quality collection and sorting,
while advancements in recycling can enhance the cost-effectiveness of sorting [16].

The primary challenge with collection and sorting lies in the business model itself. The
industry lacks structure and clear communication between stakeholders, which makes the
system inefficient and can lead to costs that exceed revenue [17]. Sorting is mostly done
manually, which leads to high labour costs. Furthermore, the quality and complex composi-
tion of textiles collected are also essential for economic viability, as these are some of the
aspects that determine whether recycling will be possible [18]. Currently, most revenue
comes from the resale of textiles for reuse, rather than from recycling [19].

Table 1 Key indicators of the Baseline Projected changes
circular economy in the textiles in the near future
sector and their projections

Clothing consumption 4.38 million tonnes ~ +63% [15]
per year [14]
Clothing lifetime 3.3 years [16] =50% [17]
Textile sorting rate 38% [14] +33-90 000
tonnes per year
[14]
Textiles disposed of in 3.3-3.7 million unknown
mixed waste stream after tonnes per year [14]
consumption
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On the other hand, closed-loop recycling faces mostly technical issues, particularly when
dealing with mixed fibres. Technological advancements are needed, as well as improved
information on textile composition and potential contaminants [19]. Furthermore, the con-
tamination and poor initial design of textiles can pose recycling challenges. There is also the
issue of the limited number of recycling cycles, which necessitates innovative approaches
[19].

The second major challenge and key driver of the textile system is consumption. In
this sector, consumption is particularly unsustainable and rapidly growing. Fast fashion and
overconsumption are central to the issue [20]. Fast fashion emerged when major brands
capitalized by outsourcing production to lower-cost countries such as India and China [20].
This shift led to the rapid growth of production volumes, contributing to both environmen-
tal and social disruptions. Fast fashion prioritizes volume over design, quality, and product
lifespan. However, unsustainable demand is the central issue.

Consumer behaviour poses a significant challenge to the adoption of sustainability and
circular economy practices in the textile industry. Behaviour is complex and is influenced
by multiple factors like internal aspects such as personality and motivation, and external
one which include culture and social groups, situational influences such as political and
economic conditions, and marketing factors like price and advertising [21]. Given this com-
plexity, understanding and changing consumer behaviour is essential for promoting circular
economy in the textile sector.

Based on the literature review, three research questions were defined: (a) What amount of
clothing will be landfilled in the near future? (b) Will the increase in EU sorting capacity be
sufficient to meet the objectives of the circular economy? and (c) What promotes the circular
economy - sorting textiles or reducing consumption?

The aim of this study is to analyse the circular economy’s potential in the fashion textiles
value chain at the EU level through system dynamics modelling. Fashion textiles were cho-
sen because they have the highest potential for a circular economy approach, based on the
authors’ previous research [22]. The number of landfilled textiles in the baseline scenario
will be used to assess the potential of the circular economy, as this represents the lost value
that could be reclaimed by implementing circular practices throughout the value chain. The
results will show EU’s progress towards a circular economy and sustainability and whether
the EU’s policy targets for textiles can be met by 2030. It will also help us understand where
we need to build more momentum - by promoting sustainable consumption or improving
sorting and recycling. Clearly, these aspects work hand in hand, but the aim is to understand
which one needs more attention.

Methodology

Two methods were used in this study: literature review and system dynamics modelling.
The literature review method was used at several stages of the study: (1) at the beginning to
define the research problem; (2) to select the research method; (3) to investigate the system
under study; (4) to collect data; (5) to develop policy instruments; (6) to analyse the results.

The second method chosen was system dynamics modelling. System dynamics is a
research method that studies the behaviour of complex systems and the challenges they
face. The aim is to analyse the structure of systems to gain a deeper understanding of their
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behaviour and causes [23]. The method is commonly used by academics, large businesses,
consultancies and governments to improve strategy formulation, policy development
and decision-making in complex and dynamic fields [24]. It is a mathematical modelling
approach. System dynamics modelling has been widely used to study value/supply chains
and circular economy pathways such as reverse logistics [24, 25], closed-loop supply chain
[26], recycling framework [27], material flows [28, 29], and circular economy at multiple
scales [30]. The system dynamics modelling approach was chosen for this study to investi-
gate the value chain of fashion textiles as it is suitable to look at the system structure, behav-
iour, interaction of elements and it is possible to create closed loop systems. Figure 1 shows
the steps of the entire study and their sequence. The development of policy instruments is
presented in sequence, but this does not mean that one is more important than the other or
that the sequence cannot be reversed.

System Dynamics Modelling

In applying the system dynamics modelling method in this study, Stella Architect will be
used. This software allows the creation of the system’s structure and to model the system
over time. The main elements of the model are stocks, flows, and parameters, which are
linked to each other. The links and the interactions between the components form feedback
loops. There are two feedback loops: positive driving and negative balancing loops [23]. A
positive driving loop is when the connected elements change in the same direction or when
an even number of elements change in the opposite direction. A negative balancing loop is
when an odd number of connected components change in opposite directions.

Developing a system dynamics model involves five main steps [23]. These are problem
formulation, proposing dynamics hypotheses, model formulation and simulation, model
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testing, and policy designing and evaluation. When constructing such a model, it is com-
mon to revisit previous steps to achieve the desired results.

Problem Formulation

The first step is to define the problem and define a baseline scenario. The key dynamic prob-
lem in this study is that clothing consumption is growing rapidly while the lifespan of the
product is decreasing. This has an impact on the volume of clothing landfilled and sorted.
The aim of the predictive model is to forecast how much of the clothing consumed in the EU
in 2030 will be landfilled and how much will be sorted.

Investigating and Defining the System

Production and export figures show that China is the world’s largest producer and exporter
of all textiles, while the European Union (EU) is the second largest player in the textile eco-
system [31]. Textiles play an essential role in the EU’s move towards a circular economy,
sustainability, and climate neutrality, being the fourth largest consumption category after
food, housing, and transport regarding primary resource and water consumption and the
fifth largest in greenhouse gas (GHG) emissions [32]. Textiles account for 4 to 6% of the
EU’s ecological footprint [33]. It is essential to underline that 76% of the GHG emissions
resulting from the consumption of EU textiles are generated abroad [31]. This is because,
in order to meet demand, 97% of the clothing and home textiles consumed in the EU are
imported from other countries [14].

It is necessary to understand the value chain of fashion textiles to build a structure of
the system. The value chain is mainly linear, from raw material extraction to the end-of-life
stage [34]. There are seven main stages, interconnected by transport, except when several
production steps occur in the same place. The steps are fibre extraction, yarn production,
fabric production, garment manufacturing, retail of products, use phase, and end-of-life
[35]. Retail also includes wholesale and distribution.

The fibre extraction stage involves the extraction and processing of fibres. Its environ-
mental impact depends mainly on the type of raw material: artificial fibres and natural fibres.
Commonly used natural fibres include cotton, wool, silk, flax, and hemp. Artificial fibres
can be divided according to their polymer origin. Fibres can come from natural polymers
like cellulose-based fibres (viscose, lyocell, and modal) or synthetic polymers (nylon, poly-
ester, and acrylic) [36]. Polyester is the most widely used raw material, accounting for about
half of all fibres. It should be noted that natural fibres will not necessarily have a low envi-
ronmental impact. For example, it takes up to 4300 L of water to produce 1 kg of cotton [3],
and this crop requires the highest amount of pesticides globally [36].

The next stage in the life cycle is the production of yarn from fibres. The thread is
obtained by spinning the fibres. The spinning stage involves several mechanical processes,
such as combing, smoothing, and spinning of the fibres [36]. The fibre-to-yarn stage gener-
ates waste, representing a raw material loss of around 3% [3].

Fabric manufacturing includes knitting, weaving, wet processing [37]. Wet processing
involves treating yarns and fabrics using chemicals and dyes. This process generates the
most significant amount of wastewater; on average, it takes about 200 L of water to produce
1 kg of fabric [36]. Worldwide, this process accounts for about 20% of all wastewater [38].
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The production of textiles ends with the manufacture of the final product. At this stage,
fabrics are cut and sewn to produce the desired end product [38]. Other aesthetic or func-
tional additions are also added. The environmental impact of making the final product is
relatively low [38]. However, this process generates the most textile waste of all production
stages. For illustration, a study on garment production found that smaller factories gener-
ate more textile waste than larger ones, 39% and 25%, respectively [39]. These offcuts are
mainly disposed of or used for energy, but the study concluded that around 50 to 80% could
be recycled into new garments.

Wholesale and retail is also part of the life cycle. Globally, about 150 billion garments
are produced and placed in shops annually [38]. Estimates of unsold garments vary and are
reported to range from 1 to 40% [40]. Not only unsold, but also about the same amount sold
at a discount [41]. Unsold and discounted textiles are often caused by fast-changing fashion,
numerous new designs launched on the market and damaged goods that do not meet quality
requirements [41, 42].

After production, the use phase is the second largest source of GHG emissions [38].
This is mainly due to the washing, drying, and ironing of products, which results in signifi-
cant energy and water consumption [13]. Moreover, microplastic pollution is caused. Glob-
ally, around half a million tonnes of plastic microfibers are generated yearly from washing
clothes. This results in ocean pollution that is 16 times higher than from the cosmetics
industry [3]. These fibres come from artificial materials ranging from 64 mg per 1 kg of
polypropylene to 319 mg per 1 kg of viscose [43]. The use phase and its duration is primar-
ily up to consumers, but manufacturers also have an influence, as the quality of the textile
affects the lifetime of it [44]. Consumption is growing year by year while the duration of
use is decreasing. It has been projected that clothing consumption could increase by 63% by
2030 [45]. There is no specific prediction for the lifetime, but it has decreased by half over
the last 15 years [33]. Globally, textile consumption is between 9 and 27 kg per person [46].

The end-of-life stage can be divided into three pathways — reuse, recycling, and incinera-
tion or disposal. First, textiles are collected separately for sorting or together with household
waste. Materials collected with municipal waste are landfilled or incinerated. The share of
sorted textiles varies from country to country. In the EU, 38% of textiles are separately col-
lected, but when looking at the EU Member States individually, this fraction varies from
4.5% in Latvia to 45% in the Netherlands [14] and even up to 75% in Germany [3].

Sorted clothes are recycled or reused. Reusing textiles is more environmentally friendly
than recycling [47]. Recycling can be closed-loop recycling, which is the processing of
fabrics into a product that remains in the textile value chain, down-cycling, which is the
reprocessing of textiles into a product that is not part of the textile value chain and has a
lower added value, or up-cycling, in which a higher-value product is made [48, 49]. Upcy-
cling is not covered in this study as it is not yet a common practise in the textile industry
[50]. Closed-loop recycling is not widely used, so when recycled materials enter the textile
value chain, they are most often recovered from plastic bottles [51]. This practice does not
contribute to waste reduction in the textile system. Approximately 50 to 75% of the sorted
textiles are reused [14]. Still, this fraction is also highly country dependent, as it is influ-
enced by the usage habits of citizens and the sorting method applied.
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Model Formulation and Simulation

Before the model is built, dynamic hypotheses are defined, during which leading stocks,
flows and parameters related to the baseline behaviour are identified. Once this was done,
the model was described by equations representing the relationships between the elements
of the model, and the dynamic hypothesis was transformed into a computer model and
updated with the other elements of the system. Initially, the main structure of the system
was established, and the parts were linked by feedback before equations and input data were
formulated and inserted. All input data are summarised in Annex 1. The clothing volumes
were defined in tonnes, and the unit of time was a year. The specific weights were assigned
a dimensionless unit. The system’s structure can be divided into two parts: production and
consumption of clothing and clothing after consumption. Post-consumer clothing is also
split into two parts: one goes to sorting and the other to municipal waste. See Fig. 2 for the
complete model.

The structure of clothing production and consumption is shown in Fig. 3. This part of
the system depends on the Specific consumption of clothing. It influences the Growth rate,
determining the input required to meet demand. The model cannot be used to predict cloth-
ing consumption since it increases according to the Specific consumption growth rate, which
is a constant input into the model. In this and other parts of the model, constant parameters
are marked in light blue, waste generated during production and sales is marked in dark
blue, and clothing that returns to the cycle is marked in yellow.

Clothing production is divided into three parts: textile production, clothing production,
and clothing sales. Textile production requires raw materials such as fibres and yarns. Tex-
tiles are further supplied to garment production, where imported textiles and closed-loop
recycled garments are added. The system also accounts for exported clothing so that policy
instruments influencing the share of exports can be added in future stages of model devel-
opment. Clothing for sale includes garments produced after export and imported garments.

100012741958

dlothing in

| municipal
waste

[

Fig. 2 Structure of a system dynamics model of the clothing value chain
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Fig.3 Part A of the system - consumption and production of clothing

Residues are generated at all stages of production. The generation of waste in garment pro-
duction outside the EU has yet to be included in the model.

After the consumer disposes of the clothes, they are sorted or put in household waste.
The structure of the sorting system is illustrated in Fig. 4. This part is influenced by the
Time effect on sorting capacity, which is the increase in projected annual capacity. The
sorted garments are further divided into four streams. Clothes are reused and recycled, but
there are also contaminated clothes that cannot be reused or recycled and, therefore, end
up in landfill. Two types of recycling are identified: closed-loop and open-loop recycling.
Additional stocks with flows have been established to create a 1/DT delay for reused and
closed-loop recycled clothing. The model’s time step (DT, Delta Time) is 0.25 years. The
delay is created as the values of these parameters are input to the production and retail of
the garment, forming circulation. All closed-loop recycled garments are assumed to return
to the local value chain.

In cases where the discarded clothes do not enter the sorting stream, they end up in the
municipal waste stream, see Fig. 5. Clothing from municipal waste are incinerated or land-
filled. Waste from production and sales is added to this part of the system. As it is not fully
known whether the production waste is also used for incineration, a worst-case scenario of
all waste going to landfill was assumed. Residues from sales are incinerated or landfilled.
Incineration includes energy recovery, but not necessarily.

Once the structure of the model was finalized, mathematical equations were developed
to describe the relationships between the elements. For the elements represented in grey and
dark blue in the model, the values are given by equations. The model includes around 70
equations, four equations that are expressed graphically and a number of additional calcula-
tions were carried out to obtain the constants used in the model.

As mentioned above, the starting part of the system depends on the specific consumption
of clothing. The initial consumption of clothing per capita was obtained by dividing the
overall clothing usage in the EU for 2018, which stood at 4.38 million tonnes [14], by the
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Fig.4 Part B of the system - sorting of discarded clothing

population count of 446 million people [52]. Consequently, the clothing usage per capita
was calculated to be 9.82 kg. The compound annual growth rate equation was used for the
parameter, Specific consumption growth rate, given that clothing consumption is projected
to grow by 63% by 2030 [45]. No base year was mentioned, so 2018 was assumed. The
same equation was used to derive the annual reduction in clothing use time. As the time
spent wearing clothes has halved over the last 15 years [33], this trend was assumed to
continue until 2030 as fast fashion becomes more common and around half of fast fashion
garments are worn for less than a year [3]. The initial lifetime of clothing was 3.3 years [44].
The relationship between lifetime and clothing specific consumption was expressed through
a regression Eq. (1).

Py =0,0047 - S M9, (1)

where P is clothing lifetime (years/year) and S, is specific clothing consumption, (t/
capita)/year.

The growth rate is obtained by dividing the specific clothing consumption for a given
year by the starting value for specific clothing consumption. All the parameters for clothing
production depend on the Growth rate and the Initial raw materials. The initial value of the
raw materials was obtained through an optimization process. The value was optimized until
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the specific consumption of clothing multiplied by the population in relation to the flow of
clothing consumption reached a value of 1.000. The population was assumed constant as
the impact of COVID- 19 on the system was not considered, and the projected population
change until 2030 in the EU is not significant [53].

Sequentially, all parameters up to the stock Clothing available have equations based on
coefficients. For example, Textile waste from textile production has an equation multiplying
raw materials by the share of residues in production, assumed to be 0.03 [3]. Meanwhile,
Textile production has an equation multiplying raw materials by a share of 1 -0.03. Values
such as Closed-loop recycled clothing, which forms the circulation in the system, were
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assumed to reduce imports rather than production. For example, textile imports are calcu-
lated by Eq. (2).

Py - wg
Ptizu_ clres (2)
l_wsit

where Py; is textile imports (t/year), P, is textile production (t), ws;; is share of imported
textiles and Pk, is closed-loop recycled clothing (t/year).

For the stock, Available clothing, the initial value is obtained by multiplying the specific
clothing consumption by the population and the lifetime of apparel. The quantity of cloth-
ing is multiplied by the lifetime to get an approximate amount of available clothing for use.
The outflow, clothing discarding, is obtained by dividing the stock value by the Clothing
lifetime.

Clothing sorting relies on Clothes initially sorted and Time effect on sorting capacity,
not on the number of discarded garments, as the EU forecasts a steady increase in sort-
ing regardless of the volume of discarded garments. The initial sorting rate was calculated
by multiplying discarded garments by a 2018 sorting rate of 38% [14]. Sorting capacity
increases each year based on the previous year’s increase and projected capacity increase.
The projected increase in textile sorting capacity from 2025 is between 45 and 90 000
tonnes per year and half of that by then [14]. Sorted clothing is the sum of these two factors.

The equations for the remaining parameters in the sorting part of the system are based
on the product of Sorted clothing and the given ratios. The flow supply of sorted clothing
is obtained by multiplying the sum of reusable and unsold clothing by the Share of locally
reused clothing. The flow supply of recycled clothing equals the parameter Closed-loop
recycled clothing. The initial stock values are the incoming flows divided by DT, as the out-
going flows are the stocks divided by DT to create a delay. The parameters associated with
the outgoing flows are the same as the values of the flows.

The amount of clothing in household waste depends on the amount of sorted clothing.
In the equation, sorted clothing is subtracted from discarded clothing. The parametric equa-
tions are based on the product of Clothing in municipal waste and the given ratio. In addition
to these parameters, production, and sales waste are added and multiplied by shares. Unsold
clothing is known to be reused, incinerated or landfilled [54], but its breakdown by streams
in 2018 is unknown. Therefor it was assumed that 40% is incinerated, 20% is landfilled, and
the rest is reused.

Data on the incineration and disposal rates of garments in the EU are unavailable, so the
United States (US) figures were used. In the US in 2018, 83% of fashion textiles were land-
filled, and 17% were incinerated with energy recovery [55]. This could also be the case in
Europe, where large-scale recycling of textiles separated from municipal waste is unlikely
due to a lack of technological solutions. As contaminated textiles are already a challenge
for the recycling of sorted textiles, which are relatively cleaner than textiles that would be
recoverable from municipal waste [19].

Verification of the Model
Model verification is necessary to ensure the model is complete and valid. A model can only

partially be reliable, as it will never fully match the actual system, but a model can be con-
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sidered reliable if it can be used with confidence. Model validation builds trust in the reli-
ability of the model. System dynamics model verification tests fall into three groups: model
structure verification tests, model behaviour verification tests, and policy impact assess-
ment tests [56]. The model structure is assessed first, without considering the interrelation-
ship of the elements, and only then the model behaviour is evaluated. Fourteen verification
tests were conducted, including structure, parameter, and boundary adequacy (structural
and behavioural) verification tests. Further tests included extreme conditions, dimensional
consistency, behaviour reproduction and prediction, behaviour anomaly detection, surprise
behaviour, policy extremes, and behaviour sensitivity.

Policy Development

Policymaking in a system dynamics model involves regulating flows, often by creating
a new feedback loop structure or weakening or reinforcing existing feedback loops. Ini-
tially, finding the leverage points that change the behaviour of flows and stocks is necessary.
There are twelve main leverage points, which are ranked according to their effectiveness.
For example, the twelfth is constants, parameters, and numbers; the first is the power to
transcend paradigms. The twelfth is the least effective because these leverage points rarely
change behaviour in the long term, while the first is the most effective because it can break
away from existing paradigms and create its unique values and priorities [57].

Two policy instruments have been developed, operating at two different leverage points.
As the system is general and relatively large in scale, rather than, for example, a single
textile company, the policy tools aim to show which leverage point has the most significant
impact on the system’s operation. The policy instruments are not based on currently planned
policy measures in the EU [15].

The first policy instrument is deemed Consumption reduction policy. The structure of
the policy instrument is based on growth and collapse. The system is shown in Fig. 6. The
growth and collapse behaviour are characterized by a structure with stock that has limited
capacity. The capacity signal is delayed so that when capacity is exceeded, a collapse hap-
pens, which is not followed by a recovery because a new reduced capacity has been formed
[58]. However, the structure of the policy instrument developed is slightly modified, as the
specific consumption of clothing stock does not have a capacity or a maximum specific
consumption. The policy was therefore designed to depend on the landfilled clothing in the
system.

The policy instrument applied in the model does not reflect any policy currently in prac-
tice. Still, it could be, for example, a policy to raise public awareness on the impact of textile
waste and overconsumption on environment by implementing sustainability labels/logos, as
the system depends on the landfilled clothing waste. A cumulative landfilled clothing limit
is set, assumed to be 30 million tonnes. Each year, the landfilled clothing reduce the value of
the stock. The Landfilled clothing effect on the loss share is a graphical representation of the
impact on the loss share. The less the allowable landfill capacity left, the higher the effect on
the loss fraction. The loss fraction is subtracted from the Specific consumption growth rate,
thus reducing the specific consumption of garments.

A minimum specific consumption of 5 kg of clothing per capita has been assumed to
determine the new stock capacity. When the stock value starts to approach the minimum
capacity, the Minimum consumption effect on the rate of change approaches zero. The effect
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is a multiplier in the parameter Rate of change of specific consumption, so when it reaches
zero, the change rate is also zero, and there is no change in consumption. In this scenario,
sorting does not stop - the increase in sorting rates is the same as in the baseline scenario.
There is just no additional increase.

The second policy instrument is the Clothing sorting policy. It consists of two structures.
The first structure is shown in Fig. 7. It is based on the information campaign structure
from the system dynamics model, which aims to predict renewable energy potential [59].
The structure is goal oriented, incorporating the information delay with the SMTH! func-
tion. This function forms the first order exponential smooth of input. The parameter of this
function is followed by an effect that normalizes the value between 0 and 1. The effect is
expressed graphically by an S-shaped curve. The probability and the time delay are set to
influence the increase or decrease of the sorting support.

The structure of this policy instrument determines the intensity of support to promote the
implementation of the policy in action. This support can be of any kind, such as information
and financial support to waste management companies. The baseline value for the sorting
rate and the reference value for the disposal rate of clothing is from 2023, as the data capture
time for policy makers is assumed to be two years. The time to increase or decrease support
is supposed to be three years.

To make the policy instrument more practical, an extra structure was introduced. This
structure considers that sufficient sorting capacity must be available to achieve the desired
sorting rate. Figure 8 illustrates this structure, which was based on the capacity structure
from the bioeconomy model [60]. The bioeconomy system’s production capacity depends
on the available resources, but in our case, it is discarded clothes. However, this is limited
by the Clothing sorting support because the support provided may not be enough to sort all
discarded clothes. Time parameters were assumed since no in-depth literature analysis on
clothing sorting was carried out. In the model, adjusting capacity takes two years, installing
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it takes three, and capacity lasts ten years. Input flow was added to the Capacity in operation
stock based on planned capacity growth each year before the policy instrument started to
work. When the policy instrument becomes operational in 2025, Clothing sorted in practice
will replace Sorted clothing.

Sankey Diagrams

A Sankey diagram is a visual representation of a system’s links, relationships, and quanti-
ties, so it can focus the reader’s attention on the essentials while keeping the system simple
[61]. This method can, therefore, be used accordingly to simplify and reduce the complexity
of systems. In this study, most system parameters are flows, so Sankey diagrams were cre-
ated to make the results more readable. Closed loops, such as the input of reused garments
from sales leftovers back into garment retail, were not displayed in the diagrams but came
in as new flows. The online tool SankeyMATIC was used to create the diagrams.

Results

The baseline year for the model was 2018, as this was the year with the most available data.
The main objective was to see how the amount of clothing landfilled will change in the near
future, so the baseline scenario was modelled until 2030. In addition, four scenarios were
created to look at the impact of policy instruments on the business-as-usual approach. The
scenarios are summarized in Fig. 9.

Policy instruments were combined in all possible ways, resulting in four modelling sce-
narios. The policy instruments only start to operate in 2025, considering that past years can-
not be influenced, and the EU has made the separate collection of textile waste mandatory

Baseline scenario - business as usual
with EU sorting policy

Scenario 1 - business as usual with EU sorting policy

Scenario 2 - focus on clothing sorting

Scenario 3 - focus on reducing clothing consumption

Scenario 4 - joint focus on clothing sorting and reducing consumption

] 1 1 >
2018 2030 2040
Fig. 9 Developed and modelled scenarios and their time intervals
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Table 2 Values of key indicators of the circular economy in the textiles sector under different scenarios

Base  Business Business  With a focus Witha
asusual in as usual in on sorting focus on

2030 2040 clothes reducing
consumption
Specific clothing consumption, kg/capita/ 9.8 16.0 24.1 24.1 5.0
year
Clothing lifetime, years 33 1.7 0.9 0.9 8.6
Textile sorting rate, % 38 33 31 81 100
Landfilled clothing, million tonnes/year 33 5.8 8.9 5.1 0.7

R dtasiale: 084 I Waste from textile production: 26—

Waste from clothing production: 442

Textiles produced: 1 381
Reusable clothing: 1 817

Recycled clothing: 17 Exported clothing: 751

Textile import: 536 Clothing produced: 839

Unsold clothing: 1 878

Incinerated clothing: 1213

|

Landfilled clothing: 3 348

Clothing import: 5 887 Clothing at retail: 6 259 Clothing in municipal waste: 2 717

Clothing consumption: 4 382 || Discarded clothing: 4 382

Sorted clothing: 1665 Unusable clothing: 249

Open-loop recycled clothing: 333

Locally reused clothing: 184 Available clothing: 1 Closed-loop recycled clothing: 17

Fig. 10 Material flows in the EU fashion textiles value chain in 2018 (thousand tonnes/year)

from 2025 [15]. To give time for policy instruments to influence the model’s behaviour, the
simulation was extended to 2040. The first scenario is the same as the baseline scenario. In
the second and third scenarios, only one of the policy instruments is activated, while in the
fourth scenario both policy instruments are active. Table 2 shows the values obtained for
the parameters initially defined as important indicators of the circular economy under the
different scenarios. The results are described in more detail in the following subsections.

Baseline Scenario

The baseline scenario shows that 58 million tonnes of clothing consumed and produced in
the EU will be landfilled from 2018 till 2030. Not all of it is landfilled in the EU because part
of the textile waste is exported [18]. The model showed that in 2030, using a business-as-
usual approach, clothing consumption could be 16 kg per capita, and the lifetime of clothing
could decrease to 1.66 years. The estimated EU textile sorting volume in 2018 was between
1.7 and 2.1 million tonnes [14]. The initial clothing sorting in the model was 1.67 million
tonnes. The results align with EU data, considering that the fraction of fashion textiles could
be around 81% [14]. Figure 10 shows the results from the starting year of the simulation and
the distribution of flows. All flows are shown in thousands of tonnes per year. The literature
offers different versions of textile material flows in the EU, but until now no detailed over-
view of clothing flows was available.

The material flows in the fashion textiles value chain in the EU in 2030 are shown in Fig.
11. It can be seen that the values of all flows have increased, which is in line with the projec-
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tions. As the baseline scenario included an increase in sorting capacity, the share of garment
sorting was projected to increase. As shown in Figs. 10 and 11, visually, the ratio of flows
has not changed significantly. The numerical value of the sorting rate also confirms this. In
2018, the clothing sorting rate was 38%, while the resulting 2030 sorting rate was 33%. The
sorting rate has decreased because the identified increase in sorting capacity is proportion-
ally lower than the increase in consumption and of discard clothing.

First Scenario - Baseline Scenario To 2040

The first scenario is the same as the baseline scenario, except that the simulation period has
been extended to 2040. This is considered business as usual as the only policy included in
the model is the EU’s forecast for the sorting growth rate. Trends in the last ten years were
assumed to be the same as up to 2030. Landfilled clothing resulted in 130 million tonnes
over the years.

Second scenario - Clothing Sorting Policy

The second scenario shows a case where policy objectives in the fashion textiles value chain
focus only on increasing sorting capacity. Landfilled garments reached 105 million tons
from 2018 till 2040. The share of garment sorting increased to 81%.

The activation of the clothing sorting policy created a balancing loop, which can be seen
in Fig. 12. The figure shows only the most relevant elements of the causal loop. The first link
states that, as the volume of clothes deposited in landfills increases, the proportion of sup-
port for sorting also increases. The higher the sorting support, the higher the sorting capacity
in operation, equal to the sorted clothes. A balancing loop is created because the volume of
clothes sorted increases, and the volume of clothes in municipal waste decreases.

Third scenario - Consumption Reduction Policy

The third scenario is where policy objectives in the fashion textiles value chain focus only on
reducing clothing consumption. The policy instrument weakens the positive loop between
specific clothing consumption and consumption change. Landfilled garments amounted to
71 million tonnes over the period considered. A significantly higher reduction than in the

Waste from textile production: 42 el
Raw materials: 1392 —

Waste from clothing production: 720

Textiles produced: 2 250
_ Reusable clothing: 2 779
Recycled clothing: 24 Expotted clothing: 11224

Textile import: 876 Clothing produced: 1 530

Unsold clothing: 3 061 | Landfilled clothing: 5 844

Incinerated clothing: 2 064

Clothing import: 9 621 Clothing at retail: 10 202 Clothing in municipal waste: 4 944

Clothing consumption: 7 374 || Discarded clothing: 7 374
Unusable clothing: 365

‘ Sorted clothing: 2430  Open-loop recycled clothing: 486

Closed-loop recycled clothing: 24
Locally reused clothing: 275 Available clothing: 233

Fig. 11 Material flows in the EU fashion textiles value chain in 2030 (thousand tonnes/year)
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Fig. 12 Causal loop diagram for clothing sorting policy

second scenario (Clothing sorting policy) is achieved, and clothes are fully sorted in 2033,
as the increase in sorting capacity in the baseline scenario is sufficient to ensure the com-
plete sorting of discarded clothes.

The behaviour of the stock, Specific consumption of clothing, was predicted to increase
with overshooting and a collapse. The resulting behaviour was in line with the predictions.
Clothing consumption reached 14.5 kg per capita in 2028 and then declined sharply to 5 kg
per capita, set as the minimum value.

The launch of the policy to reduce clothing consumption created two balancing loops, as
shown in Fig. 13. The key element is specific clothing consumption, which depends on the
amount of landfilled clothing in the case of a policy instrument. In the large negative loop,
the first link states that the maximum available quantity of landfilled clothing decreases as
landfilling of clothing increases. The lower the amount of clothes that are discarded in the
fashion textiles value chain, the greater the effect on the loss fraction, which reduces the
specific consumption of clothing. The specific consumption of the garment determines the
amount of landfilled clothing. In addition, a balancing loop is formed, which stabilizes spe-
cific clothing consumption when it has decreased.

Fourth scenario — Consumption Reduction Policy and Clothing Sorting Policy

Both policy instruments were activated in the fourth scenario, thereby all three causal loops
described above were active. This scenario is the best, as landfilled garments reached 68
million tonnes, half the level of the first baseline scenario to 2040.

All clothes will be sorted by 2032. Results show that sorted clothing, once it reaches a
sorting rate of “1”, follows the behaviour of discarded clothing, as it is not possible to sort
more clothing than is discarded. This results in unused installed sorting capacity as it cannot
adapt as quickly to the reduction in discarded clothing. This excess capacity can be used to
sort other textile products.
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Fig. 13 Causal loop diagram of policy to reduce clothing consumption

A comparison of the behaviour of the scenarios is shown in Fig. 14. The best scenario
is the fourth one. At the same time, the most effective policy instrument is the Consump-
tion Reduction Policy, as it follows the same trend as scenario 4. This is also the preferred
baseline behaviour: the amount of clothing landfilled starts to increase much more slowly,
but it still increases slightly because the sorted clothing stream also contains contaminated
clothing that cannot be recycled or reused, and the scenarios do not consider the reuse,
recycling or avoidance of production and sales leftovers, which also affects the landfilled
textile amount.

The flows in 2040 resulting from the fourth scenario are shown in Fig. 15. There is no
municipal waste stream, but landfilling of clothing still takes place. The most significant
flow at the end of the value chain is reused clothing. The Sankey diagram also points to
other pressing issues that need attention, such as the export of second-hand clothing and its
lack of domestic use, the landfilling of industrial and commercial waste and the still very
low share of closed-loop recycling. As before, the flows are shown in thousand tonnes per
year.

Conclusions

The findings provided answers to all the research questions posed. The first question was
“How much clothing will be landfilled in the near future?”” The system dynamics model
showed that between 2018 and 2030, 58 million tonnes of clothing produced and consumed
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Waste from textile production: 13—
Raw materials: 435 —

Waste from clothing production: 225
Textiles produced: 703

Recycled clothing: 19 — Exported clothing: 383

Textile import: 262 Clothing produced: 478

Landfilled clothing: 717

Unsold clothing: 957 . = il
Incinerated clothing: 383

Reusable clothing: 1613
Clothing import: 2 934 Clothing at retail: 3 190

Clothing consumption: 2 233 =
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Fig. 15 Material flows in the EU fashion textiles value chain in 2040 from Scenario 3 and 4 (thousand
tonnes/year)

in the EU will be landfilled. Theoretically, around 95% of this amount represents the lost
value that could be recovered if a circular economy were introduced into the value chain.

The next research question was “Will the increase in EU sorting capacity be sufficient
to meet the circular economy objectives?” The projected increase in textile sorting capacity
was between 45 and 90 thousand tonnes per year from 2025 and half that by then [14]. The
model included the highest projected capacity increase without considering that it was pro-
jected for the whole textile stream. From the results, it can be concluded that the projected
capacity increase is insufficient to contribute to a level of 60% recycling in the municipal
waste stream by 2030 [4]. In the baseline scenario, the sorting rate even decreased compared
to 2018.

And the final question was “What promotes the circular economy - sorting textiles or
reducing consumption?”” A comparison of the scenarios shows that the fourth scenario, with
Clothing sorting policy and Consumption reduction policy working, is the best. However,
the most effective policy instrument is the Consumption Reduction Policy. The clothing
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reduction strategy reduces annual waste landfill by almost 80% compared to the baseline
situation. Consumption of clothing has reduced and stabilised at 5 kg per capita and with
a lifetime of almost 9 years. This strategy has also achieved 100% sorting capacity. In this
scenario, the EU sorting growth rate is sufficient as consumption declines. Therefore, it
should be kept in mind that sorting and recycling are in any case necessary to create a cir-
cular economy.

In this study, material flows in the EU textile system are presented in Sankey diagrams,
thus reducing the data uncertainty in the literature. Lastly, in order to address the knowledge
gap on textile landfilling, it was mathematically modelled that, in the baseline scenario, the
volume of fashion textiles is likely to be 3.3 million tonnes per year and in the following
years it will reach 5.8 million tonnes per year.

The results can be used to improve textile circular economy strategies and policies. The
model showed that the planned increase in sorting capacity is only sufficient if additional
pressure is put on other drivers. The results indicated that it is more effective to prioritize
actions aimed at reducing clothing consumption rather than focusing exclusively on increas-
ing sorting capacity. Additional areas of concern requiring attention and further research
were also highlighted, such as the export of used clothing and textile waste, the lack of local
reuse, the recycling potential of production and retail waste and the necessity to promote
closed-loop recycling. However, it should be noted that due to data limitations, several
assumptions were made in the model that could have affected the results. The assumptions
are covered in the methodology section.

This paper outlines the fashion textile value chain in the EU. Aspects of interest and rel-
evance can be further explored using the developed system dynamics model as a basis. The
model can be adapted to various settings by changing the input data, for example to simulate
smaller scales such as a country. The model also could be expanded with policy instruments
reflecting policies in practice or planned. They could be incorporated into the model in the
same way as the policy instruments introduced in this study. However, they could be more
detailed and reflect actual practice. Furthermore, environmental or socio-economic param-
eters could also be included in the model. For example, the environmental impacts could
have been considered by complementing the model with a life cycle analysis study. Or the
inclusion of social factors, such as the jobs created by increased sorting capacity. And also,
economic factors, for example by modelling an Extended Producer Responsibility system
and assessing what the economic benefits would be.
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Abstract — The rapid consumption of resources, as well as the increase in the number of people,
has raised awareness of the urgent need to change Europe's existing methods and attitudes
towards the consumption of biological resources in production, processing, storage, reuse and
disposal. One of the key principles of the European Green Deal is to make the EU economy
sustainable. Achieving this goal requires promoting resource efficiency through the transition
to a clean circular economy, restoring biodiversity and, above all, reducing pollution in order
to mitigate climate change. The aim of the research is to create and offer bioeconomy
opportunities, by demonstrating, analysing, and describing possible solution with the help of
various examples. In order to compare different production process methods, which helps to
understand which of them best meets the set sustainability criteria, fuzzy cognitive maps
(FCM) modelling method was used. Alternatives to 16 bio-products are evaluated using the
FCM (fuzzy cognitive maps) method using the Mental Modeller tool, according to four
criteria — environmental, economic, social and technological aspects. Obtained results are
reliable and objectively reflect the validity of the FCM method, and the use of this type of
integrated analysis is appropriate to compare the various alternative production processes
considered in the work.

Keywords — Bioproducts; fuzzy cognitive maps (FCM); resources; sustainability

1. INTRODUCTION

Mankind continues to consume natural resources and services unsustainably, exceeding the
rate at which these resources can multiply, regenerate, and renew, in that way increasing
pressure on climate, ecosystems, habitats and biodiversity [1]. The aim of The Green deal is
to tackle problems of the climate change by striving to change a block of 27 countries into a
fair and prosperous society with a modern, resource-efficient, competitive, low-carbon
economy, and protect and strengthen the European Union’s (EU) natural capital and improve
the quality of life for present and future generations [2]-[4].

Overall goals that were set by the European Union are [3], [4]:

— To achieve climate neutrality by 2050;

— To protect human lives, animals, and plants by reducing pollution;

— To help companies become world leaders in the field of clean products and
technologies;
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— To help ensure fair and inclusive adjustment.

The European Union’s growth strategy points to the necessity to rapidly change the current
situation, invest financial resources in research, promote innovation, ensure clean energy,
stimulate industry’s transition to a clean economy, act energy-efficiently and resource-
efficiently, find solutions for food safety and natural resources management, reduce climate
changes and dependence on fossil resources, increase European competitiveness, create new
jobs, and encourage the bioeconomy [1], [5], [6].

Today, the bioeconomy is not only considered to be a bio-resource economy, but it also
means the sustainable consumption of bio-resources, which creates added value for society.
Although it is established in European Union Directive 2008/98/ EK (European Parliament
and Council, 2008) that production by-products are not classified as waste, but in
establishments they are often considered as one and sent to waste streams or low-value
streams, such as, production of biogas or solid fuels [7]. Development of a bioeconomy, based
on skills on innovation and investment in knowledge, is inevitably required in turn to achieve
a large part of set goals [8].

Bioeconomy is based on three principles of sustainable development — economics, society,
and nature. These three pillars — fundamental principles must form a closed cycle, where the
by-product of the process (waste product) is the raw material of another process [7].

This kind of approach to bioeconomy raises and enhances the added value of products and
replaces fossil fuels in energy production and reduces greenhouse gas emissions.

The aim of the research is to create and offer bioeconomy opportunities, by demonstrating,
analysing, and describing possible solution with the help of various examples. This is an
illustrative and demonstrative research on how to create possible bioeconomy solutions that
would promote the achievement of the goals of the Green Deal and would be suitable for
implementation in Latvia.

The study presents a way to select production processes, improve and optimize them,
categorize, and classify them according to the principle of sustainability. Analyse the
improvement of production processes with different methods and compare them to crystallize
the best and most suitable processes from the point of view of bioeconomy and sustainability.
A total of 16 different production processes have been selected, based on a significant
improvement of an existing production process: process optimization, reduction of residues,
full use of added value of emissions or other production process residues, or reduction of
electricity consumption and progress towards cleaner production.

In relation to the principles of bioeconomy and the Green Deal, the study provides research
into the processes to produce citric acid using the FCM method. Biosynthesis of citric acid is
a potential method for creating a new production process using the principles of the best
available technology — using waste products processed from apples as the raw material.

Of course, most of the change involves less or more investment, a variety of potential of
risk factors and required knowledge, but development is a logical, vital, and inevitable
phenomenon in today’s world.

2. METHODOLOGY FOR EVALUATION OF BIOPRODUCTS

2.1. Description of the General Method

System dynamics is a computerized approach to comprehend activity and behaviour of
complex systems, such as, cities, climate, and ecosystems, for policy analysis and
development, which was originally developed by Jay W. Forester. System dynamics is related
to how things change over time [9]. It embraces most of what seems important to some people.
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System dynamics include the interpretation of real-life systems in computer simulation
models. This allows us to see how the system’s structure and decision-making policy shape
its behaviour. Complex systems are any system with many mutually interacting components
(agents, processes, etc.) that are often difficult to understand and solve and that require the
development or use of new scientific tools, non-linear models, out-of-balance descriptions,
and computer simulations. Complex social systems involve human behaviour and may have
concepts that interact in a way that is quantitative (final) and/or qualitative (abstract), and the
latter is particularly difficult to include into modelling tools due to their qualitative nature
and the consequential challenges. The exclusion of such abstract qualitative concepts may
call into question the conclusions that were reached and the relation of the models to reality.
In order to be able to explain, predict and understand complexity, it is argued that qualitative
phenomenon that can play a significant role in systems must be included. Therefore, analysis
of qualitative systems or qualitative modelling is increasingly used to analyse the dynamics
of complex systems. Kosko introduced fuzzy cognitive maps (FCM) as a tool for dynamic
qualitative system behaviour perception and explanation. FCM is increasingly being used to
model and analyse the behaviour of qualitative systems. Over the past 30 years, this fuzzy
cognitive mapping (FCM) approach has become increasingly popular due to the simplicity of
design and low computing requirements. In order to model the dynamics of the social system,
two types of application are mainly used — deductive approach and inductive approach. The
deductive approach uses the knowledge acquired by interviewing experts in the field of
application, while the inductive approach is an automated and semi-automated approach
designed to learn FCM rules based on historical data [10]—[13].

In general, it is considered that FCM has several advantages over traditional quantitative
modelling approaches. The advantages of FCM include, for example, the ability to model data
in limited environments using natural language, expressing knowledge, perception,
experience or beliefs, as formulated by an expert or stakeholder, usually characterized by
ambiguous information. Besides, the results of FCM are easy to interpret for the layperson
and the public. However, if they’re used to model qualitative SD behaviour, traditional FCM
also has several drawbacks. These shortcomings are largely due to incomplete:

1. Semantics of causation and thus the limited causation dynamics perception, depiction,
and simulation;

2. Inclusion of time relations;

3. Diffusion detection, depiction, and simulation;

4. Dynamics simulation using single-layer perceptron mechanisms.

Several FCM extensions have been developed to overcome these shortcomings, but most
of the developed extensions are trying to solve specific problems with traditional FCM and
do not try to solve the problems related to modelling FCM dynamics [14]-[16].

FCM consists of concepts (linguistic terms) that are expressed by nodes. Directed arrows
with scales explain the relations between concepts. These weights describe the strength of
causality with {—1.0} and {0.1}, which, respectively, denotes the decrease and increase of
causality. Concepts and their reciprocity are depicted by nodes and directed arrows with their
weights explain the layout of a particular system. It is depicted in a matrix that allows to
perform standard algebraic operations to find relations between nodes. The FCMs that were
introduced by Kosko [10] are simulated using a mathematical formula expressed in the

Eq. (1).
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Ci+D=f| X w- GO |, (1

i=l,i#j

where
n Number of concepts;
Ci(t+1) Value of the concept in the next iteration;
C;(¥) Value of the concept during the iteration;
wi;  Weight of the reciprocity between cause and effect.

Then it is mapped on a predetermined universe in discourse using transformation functions.
It is then mapped to a predetermined universe in discourse using transformational functions,
the most common are the achievements of the sigmoid and hyperbolic transformation function
FCM in relation to modelling and simulation.

Ideally, when modelling a complex qualitative SD, it should have FCM and be able to
capture and model causal dynamics, as experts believe. This includes integration and capture
of certain causative dynamics properties, which may include, but are not limited to, the
following:

— The cause can manifest itself in different conditions or in different ways;

— The cause cannot be two states or an example of strength in time (two states are
possible only in quantum superposition);

— The cause is before the consequences, so time dependence is a characteristic;

— The influence of the cause must either increase or decrease;

— The cause in a certain condition can create consequences, which result because of the
dynamic time lag, time delay or time reduction;

— The cause can create consequences that are dynamic as a result of changes in position
or strength (i.e., they can be nonlinear, non-monotonic, and asymmetric);

— The effect is felt only when there is a change in the state or the strength of the process;

— Influence may be the result of relative causes.

In addition, ordinary FCMs and several achievements of single-layer perceptron are used
to model and explain the dynamics of the quality system as a universal event. However, SD,
causation can be conditional, probable or possible in terms. Lastly, in the best-case scenario
FCM also reflects the uncertainty and indetermination of excerpt knowledge. They can be
represented and simulated by using fuzzy systems and FCM, as it was foreseen by Kosko
[17]; his approach is suggested and intended as a combination of fuzzy logic and artificial
neural networks.

2.2. Description of the Application of the Method for the Evaluation of Bioproducts

The FCM modelling method described will be used in the study to compare different
production processes methods. It will help to understand which of them best meets the
sustainability criteria set out in the, and to identify potential barriers to obtaining reliable and
objective results, while using the FCM method. And whether the use of this type of integrated
analysis is appropriate to compare the different production process alternatives that were
looked at in the study. FCM modelling requires a sequential set of activities that will ensure
that the research objective is achieved in a transparent and understandable way to analyse 16
manufacturing processes.

In order to compare all the production processes described, it is necessary to define the
most important criteria. Several criteria are used in this process, making choices more
efficient, rational, and clear. The aim of the analysis is to structure the processes to define the
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objectives, evaluate the possible alternatives and compare them from different perspectives.
The following criteria were selected when evaluating the priority criteria:

1. Environment aspects;
2. Technological aspects;
3. Economic aspects;
4. Social aspects.
Enviromental 3 g Technological
Economic aspects Social aspects
aspects aspects
Accesibility of . Number of new Degree of
Innovations techonological
resources work places ?
complexity
Auvailability of
Waste reduction Costs of exploitation Behavior of society technological
equipment

Decreasement of the Used area for

impact on climate Payback time Social risk reduction
technology
change
Production capacity
Emissions reduction Usefulness Noise level of the technological

solution
Fig. 1. Aspects of evaluation criteria.

Considering the limitations of the information availability, sustainability, and usefulness
indicators from the point of view of bioeconomy have been selected for modelling.

All selected criteria and sub-criteria are qualitative, so they should be assigned numerical
values based on the analysis of the production processes performed in the study. The
qualitative characteristic approach, unlike the quantitative results approach, makes the results
that were obtained in the approbation part of the methodology more subjective. However, if
accurate quantitative data on the processes were available, the view on the usefulness
performance would be limited.

Each sub-criterion will be assessed with a value from —1 to 1, where the strongest link is
donated by 1 and it will denote the best, strongest possible link from the point of view of
bioeconomy and usefulness. The rating link one that was obtained in the sub-criterion is
comparable to the highest implementation efficiency. Whereas the lowest rating —1 indicates
the weakest link or result from the point of view on bioeconomy and usefulness.

3. APPROBATION OF THE METHODOLOGY

Alternatives of the study result are 16 bioproducts. These alternatives are evaluated by the
FCM (fuzzy cognitive maps) method, using the Mental Modeler tool according to four criteria
— environmental, economic, social, and technological aspects. These core criteria are
consolidated into 16 sub-criteria and each alternative is assessed on a scale of —1 to 1, with
—1 being the weakest link (worst) and 1 being the strongest (best).
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3.1. Reciprocity of Criteria and Sub-Criteria

Figure 2 sums up the assessments of the environmental, technological, economic, and social
aspects that must be analysed. Environmental aspects illustrate the interactions between
resource availability, waste reduction, the decreasement of the impact on climate change and
emission reduction. For example, the reduction of waste and emissions has a negative effect
on the availability of resources because a part of the waste (by-products) and emissions can
be used as a raw material for another production process. But a reduction in waste with a
strong positive link has a direct positive effect on the environment, as it reduces pollution and
therefore less or no waste is generated in production processes. From this point of view, the
interactions of all sub-aspects have been looked at, which together result in one of the four
aspects. Visually, a blue link that have a positive value from 1 to 0 and brown link whose
value is 0 to —1 can be seen. The thicker the colour is the link, the greater is its positive or
negative value.

Environmental aspects

0

+
l‘ :
Waste reduction
Reduction of emissions
+
+ /

Fig. 2. Links between the interactions of all four aspects and their sub-criteria.

Economic aspects Social aspects

'Y

Technological aspects

a
Availability of
technological equipment

To keep on building the model further, the aspect link described above are used and
supplemented with each of the 16 production process name blocks and the same production
process usefulness block, which is required for the modelling tool to be able to calculate the
total result for a particular production process.

3.2. Approbation of the Methodology for the Citric Acid Production Process

All 16 production processes have been analysed and modelled in the study, however, one
of the production processes will be shown in detail in this study, but the results for the other
15 production processes will also be evaluated in the results and discussion section, as the
structure and approach are analogous to all production process models.
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Reduing the impact on
cimate change

Waste reduction

Jsefuiness of citric acid
production

Reduction of sacial risks

\ n ‘
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mmplezm

-

Technological aspects

Fig. 3. Advanced visualization model of citric acid production processes.

To make the visualization of the model easier to understand, the group of environmental
aspects are coloured green, economic aspects are coloured blue, social aspects — in yellow,
and technological aspects are coloured in purple. Whereas the name of the specific variable
production process and its usefulness block are coloured orange.

For each production process, links are created for each of the sub-criteria, indicating the
strength of the link in the range from —1 to 1, based on expert judgement. For example,
Table 1 shows that the payback time for citric acid production is relatively short, so this link
has a positive value of 0.7. Meanwhile, the area used for the technology requires about 1 ha,
which is estimated at 0.1 positive value.

After completing the visualization part of the model, a quantitative result can be obtained
for each of the model positions. The obtained values are shown in Table 1.

TABLE 1. QUANTITATIVE VALUES OF THE CITRIC ACID PRODUCTION PROCESS

Component Indegree Outdegree Centrality
Citric acid 0 6.949 6.949
Environmental aspects 4 1 5
Technological aspects 4 0.48 4,48
Social aspects 4 0.2 4.2
Economic aspects 4 0.81 4.810
Waste reduction 0.47 1.400 1.87
Accessibility of natural resources 1.23 1.19 242
Reduction of the impact on climate change 1.21 1 221
Emission reduction 0.48 1.339 1.819
Payback time 2.5 1 3.5
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Usefulness 0.52 1 3.5
Costs of exploitation 0.5 2.31 2.81
Investments 0.42 2 242
Reduction of social risks 1.02 1.25 2.27
Noise level 0.52 1.58 2.1
Public attitude 2.08 1.16 3.24
Number of new jobs 0.09 2,09 2.179
Production capacity of technological solution 0.09 1.680 1.770
Degree of complexity of the technology 1.44 1.28 2.7199
The area used for the technology 0.42 1.28 1.7
Availability of technological equipment 0.960 1.44 2.4
Usefulness of citric acid production 2.49 0 2.49

The table of aspects and sub-criteria of the obtained values is sorted by the central size, it
is, the total number of positive and negative links, which shows the most influential aspects
and sub-criteria. From the values obtained in the table, it can be concluded that from the point
of view of bioeconomy, the most influential aspect of the citric acid production process is the
environmental aspect, followed by the economic aspect. In this way, each production process
can be reviewed, and the feasible production process can be selected according to any of the
proposed aspects. Of course, when working with the model, it is possible to change and view
the obtained results by prioritizing social aspect, or any other necessary priority.

Once the quantitative values for each of the sub-criteria have been obtained, the Mental
Modeler tool has the option to switch to the results section. The main result of the goal is to
obtain the efficient results of the production process, which will be in the range from 0 to 1.

0.98

Fig. 4. Results of the citric acid production process.
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Fig. 4 shows the main conclusion about the citric acid production process, that is, the citric
acid production efficiency is worth 0.97. All production processes described in the work will
be compared with this endpoint. As can be seen from the graph, the citric acid production
process makes the largest contribution in terms of environmental and social aspects, but the
weakest issues in setting up such a plant would be in terms of investment and payback. This
is due to the installation of a large amount of necessary industrial equipment and technologies,
obtaining relatively small production capacity. Given that the study is prone to sustainability
in terms of achieving the objectives of the EU Green Deal, the usefulness of the citric acid
production process is very high — 0.97. If the modelling focus was only on the economic
aspects, it was thought that the result of this production process would be less positive.
Therefore, the author looked for a way to model also changes in priorities.

When designing a model, the Mental Modeler tool also provides the ability of influencing
and altering priorities at the result and block of scenarios section. Fig. 5 shows the results
when the environmental aspects are reduced to —0.49 and the economic aspects are increased
to 1. Thus, this simulates the situation where a potential investor wants to assess whether the
citric acid production process is economically viable, but the environmental aspects seem less
important. In such a situation, the scenario under consideration shows a usefulness value of
0.71, which is also a significant positive value and would be comparable to other alternatives.

Scenario
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Component +- State State

= 049 ~
Technological - Incraase
aspects
B social aspects = Increase
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Waste reduction - Increase
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change
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Fig. 5 (a) and (b). Results of the citric acid production process with increased economic value.

Therefore, such a project is not only environmentally efficient, but also economically
viable, and the investor or potential developer can evaluate alternative production processes
from different perspectives and compare them with similar criteria.

4. RESULTS AND DISCUSSION

In the previous section an example of a citric acid production process model and the
obtained results were described. In the same way, all the 16 production processes were
analysed by applying an analogous modelling type and identical criteria. However, as it was
mentioned above, the main aim of the study is to obtain data to select from the described
production processes the primarily established ones, and to rank them, thus determining,
which of the proposed solutions is the most efficient and proves added value from the
bioeconomy view towards the Green deal goal achievement. To obtain such an outcome, the
result obtained for each production process in the section ‘efficiency of the production
process’ is compared with each other according to the obtained quantitative result on a scale
up to 1 (Table 2). Listed results are shown in a bar graph in Fig. 6.

The graph (Fig. 6) shows the obtained quantitative results of 16 production processes in the
usefulness comparison. The obtained results show that the most efficient and effective
production process is the production of composite materials. This result is justified by the
availability of raw materials for composite materials, which are mainly by-products of other
production processes: low-quality wood residues and recycled plastics. As well as the demand
for such composite materials on the market growing rapidly due to their physical properties,
production technologies are relatively simple and available without excessive investment.

Without taking a further look into the positive features of each production process, which
have brought the described production process closer to the high result obtained, we conclude
that eleven of the described sixteen production processes have reached very high values in
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the range of 0.9 to 1 and all eleven production processes correspond to high bioeconomy
efficiency towards the goals of the Green deal, consequently these production processes are
very valuable and should be primarily implemented in the economy by investing in production

facilities.
TABLE 2. USEFULNESS OF PRODUCTION PROCESS
Citric acid production 0.97
Synthesis of silver nanoparticles 0.96
Manufacture of composite materials 0.98
Nanocellulose production 0.92
Manufacture of toiletry from whey 0.97
Xylan production 0.92
Polykactide production 0.97
Manufacture of natural nettle fibres 0.29
Biodiesel production 0.73
Production of Dendrolight cellular material ~ 0.98
Pellet production 0.83
Bioethylene production 0.68
Cellulose production 0.94
Tannin-based foam production 0.9
Coniferous extract production 0.96
Lignin production 0.83
Usefulness of the production process
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Fig. 6. Summary of efficiency of production processes.
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Conversely, the production processes of biodiesel and bioethylene, although very valuable
for replacing fossil fuels and increasing the independence of non-oil-producing countries
from fossil resources, are still very technologically complex and require huge investments in
their production and are currently reducing their production economic viability. However, the
rapid development of science and technology will inevitably bring the production of biodiesel
and bioethylene closer in the next decade.

The weakest result (0.29 out of 1) was obtained in the production of natural nettle fibres.
This result is due to the competition of this production process for agricultural land with the
food industry and the low competitiveness of the resulting product in the textile industry, as
it would be very difficult to justify the production of nettles in large areas and processing
them into textile products from the environmental aspect and economics aspect point of view.

Considering the objectives of the study, the obtained results are reliable and objectively
reflect the validity of the FCM method, and the use of this type of integrated analysis is
appropriate to compare the various alternative production processes considered in the work.
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Abstract — The Waste Framework Directive mandates that, starting from January 1, 2025,
separate collection of textiles must be introduced in all Member States of the European Union.
The aim of separate collection is to promote the circular economy in the textile system by
creating favorable conditions for recycling and reuse. However, in order to promote
recycling, there are still challenges in terms of textile variety and mixtures. Currently, there
are no commercially viable technologies to recycle mixed textiles without sorting back into
textiles or high value-added products. Therefore, the aim of this study was to determine if
there are products in the research process that could be obtained from post-consumer mixed
textile waste and, if so, to assess which is the most suitable for further development based on
economic, environmental, social and technical factors. Two methods were applied: literature
analysis and multi-criteria decision analysis. A total of 27 research articles were identified,
but only four were selected for further analysis based on their relevance to the research
objective. The products obtained in the selected studies were (1) bio-oil and terephthalic acid,
(2) textile-reinforced composite for building applications, (3) mycelium-based composite for
thermal insulation and (4) textile fibers (cotton and nylon), spandex monomers and bis(2-
hydroxyethyl) terephthalate. The multi-criteria decision analysis showed that mycelium-
based composite has the highest potential for further development. Future research should
focus on scaling up the production of mycelium-based material and conducting a more
detailed assessment of the economic, social and environmental impacts.

Keywords — Circular economy; multi-criteria decision analysis (MCDA); mycelium-based
material; sustainable development goals (SDGs); value-added products.

1. INTRODUCTION

Production and consumption of textiles is increasing worldwide, and so is the amount of
textile waste [1]. Globally, around 75 % of clothing waste is landfilled or incinerated, 25 %
is recycled or reused and only 1 % is recycled back into textiles [2]. The transition to a circular
economy in the textile sector is in line with several United Nations Sustainable Development
Goals [3]. In particular, it would contribute to the achievement of Goal 12 — Responsible
Consumption and Production.

Textile waste is also a pressing issue in the European Union (EU), with the fourth highest
impact on primary raw material and water consumption and the fifth highest impact on
greenhouse gas emissions [4]. For this reason, the EU has identified textiles as one of the
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seven key product value chains to be targeted in the transition to a circular economy. As part
of this transition, The Waste Framework Directive mandates that, starting from January 1,
2025, separate collection of textiles must be introduced in all EU Member States [5].
However, separate collection of textiles is only the first step, as sorting and recycling are not
yet sufficiently developed in the EU [6], [7]. If sorting and recycling capacity is not increased
alongside separate collection, there is a risk that sorted textiles will end up in incinerators or
landfills or be exported as waste outside the EU [7].

Textile waste can be divided into three streams: post-industrial waste, pre-consumer waste
and post-consumer waste [1]. Post-industrial waste is all textile waste generated during the
production process. Pre-consumer waste already exists as products, but is either damaged or
has not been sold or used. The last and largest stream is post-consumer waste, which is waste
generated after use. EU textile waste amounts to 15 kg per capita, 85 % of which is made up
of consumer discarded clothes and home textiles — post-consumer waste [6]. In this study,
this waste stream is defined as mixed post-consumer textile waste. This waste is a mixture of
different types of textiles, mainly cotton and polyester, with added components such as
buttons and zippers and added substances such as dyes, coatings and flame retardants [8], [9].
All of these aspects create barriers to current textile recycling technologies.

Part of the solution could be to improve sorting so that textile flows are as clean as possible,
each with its own recycling options. However, there are a number of obstacles to achieving
this. Firstly, sorting is currently largely done manually, which makes the process more costly
and time consuming [9]. Furthermore, textiles are not just mono-materials that are suitable
for recycling. Instead, textile waste is usually a multi-element waste, and often blended.
Therefore, textile waste can be divided into more than 300 different categories depending on
size, composition and type of fibers [1]. Some of them are difficult to recycle or need
specialized technologies. In addition, the quality of textile waste is not guaranteed as textiles
may be contaminated or defective [1]. These sorting barriers raise the question whether there
is a solution to recycle mixed textile waste as a single stream without much sorting.

Large number of studies have been carried out on the recycling of different textiles [10]—
[13], including blended textiles [14], [15]. However, to the best of the author's knowledge,
no study has yet summarized research on post-consumer mixed textile waste recycling. Also,
there are currently no commercially viable technologies to recycle mixed textiles back into
textiles or high value-added products [8], [16]. Therefore, the aim of this study was to
determine if there are products in the research process with Technology Reediness Level of
3-5 that could be obtained from post-consumer mixed textile waste and, if so, to assess which
is the most suitable for further development based on economic, environmental, social and
technical factors. Literature analysis was used to identify products, and multi-criteria decision
analysis was used to evaluate and compare them. Multi-criteria decision analysis was chosen
because it is suitable for comparing products on the basis of selected criteria [17], [18].

2. METHODOLOGY

Multi-criteria decision analysis (MCDA) is a well-established method for making decisions.
It is applicable in any field where it is possible to define a problem, criteria and alternatives
to be compared with each other [19]. There are several MCDA methods, but each method has
its own calculation steps, so the results may differ even though the input data are the same.

The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) method was
chosen for this research, based on the author's previous study comparing products [18], which
is also the objective of the present analysis. The TOPSIS method has the benefits of relatively
simple calculation steps, an unlimited number of criteria and alternatives, and the input data
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can be both qualitative and quantitative [19]. The resulting score is the distance of the
alternatives to the ideal point, which in this method is equal to one, meaning that the closer
the score of an alternative is to one, the better the alternative. MS Excel was used for the
TOPSIS calculations.
The MCDA analysis followed the steps developed in the author’s previous study [18]:
1. Product identification. The first step is a literature analysis to identify products.
2. Criteria selection and data collection. This stage involves selecting criteria and
collecting input data.
3. TOPSIS analysis. In this step, calculations of the analysis are carried out and the final
results are obtained.
4. Sensitivity analysis. The final step is to validate the results using a sensitivity analysis.

2.1. Product Identification

The aim of the literature analysis was to identify products that can be obtained from post-
consumer mixed textiles. The scope of this study was limited to the scientific literature to
ensure that the focus is on peer-reviewed information. Three scientific databases, Scopus,
Science Direct and Web of Science, were used. The keywords “post-consumer mixed textile
recycling” were used in all databases. Only in Web of Science an insufficient number of
articles was found (33 results), so the keywords were changed to “textile waste recycling
products”. In total, a relatively large number of publications were found for these keywords:
Science direct (2678 results), Scopus (944), Web of Science (799). Content in English and
less than 10 years old (from 2014) was selected. The first 100 items in all databases were
reviewed sorted by relevance. This was done since, approaching 70 items, they started to be
outside the study's scope, therefore it was decided to stop the review at 100 items. For further
research, items were filtered based on title and abstract. This was an initial screening to find
articles on textile recycling. The selected studies were then fully read to select studies
according to two criteria: recycled textiles are post-consumer and mixed textiles. The aim
was to find recycling process that met both criteria.

2.2. Criteria Selection and Data Collection

All the calculations are based on the input data, the selected alternatives and the criteria.
For further analysis, products and product sets produced from post-consumer mixed textile
waste were selected to be alternatives. The products were categorized on the basis of research
articles. For example, the Andini ef al. study [16] produced four main products, but these are
not considered separately as they are all produced in the same production cycle and using the
same raw material.

After determining alternatives to compare, the next step was to select the criteria. The
criteria were selected on the basis of their relevance to the study objective and the available
data. To assess the potential for product development, the criteria cover four categories:
environmental, economic, social and technical aspects. These categories were chosen because
technical parameters are important to assess the technology, while sustainability aspects are
important to assess its development [20]. The nine criteria selected are shown in Table 1. For
all criteria, the ideal value is the maximum value, which means the higher the value the better.
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TABLE 1. CRITERIA FOR MULTI-CRITERIA DECISION ANALYSIS
Criteria category Criteria Description
Environmental Environmental impact Comparison of global warming potential (GWP) from life cycle
aspects assessment of a new and a conventional product (reduction in
GWP)
Resource efficiency Usage of other waste materials in production (weight proportion,
o)
Longevity and Product lifetime and end-of-life potential (score)
recyclability
Economic aspects Product price Comparison of price for the new and conventional product
(reduction in price)
Market demand Global market size assessment (billion EUR)
Technical aspects Technology maturity Level of technological readiness (TRL 1-9)
Level of research Studies carried out on similar products (score)
Market Comparison of properties for the new and conventional product
competitiveness (score)
Social aspects Social aspects Evaluation of human health and safety risks during production
(score)

2.2.1. Environmental aspects

Life cycle assessment is a method for quantifying the environmental impacts of products
and processes. In order to gain insight into potential environmental impacts, LCA studies
were used to assess this criterion, as it has been done previously in similar MCDA studies
[17], [21]. The products are innovative, so no LCA studies have yet been carried out for the
specific cases. Therefore, similar products with LCA studies were selected. The GWP was
used as a quantitative indicator, which is commonly used in environmental impact
communication [22]. The conventional product was selected based on the intended use of the
new product, what it can be compared to in terms of performance and what is commonly used
now. If the study already had data on conventional products, these were used for comparison.
But if not, they were obtained from the Ecoinvent 3.10. database using the same method as
used in the comparison study. The value of the existing product was divided by the value of
the new product to get estimate of the number of times the environmental impact can be
reduced. If the value is less than one, this means that the environmental impact of the new
product likely is higher based on the GWP. This approach was chosen to assess not only the
potential environmental impacts of the alternatives, but also to compare the alternatives with
the products currently in use. The life cycle impact assessment method and the scope of the
system were taken into account in the comparison.

To assess the potential of the circular economy, the criterion “Resource efficiency” was
included. The products studied already contribute to the circular economy because the raw
material used is textile waste. Therefore, this criterion assesses whether additional by-
products or waste are used during production that would increase the contribution to the
circularity and avoid the use of virgin materials. It is determined by weight in proportion to
the final product. If no other residues are used, the alternative receives a score of zero.

The first two criteria relate more to the production phase. The criterion “Longevity and
recyclability” was introduced to also assess the use phase and end of life. It includes an
assessment of the lifetime and recyclability of the product. Both aspects were evaluated on a
three-point scale. Scoring system for recycling: (1) not recyclable or generally not recycled,
(2) recycled or biodegradable, (3) closed-loop recycled. This rating was chosen as the circular
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economy prioritizes resource circularity in closed system and other uses of bio-based
materials before nutrients are returned to natural system [2]. Lifetime aspect points system:
(1) single use, (2) used up to 10 years, (3) longer than 10 years. The points were multiplied
with each other, giving a maximum of 9 points.

2.2.2. Economic aspects

The price of a product is an important indicator of whether it will be economically viable
and competitive. Price is a specific indicator (price per unit of product) rather than other
economic indicators which are more difficult to compare, for example initial investment is
more dependent on production volume. As with the environmental impact criterion,
innovative products are unlikely to be subject to an economic assessment and will therefore
be compared with similar products. The conventional product price was also identified for
comparison. The value of the existing product was divided by the value of the new product
to get how many times cheaper the new product would be. If the value is less than one, it
means that the price of the new product is higher and it is not economically justified at this
time. The other economic aspect focuses on the demand side. Global market size was used to
determine whether a product is in demand. The higher the market estimate, the more the
product is in demand. The market size estimates were based on publicly available data.

2.2.3. Technical aspects

The Technology Readiness Level (TRL) was assessed to determine how mature and ready
for scaling up the technologies developed in the study are. The TRL has proven to be a very
effective way of communicating the progress of new technologies in different fields [23]. It
is assessed on a 9-point scale. In order to better understand and evaluate the products, more
extensive descriptions of the TRL from J. Mankins publication [23] were used.

To assess how well a product is being researched, the criterion “Level of research” was
introduced. This measured the number of publications on a given topic. In order to effectively
assess this criterion, only one database was chosen, and that was Scopus. The key words for
each alternative were based on the type of product, the method used and included the term
“textile”. The publications found were assessed qualitatively by looking at the abstract and
the title. Only publications containing the same or similar product and using textiles were
selected.

The criterion “Market competitiveness” was added to assess the technical performance of
the product. This criterion looked at the properties of the selected alternatives as determined
by their studies and then compared them with those of the conventional product. Each product
had its own characteristics, as each has its own application. If the comparison was already
made in the study, it was used, if not, the characteristics of the conventional product were
additionally selected. The product’s characteristics compared to similar products were
evaluated with points. The scoring system for the criterion was as follows: (1) characteristics
are lower than those of products on the market, (2) characteristics are more or less the same,
(3) improved characteristics.

2.2.4. Social aspects

Social factors can be quantified using social LCA or indicators such as human health [17]
and job creation opportunities [24]. To the best of the authors’ knowledge, no social LCA has
been carried out for the alternative or similar products under consideration. Quantitative data
on social factors for the alternatives were available for more generic sectors such as
government, education and manufacturing. That was not applicable in this case as all
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alternatives fall within the same sector. It was therefore decided to assess the risk to human
health in the product manufacturing process using a scoring system based on the information
available in the literature. The following evaluation system was used: (1) high risk work, (2)
medium risk and (3) minimal risk work.

2.3. TOPSIS Analysis

To start the calculation, the criteria must be given a weight indicating the importance of the
criterion. The weight can be determined by different methods, such as the analytical hierarchy
[19] process or sensitivity analysis [18]. In our case, there are more than seven criteria, which
means that the analytical hierarchy process cannot be used as the results would be inconsistent
[19]. In this study, it was decided that all criteria will have equal importance which means
that all criteria will be given equal weight.

After determining the input data and criteria weights, the TOPSIS method was used in the
following calculations. TOPSIS method has five steps [19]:

1. Normalization of decision matrix:

R:L N

Jxt

where R is normalized matrix value and X is criteria value.
2. Calculation of the weighted decision matrix:

V=R-W, 2)

where V' is weighted value and where W is weight of criteria.
3. Defining ideal and anti-ideal values: V* is maximum value of the weighed values un V™~ is
the minimum value.
4. Calculation of the ideal and anti-ideal values:

2
d = Z(V*—V) : 3)
where d is distance to the ideal solution.
2

d, =XV -v). 4)

where d is distance to the anti-ideal solution.
5. Calculation of relative proximity:

d
c=—ta_ 5
Cod—-d; ©)

where C, is relative proximity to the ideal solution. In the end, the best alternative can be
determined by comparing the relative proximity to the ideal solution.

2.4. Sensitivity Analysis

Sensitivity analysis is carried out to examine the impact of criteria on the results and to
validate the results. Sensitivity analysis steps [25]:
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— In this method, the weights are initially considered to be the same:
! 1
wo=—, (0)
n

where w' is initial weight and » is number of criteria.
— Then the weight for one criterion is changed, depending on the unitary variation ratio:

!
w, =B, w , O]
where

W'k weight, that is subject to change;

Brm unitary variation ratio;
k=1,2,3..n,m=1,2,3...n.
— To obtain the weight of the other criteria Eq. (8) is used:

(l—w,'{)
' , 8
W (n—l) ®

A sensitivity analysis with five unitary variation ratios was carried out (B = 0.01; 0.5; 1.5;
2;2.5). Larger ratios such as 3 and 4 were also tested, but the criteria are sufficiently sensitive
to change so the original ratios were kept. The ratios were increased by 0.5 steps. This means
that with each further ratio, the impact (weight) of the criterion increases proportionally. The
resulting weights are then applied in TOPSIS calculations to get the results of the Sensitivity
analysis. This was done for all criteria.

3. RESULTS

3.1. Identified Textile Recycling Products

Product identification resulted in 27 articles on the recycling of textiles into products.
Further analysis of the articles was carried out to group the products based on two criteria
concerning input textile waste: textile fiber type (polyester, cotton, mixed, etc.) and waste
type (industrial or post-consumer). A list of products resulting from these articles is given in
Table 2. In eight articles, the textile waste came from industry, which is not relevant for our
further analysis as these textiles have not been used by a consumer. Most of the articles
focused on a certain type of textile or groups of textiles, in some cases even very specific
textiles like silk, denim, lyocell and leather. As shown in Table 2, the analysis resulted in
only four articles covering the recycling of mixed post-consumer textiles, which was the
objective of the analysis. The products obtained in the selected studies were (1) bio-oil and
terephthalic acid [8], (2) textile-reinforced composite for building applications [26], (3)
textile fibers (cotton and nylon), spandex monomers and bis(2-hydroxyethyl) terephthalate
[16] and (4) mycelium-based composite for thermal insulation [27].
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TABLE 2. SUMMARY OF PRODUCTS WHICH CAN BE OBTAINED FROM TEXTILE RECYCLING

Textile type / Waste type Industrial Post-consumer
Polyurethane Terephthalic acid (TPA) [29], monomers like bis(2-
Polyester foams [28] hydroxyethyl) terephthalate (BHET) and bis(2-hydroxyethyl)
terephthalamide [30], TPA and ethylene glycol [31]
Thermal Composites for industrial applications [33], glucose solution
Cotton insulation [32] [34], [35], fashion accessories [36], vermicompost for fertilizer
[37]
Nylon - Fine fibrous membrane [38]
. Sound absorbing . . .
Denim material [39] Fire retarding composite board [40]
Silk - Luminescent carbon dots [41]
Lvocell Adsorbent for _
y heavy metals [42]
Leather-like yarns
Leather [43]
- Cellulose fibers [44], cellulose and PET films [45], 3D printing
Cotton/polyester filament [46], fungal cellulase and polyester [47]
V_lscose/polyest_e rand - Synthetic fibers and lactic acid [48]
viscose/polyamide
Thermal

Acrylic and wool insulation [49] -

Biochar as fabric
additives [50]

Cotton, cotton/polyester
and acrylic

- Bio-oil and TPA [8], textile reinforced composites for building
applications [26], BHET crystals, spandex monomers, cotton
and nylon [16], mycelium-based composite for thermal
insulation [27]

Mixed textile

3.2. Input Data for Alternatives

Next products from four studies were investigated to later be compared in the TOPSIS
analysis — (1) bio-oil and terephthalic acid [8], (2) textile-reinforced composite for building
applications [26], (3) textile fibers (cotton and nylon), spandex monomers and bis(2-
hydroxyethyl) terephthalate [16] and (4) mycelium-based composite for thermal insulation
[27]. Only these studies were selected as they deal with mixed post-consumer textile
recycling.

Matayeva et al. published a study in 2022 on the recycling of mixed textiles using
hydrothermal liquefaction [8]. The study did not use actual mixed textile waste, but rather
combined textile waste with a known composition based on the proportions of fibers produced
globally. The processing was carried out on a laboratory scale using hydrothermal
liquefaction without any pre-treatment steps such as sorting, dye removal, etc. The results
showed that this method could yield 3—9 wt.% bio-oil and 38—54 wt.% TPA. TPA can further
be used in the production of plastics, packaging, textiles, resins, composites, paints, etc. [51].
The composition of the bio-oil considered in the study makes it difficult to upgrade to a drop-
in fuel. Instead, it could be upgraded and used as a chemical feedstock [8].

The second alternative is a textile fiber reinforced composite (TRC) for use in construction
[26]. The prototype panels were produced on a laboratory scale by mechanically extruding
mixed textile waste using isothermal hot pressing in a steel die. In addition, residual wood
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sawdust from the furniture industry was added as a secondary filler. To improve processing
and the final product, maleic anhydride grafted polypropylene and polypropylene textile
fleece were added as the thermoplastic matrix phase. The resulting material properties in
terms of moisture resistance, load-bearing and non-load bearing applications are optimal
compared to wood particleboards. Overall, they could be used in load-bearing structures as
flooring, walling and division systems, as well as for interior linings such as ceilings or
acoustic absorbers [26].

The third study looks at how closed-loop recycling could be promoted by extracting BHET
crystals, spandex monomers, cotton and nylon from mixed textiles [16]. The method used
was chemical conversion of post-consumer mixed textile waste using microwave-assisted
glycolysis over a ZnO catalyst followed by solvent dissolution. As a result, the polyester from
the mixed textile waste is completely converted into BHET crystals with 93 % purity. The
most valuable of the spandex monomers obtained was 4.4’-methylenedianiline. However,
further optimization is needed to increase its selectivity from other diphenyl-containing
molecules. Formic acid and dyes have remained on the resulting cotton, making further
processing more difficult. The obtained nylon has a reduced average molecular weight, which
limits its use in applications requiring high tensile strength, stiffness and melting point.
Overall, further development of this method has a potential to result in a global textile
circularity rate of 88 % [16].

The final alternative considered was a mycelium-based composite for thermal insulation.
In the reviewed study [27], a biocomposite was developed by cultivating Pleurotus
pulmonarius fungus in agro-industrial waste (grass cuttings, dry leaves and sugarcane
bagasse) and post-consumer mixed textile waste. The input material was recycled ground
textiles that had already been processed by the supplier. The study succeeded in using textile
materials to cultivate fungi, thus producing a sustainable and cost-effective construction
material.

Before the TOPSIS calculations can be made, input data must be collected for each product.
Table 3 summarizes all input data and the following subsections describe the data sources and
assumptions made.

TABLE 3. INPUT DATA FOR MCDA

Alternatives
Criteria Bio-0il  Textile- BHET crystals, Mycelium-
and reinforced spandex monomers, based
TPA composite cotton, nylon composite
Environmental impact, times 0.99 2.63 6.83 4.59
Resource efficiency, % 0 30 0 70
Longevity and recyclability, score 3.5 3 6 3
Product price, times 1.07 0.05 1.65 18.33
Market demand, billion EUR* 39 6 24 57
Technology maturity, score 3 5 3 3
Level of research, score 1 25 0 6
Market competitiveness, score 1 2 1 1
Social aspects, score 2 2 3 1

* The exchange rate used was 1 USD = 0.88 EUR (23.04.2025)
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3.2.1. Environmental impact

The LCA studies were examined for environmental impact. For the first alternative, two
products are considered at the same time, so the average value between these products is taken
into account in each criteria assessment. Bio-oil was compared to a study where bio-oil was
obtained from agricultural waste by hydrothermal treatment [52]. The gate-to-gate GWP of
this product was 2.05 kgCOzeq/kg. Carbon credits have been included in this assessment. The
LCA method used was ReCiPe. In selected study, the new product was not compared to the
conventional product, so the GWP was derived from the Ecoinvent database using the same
LCA method. Crude oil was chosen for comparison because the bio-oil produced in the study
is not a drop-in fuel and still needs further processing [8], [52]. As the study does not specify
the region of the LCA model [52], a market activity was chosen that covers several countries
but is cradle-to-gate. The transformation dataset, which is gate-to-gate, was country specific.
The GWP for crude oil in the global region market is 0.65 kgCO,eq/kg [53].

There are no studies in which TPA has been produced by hydrothermal liquefaction.
Therefore, it was compared with the closest product that could be found, a biobased TPA
produced using miscanthus as a feedstock in a thermochemical processing (fast pyrolysis).
These products have different raw materials and processes, but both focus on the sustainable
production of TPA. The cradle-to-gate GWP of this product was 1.04 kgCOseq/kg [54]. In
the same study it is compared to conventional TPA and its impact was estimated to be
1.72 kgCOzeq/kg.

The TRC was compared with an LCA study looking at composites made from natural fibers
and recycled textiles [55]. The uncertainty arises from the fact that the study does not
specifically mention what the materials could be used for. However, it was the closest product
in terms of input materials and manufacturing process for which an environmental impact
assessment was available. The reference material was a composite made of flax and recycled
polyester fabric. Its cradle-to-gate GWP was 3.0 kgCOzeq/kg. The study did not compare
these materials with conventional products, so the GWP of glass fiber reinforced plastic was
obtained [56]. The method used was the ReCiPe Midpoint (E) method from the study
reviewed. The GWP obtained was 7.9 kgCOzeq/kg.

The study on the third alternative [30] refers to a previously conducted LCA study on this
recycling process. It was therefore used as a reference study. It dealt with the microwave-
assisted recycling of PET bottles into BHET crystals [57]. The resulting cradle-to-gate GWP
was 0.64 kgCO,eq/kg. This was compared to conventional BHET oil-based production with
a GWP of 4.37 kgCOseq/kg. For this alternative, only one product was considered as it is
produced using the same processing method. However, the further treatment used in our
alternative to separate the spandex monomers, nylon and cotton is not taken into account.

The mycelium-based material was compared with an LCA study of a mycelium isolation
material using sawdust as a substrate [58]. The resulting cradle-to-gate GWP was
0.64 kgCOzeq/kg. Most of the impact (95 %) was due to electricity, so the raw materials do
not play a significant role. The study looks at the German situation and mentions that
Germany has a high share of fossil fuels in the electricity mix. Therefore, the impact globally
or in other countries could be even lower. It was compared with extruded polystyrene
insulation, which has a GWP of 2.94 kg [58].

3.2.2. Resource efficiency

In only two cases — TRC and mycelium-based composites — were additional residual
materials found to have been used. In the case of TRC, wood fibers from the furniture industry
were used as a second filler. It accounted for 30 % of the weight of the material [26].
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Mycelium-based material requires a lignocellulosic substrate on which the fungi can feed. A
wide variety of plant substrates can be used as feedstock like jute, flax and straw [59]. In the
study by Gomez ef al. agro-industrial waste such as grass cuttings, dry leaves and sugarcane
bagasse were used [27]. These accounted for 70 % of the substrate mass.

3.2.3. Longevity and recyclability

Bio-oil can be used as a fuel and in the production of food flavorings, aromatics, olefins,
resins, adhesives, agrochemicals and fertilizers [60]. Most of these goods can be considered
as single-use and nonrecyclable. TPA is used in plastics, packaging, textiles, resins,
composites and paints [51]. As it can be used in the production of textiles, it was considered
in this analysis to be recyclable in a closed loop. Textiles have an average lifespan of up to
six years [61].

Recycling of fiber-reinforced composites is challenging due to their hardness and chemical
stability [62], [63], so for this analysis it was assumed that TRC is generally not recycled. As
the TRC in the present case is intended for construction, its lifetime is longer than 10 years,
as the lifetime of a building is considered from 20 to over 100 years [64].

The textile fibers (nylon and cotton), spandex monomers and BHET crystals obtained in
the Andini et al. study can be recycled back into textiles [16]. Therefore, the analysis assumes
that a closed loop recycling can be established. As the recycling assumption is based on
textiles, a lifetime of up to 10 years is assumed, as mentioned above.

Mycelium-based materials are considered biodegradable [65]. However, in our mycelium-
based material, part of the substrate is a mixed textile containing synthetic materials.
Therefore, such a material would most likely not be biodegradable as synthetic textiles are
not biodegradable [66].

3.2.4. Product price

The price of TPA was taken from a socio-economic analysis of the enzymatic recycling of
PET to produce TPA [67]. The study obtained a minimum selling price of 1.93 USD/kg. This
was compared to the market price of virgin TPA in 2021, which was around 1 USD/kg [67].
For bio-oil, the example was taken from a study in which bio-oil was extracted from food
waste by hydrothermal oxidation [68]. A minimum selling price of 104 USD/ton was
obtained. The market price of bio-oil was set at 168 USD/ton [68].

There were no studies on the possible prices of TRC, so the prices of fiber-reinforced
composites were investigated. A study was found which summarized the prices of hybrid
natural fiber and synthetic fiber composites for many applications. The study summarized the
prices of 144 products (see Table 6 in the study) [69]. The average price of 12.15 USD/kg
was taken. As for the environmental impact criterion, the aim was to compare the product
with a glass fiber reinforced composite. Economic performance for this material could not be
found in the scientific literature, so online shops were taken into account. The price of the
glass fiber reinforced composite was found to be between 0.61 and 0.71 USD/kg [70]. The
average price was used in the TOPSIS calculations.

For the third alternative, it was decided not to look for a comparable price, as the process
results in several products and is highly innovative. Also, the study itself carried out a socio-
economic assessment, which more accurately reflects the economic performance [16].
Therefore, this alternative was an exception and it was not prices that were compared but
investments. A textile feed throughput of 500 kg/h was assumed for the socio-economic
assessment of mixed textile recycling [16]. For a 10-year economic life cycle of the project,
an interest rate of 20 % was taken into account. This resulted in total operating costs of USD
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92.3 million per year and total capital costs of USD 6.5 million per year. This was compared
to the capital and operating costs of a conventional BHET production process — total operating
costs of USD 173.51 million per year total capital costs of USD 38.69 million [57]. As one
study reported annual capital costs and the other total costs, it was necessary to calculate total
costs for comparison. The total cost was calculated using the capital recovery rate formula
[71], taking into account the duration of the project and the interest rate [16].

A review article on mycelial materials [72] was reviewed to obtain an approximate price
for the fourth alternative. It presented average prices for mycelium-based materials and
compared them with polymer materials. Mycelium-based materials range in price from 0.07
to 0.17 USD/kg, while polymeric materials range in price from 2.1 to 2.3 USD/kg. Average
values were used for comparison.

3.2.5. Market demand

All market assessments were collected for the same year, the year 2023, so that they could
be compared with each other. The global market for purified terephthalic acid was estimated
at USD 78 billion [73]. In the case of bio-oil, it was estimated at USD 10.7 billion in
2023 [74]. The market for construction composites was valued at USD 6.88 billion [75]. The
global market size for insulation materials was estimated at USD 65.11 billion [76]. For the
third alternative, it was not possible to find market valuations of the BHET crystals.
Therefore, PET was considered as it is derived from BHET crystals [16]. In addition, we
looked at the recycled cotton market as PET and cotton make up the majority of finished
products. The global market for PET was valued at USD 48.43 billion [77] and the market
for recycled cotton was valued at USD 5.2 billion [78].

3.2.6. Technology maturity

Only for one of the alternatives did the authors of the reviewed studies assess TRL. This
was for the mycelium-based material [27]. They rated this technology within TRL 3. In the
first two TRLs the technology concept is developed. In the third level, the proof of concept
is tested analytically or experimentally [23]. In the case of mycelium material, it is developed
in the laboratory and its properties are tested.

For the other alternatives, the assessment was carried out on the basis of each research
paper. The article on the first alternative points out that for the first time it has been reported
that hydrothermal liquefaction can process textile waste with mixed composition [8]. For this
reason, the technology was assigned TRL 3. The TRC study states that the simple
manufacturing process of the resulting material shows its potential to move from the
laboratory to pilot scale production [26]. Therefore, it was given a TRL 5 since TRL 6 is the
demonstration of a prototype in an appropriate environment [23]. The third alternative is also
given a TRL of 3 as the concept is being tested in the laboratory for the first time and process
improvements are still needed [16].

3.2.7. Level of research

For the first alternative, the keywords “textile hydrothermal liquefication” were used and
the number of publications found was 13. The key words for the second alternative were
“textile reinforced composites building” and 138 results were found. For this alternative, we
added the additional keywords “AND NOT” with concrete and cement, as several articles
appeared at the beginning of the review that were not relevant for the analysis. The search
results for the third alternative showed two results using “microwave assisted glycolysis

334
250



Environmental and Climate Technologies

2025 /29

textile” as the key words. For the last alternative, using “mycelium composite textile” as the
key words, 35 results were found.

Only one other study has been carried out on the recycling process and the resulting
products of the first alternative. The second study is more recent and uses the same method
to process textiles into bio-oil and TPA [79]. Both studies were carried out by the same author.
The main difference is that the raw materials were different blends of cotton and polyester.

TRC is relatively well researched. More than 100 results were found, but the first 25 were
reviewed. To avoid creating too large a range for the criterion and to reduce the number of
articles reviewed, it was decided that the maximum score would be 25. The studies have
investigated various composite materials mostly from industrial textile waste [80]—[82], using
one [83], [84] or more [85], [86] types of textiles and all of them were designed for the
construction industry.

A search for studies similar to the third alternative found only two results, one of which
was the article analyzed. The second study that was found focused on textile treatments. It
looked at the fabrication of PET textiles with highly durable hydrophilic surfaces through
microwave-assisted glycolysis [87]. As the textile is treated rather than recycled, this was not
considered relevant. Consequently, there is no similar research work on the third alternative.

A search for studies on mycelium and textiles revealed 35 studies, six of which were
relevant to the present case. In many studies, textiles are mentioned because mycelium can
be used to make leather like textiles. Two articles were found in which textiles were used as
a substrate for fungi cultivation. Ruiz et al. developed a mycelium-based composite for the
construction industry using denim and agricultural waste [88]. In the second study,
biocomposites were developed as alternatives to plastic packaging products using cotton and
polyester as feedstock [89]. No additional biomass substrates were added in this study. The
other four studies were carried out by the same authors, Jiang et al. on one product type, a
biocomposite sandwich [90]-[93]. The resulting material is a multi-layer composite, with all
materials of natural origin. It uses natural textile fibers as the skin, mycelium connected
agricultural waste as the core and bioresin as the matrix [92].

3.2.8. Market competitiveness

For TPA and bio-oil, yield was chosen as the main characteristic. As mentioned before, the
yields achieved in the study were 3—9 % bio-oil and 38-54 % TPA [8]. The most common
technology for producing TPA is the Mid-Century process, also known as the AMOCO
process. The reaction typically yields 95 % TPA [51]. Typical bio-oil yields from
hydrothermal liquefaction range from 24 to 64 % [94].

In the case of TRC, the test results obtained in the study were verified and compared with
standard wood particleboard according to ISO 16893:2016 [26]. Thus, it was not necessary
to look for the properties of a conventional material. Overall, the material properties were
optimal and, in the case of moisture resistance, better than required. They were significantly
lower than those required by the standard, indicating high moisture resistance
characteristics [26].

Currently, for the third alternative, only one of the resulting products is comparable in
quality to the conventional product: BHET crystals with 93 % purity and the possibility to
decolorize and obtain >99 % purity [16]. The other products need further research and
optimization. To increase the selectivity of 4.4’-methylenedianiline, further optimization of
the treatment of the spandex monomers is needed. Reactive dyes have remained on cotton
and their degree of polymerization has decreased, so further research is needed to obtain better
quality. Finally, nylon has a reduced average molecular weight. Therefore, more research is
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needed to establish the optimum processing conditions for decolorization and to limit the
reduction in molecular weight [16].

Four properties were tested for the mycelium-based material: compressive strength, tensile
strength, elastic modulus and thermal conductivity [27]. As it was intended as a thermal
insulation material, the thermal conductivity was chosen for comparison. Its thermal
conductivity was 1.04+0.17 W/mK for grass cutting and dry leave material and 0.85 + 0.02
for sugarcane bagasse material W/mK [27]. The authors compared these with the thermal
conductivity of other mycelium materials and concluded that the addition of textiles improves
this property. However, it is much higher compared to solutions on the market. For example,
the thermal conductivity of expanded polystyrene is 0.030-0.045 W/mK [95].

3.2.9. Social aspects

The risks and health impacts from bio-oil and TPA production are assessed as medium (2
points), as there is no direct risk to everyday workers from hazardous chemicals or processes.
However, the hydrothermal liquefaction process involves high temperatures and pressures,
which pose a risk of burns and explosion [96].

In general, the production of composite materials poses risks from toxic substances and
from workers inhaling liquid matrices, vapors from hardeners and solvents, and reinforcement
material particles [97]. In the case of the study analyzed, textile and wood dust could pose
the greatest risk [26]. Wood dust is a proven human carcinogen [98]. Therefore, the human
health risk was assessed as medium.

The chemical recycling process of the third alternative was assessed as the most hazardous
of all the alternatives considered. This is due to the chemicals now and potentially later used
in recycling processes, such as ethylene glycol [16]. This substance is registered under
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) and is toxic
to humans [99].

The production of a mycelium-based material consists of relatively simple steps [27]. First,
the substrate is prepared, the required moisture content and pH level are established and then
it is pasteurized. The mushroom spawn is then added, and cultivation begins. At the end of
the cultivation, the material undergoes a dehydration process to deactivate the fungi. There
are no hazards during the production phase, as no relatively high temperatures and pressures
and no hazardous chemicals are used. The mushrooms used are generally not harmful to
humans [100]. In the reviewed alternatives case, it was edible mushroom. Another risk to
consider is exposure to spores, which can cause health problems such as asthma [101].
However, most people are relatively unaffected unless they have allergies, and most of the
time, these health problems are due to mold fungi [101] that are not supposed to be present
in the production process of mycelium based material.

3.3. Results of the TOPSIS

After defining the input data, TOPSIS calculations were performed. The results are shown
graphically in Fig. 1. According to the MCDA evaluation, the mycelium-based material is the
best alternative as it scores the highest (0.63). It achieved four ideal values. This means that
the input values met the ideal value conditions for four criteria. The ideal value conditions
were the same for all criteria, the maximum value meaning that the best alternative for a given
criterion is the one with the highest value. It also had three anti-ideal values. However, the
other alternatives had more: bio-oil and TPA (4), TRC (3) and BHET crystals, spandex
monomers and cotton and nylon (5). Bio-oil and TPA product group was the only alternative
that did not reach any of the ideal values and also had the lowest overall score.
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Fig. 1. Resulting rating of alternatives from TOPSIS analysis.

Normalized weighted criteria scores for each alternative are shown in Fig. 2. As can be
seen, mycelium-based material has the greatest potential for further development as it is
relatively well studied and have a simple manufacturing process. Its economic viability and
market potential are very high. The material also has significant environmental advantages
and can be produced from a wide range of waste and by-products [102]. The weakness of the
product lies in its characteristics compared to the products available on the market. However,
only the thermal conductivity was compared in this study. In any case, further research is
needed to optimize the product properties and to explore other applications.

The results show that bio-oil and TPA, which scored the lowest, have comparable results
to other alternatives in TRL level and in market competitiveness both reflecting technical
performance. The alternative has the best performance at market demand. However, it scores
lowest in environmental factors. The textile-reinforced composite showed visibly good results
on technical aspects and fair results on environmental and social aspects. However, it had a
very poor economic performance. Lastly, BHET crystals, spandex monomers and cotton and
nylon showed strong results in environmental impact and longevity and recyclability, but this
type of recycling is very innovative and needs further research to improve other aspects.

Environmental impact
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Social aspects Resource efficiency

0.08

0.06

Market competitiveness Longevity and recyclability

Level of research Product price
Technology maturity Market demand
Mycelium-based composite Textile reinforced composite
m Bio-oil and TPA BHET crystals, spandex monomers, cotton, nylon

Fig. 2. Normalized weighted scores for all criteria for each alternative.
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3.4. Results of the Sensitivity Analysis

A sensitivity analysis is carried out to see how the results respond to changes in the weight
or impact of the criteria. The analysis was performed for all criteria. For most criteria, the
mycelium-based material maintained its position as the best alternative: in eight out of nine
criteria. This indicates that even if the weights were changed in the MCDA analysis, the
mycelium-based material would be the best alternative. The only criterion that resulted in the
mycelium-based material losing first place was the “Level of Research” (see Fig. 3). If the
weight of this criterion were to increase at least 1.5 times, the best alternative would be TRC.
This is mainly because TRC is the second best alternative and has been studied considerably
more than the other alternatives.

S 1.00

=

2 0.80

I

5 g 0.60 —

E3 040

27

=4 0.20

g

5 0.00

=

~ 0.01 0.5 1 1.5 2 2.5
Unitary variation ratio

e Bi0-0il and TPA e Textile reinforced composite

BHET crystals, spandex monomers, cotton, nylon e Mycelium-based composite

Fig. 3. Results of sensitivity analysis for Level of Research criterion.

4. CONCLUSIONS

The EU is moving towards a circular economy in textiles, but there are several obstacles in
the way. Currently, there are no commercially viable technologies to recycle mixed textiles
back into textiles or high value-added products. This study therefore looked at what has been
researched so far on post-consumer mixed textile recycling and assessed which technology
should be further developed based on economic, environmental, social and technical factors.

The literature analysis identified 27 articles on textile recycling. Only 4 of these articles
met the requirements - input textiles are mixed and post-consumer. This shows that the topic
is not sufficiently researched and that there are not enough technologies under development
to recycle mixed post-consumer textiles.

These four products and product groups were further compared using the MCDA. Nine
criteria were used. The results showed that the mycelium-based material has the highest
potential for further development (0.63). It is relatively well researched, has a simple
production process, has a high economic viability and market potential and has significant
environmental advantages. The sensitivity analysis showed that mycelium-based material
would remain the best alternative in most cases, even if the weights of the criteria were to be
changed.

As the comparison of products is based on data found in the literature, further in-depth
research is needed before the product can be commercialized. The technical characteristics of
the product should be re-examined, an environmental, social, technical and economic
assessment should be carried out and only then the product could be tested on a pilot scale.

338
254



Environmental and Climate Technologies

2025 /29

ACKNOWLEDGMENT

This research was supported by the EU Recovery and Resilience Facility within Project No 5.2.1.1.1.0/2/24/1/CFLA/003
“Implementation of consolidation and management changes at Riga Technical University, Liepaja University, Rezekne
Academy of Technology, Latvian Maritime Academy and Liepaja Maritime College for the progress towards excellence
in higher education, science and innovation” academic career doctoral grant (ID 1033).

REFERENCES

[1] Abrishami S., Shirali A., Sharples N., Kartal G. E., Macintyre L., Doustdar O. Textile Recycling and Recovery: An
Eco-friendly Perspective on Textile and Garment Industries Challenges. Text. Res. J. 2024:94(23-24):2815-2834.
https://doi.org/10.1177/00405175241247806

[2] Ellen MacArthur Foundation. A new textiles economy: Redesigning fashion’s future. 2017.

[3] United Nations. The 2030 Agenda for Sustainable Development. [Online]. [Accessed: 20.03.2025]. Available:
https://www.un.org/sustainabledevelopment/development-agenda/

[4] European Commission. Communication from the commission to the European parliament, the council, the European
economic and social committee and the committee of the regions. A new Circular Economy Action Plan. Brussels,
2020. [Online]. [Accessed: 13.02.2025]. Available: https://eur-lex.europa.eu/legal-
content/EN/TXT/?qid=1583933814386&uri=COM:2020:98:FIN

[5] European Union. Directive 2008/98/EC of the European Parliament and of the Council on waste and repealing certain
directives. Official Journal of the European Union, 2018.

[6] McKinsey & Company. Scaling textile recycling in Europe: Turning waste into value. 2022. [Online]. [Accessed:
17.03.2025].  Available:  https://www.mckinsey.com/industries/retail/our-insights/scaling-textile-recycling-in-
europe-turning-waste-into-value#/

[71 European Environment Agency. Management of used and waste textiles in Europe’s circular economy. In EEA
Briefing. LU: Publications Office, 2024. [Online]. [Accessed: 18.03.2025]. Available:
https://data.europa.eu/doi/10.2800/229868

[8] Matayeva A., Madsen A. S., Biller P. Evaluation of different fiber impurities on hydrothermal liquefaction of mixed
textile waste. Resour. Conserv. Recycl. 2023:190:106833. https://doi.org/10.1016/j.resconrec.2022.106833

[9] Seifali Abbas-Abadi M. et al. Advancing Textile Waste Recycling: Challenges and Opportunities Across Polymer
and Non-Polymer Fiber Types. Polymers 2025:17(5):628. https://doi.org/10.3390/polym17050628

[10] Lu L. et al. Current recycling strategies and high-value utilization of waste cotton. Sci. Total Environ.
2023:856:158798. https://doi.org/10.1016/j.scitotenv.2022.158798

[11] Pensupa N. ef al. Recent Trends in Sustainable Textile Waste Recycling Methods: Current Situation and Future
Prospects. In Chemistry and Chemical Technologies in Waste Valorization, Lin C. S. K., Ed., in Topics in Current
Chemistry Collections. Cham: Springer International Publishing, 2017:189-228. https://doi.org/10.1007/978-3-319-
90653-9 7

[12] Shahid M. A., Raza M., Javed M. A., Khan Z., Ali S., Ahmad I. Prospects and challenges of recycling and reusing
post-consumer garments: A review. Clean. Eng. Technol. 2024:19:100744.
https://doi.org/10.1016/j.clet.2024.100744

[13] Baloyi R. B., Gbadeyan O. J., Sithole B., Chunilall V. Recent advances in recycling technologies for waste textile
fabrics: A review. Text. Res. J. 2024:94(3—4):508-529. https://doi.org/10.1177/00405175231210239

[14] Wang S., Salmon S. Progress toward Circularity of Polyester and Cotton Textiles. Sustain. Chem. 2022:3(3):376—
403. https://doi.org/10.3390/suschem3030024

[15] Loo S.-L., Yu E., Hu X. Tackling critical challenges in textile circularity: A review on strategies for recycling
cellulose and polyester from blended fabrics. J. Environ. Chem. Eng. 2023:11(5):110482.
https://doi.org/10.1016/j.jece.2023.110482

[16] Andini E., Bhalode P., Gantert E., Sadula S., Vlachos D. G. Chemical recycling of mixed textile waste. Sci. Adv.
2024:10(27):eado6827. https://doi.org/10.1126/sciadv.ado6827

[17] Patel N., Blumberga D. Insights of Bioeconomy: Biopolymer Evaluation Based on Sustainability Criteria. Environ.
Clim. Technol. 2023:27(1):323-338. https://doi.org/10.2478/rtuect-2023-0025

[18] Valtere M., et al. The Versatility of the Bioeconomy. Sustainability Aspects of the Use of Bran. Environ. Clim.
Technol. 2022:26(1):658—669. https://doi.org/10.2478/rtuect-2022-0050

[19] Zlaugotne B., Zihare L., Balode L., Kalnbalkite A., Khabdullin A., Blumberga D. Multi-Criteria Decision Analysis
Methods Comparison. Environ. Clim. Technol. 2020:24(1):454-471. https://doi.org/10.2478/rtuect-2020-0028

[20] Ibafiez-Forés V., Bovea M. D., Pérez-Belis V. A holistic review of applied methodologies for assessing and selecting
the optimal technological alternative from a sustainability perspective. J. Clean. Prod. 2014:70:259-281.
https://doi.org/10.1016/j.jclepro.2014.01.082

339
255



Environmental and Climate Technologies
2025 /29

[21] Mertzanakis C., Vlachokostas C., Toufexis C., Michailidou A. V. Closing the Loop between Waste-to-Energy
Technologies: A Holistic Assessment Based on Multiple Criteria. Energies 2024:17(12):2971.
https://doi.org/10.3390/en17122971

[22] Levénen J., Uusitalo V., Harri A., Kareinen E., Linnanen L. Innovative recycling or extended use? Comparing the
global warming potential of different ownership and end-of-life scenarios for textiles. Environ. Res. Lett.
2021:16(5):054069. https://doi.org/10.1088/1748-9326/abfac3

[23] Mankins J. C. Technology readiness assessments: A retrospective. Acta Astronaut. 2009:65(9—-10):1216-1223.
https://doi.org/10.1016/j.actaastro.2009.03.058

[24] Ono S., Tsusaka T. W. Comparative Analysis of Environmental, Economic, and Social Criteria for Plastic Recycling
Technology Selection in India, Sri Lanka, Pakistan, and Thailand. Int. J. Sustain. Dev. Plan. 2023:18(8):2461-2471.
https://doi.org/10.18280/ijsdp.180817

[25] Li P., Qian H., Wu J., Chen J. Sensitivity analysis of TOPSIS method in water quality assessment: 1. Sensitivity to
the parameter weights. Environ. Monit. Assess. 2013:185(3):2453-2461. https://doi.org/10.1007/s10661-012-2723-
9

[26] Echeverria C. A., Handoko W., Pahlevani F., Sahajwalla V. Cascading use of textile waste for the advancement of
fibre reinforced composites for building applications. J. Clean. Prod. 2019:208:1524-1536.
https://doi.org/10.1016/j.jclepro.2018.10.227

[27] Gomez T. S., et al. Development of a myco-material based on textile and agro-industrial waste for thermal insulation.
E3S Web Conf. 2024:546:03003. https://doi.org/10.1051/e3sconf/202454603003

[28] Li M., Luo J., Huang Y., Li X., Yu T., Ge M. Recycling of waste poly(ethylene terephthalate) into flame-retardant
rigid polyurethane foams. J. Appl. Polym. Sci. 2014:131(19):app.40857. https://doi.org/10.1002/app.40857

[29] Sun H., Chen Z., Zhou J., Chen L., Zuo W. Recovery of high-quality terephthalic acid from waste polyester textiles
via a neutral hydrolysis method. J. Environ. Chem. Eng. 2024:12(3):112558.
https://doi.org/10.1016/j.jece.2024.112558

[30] Ravikumar D., Mani P., Bernaurdshaw N., Vajiravelu S. Microwave-Induced Chemical Recycling of Colored
Polyester Textile Wastes Promoted by Zn[(L)Proline]z, as a Recyclable Homogeneous Catalyst. Waste Biomass
Valorization 2024:15(8):4585-4598. https://doi.org/10.1007/s12649-024-02522-3

[31] Kirstein M., et al. Monomer Recycling and Repolymerization of Post-Consumer Polyester Textiles. Chem. Ing. Tech.
2023:95(8):1290-1296. https://doi.org/10.1002/cite.202200197

[32] Islam S., Bhat G., Mani S. Life cycle assessment of thermal insulation materials produced from waste textiles. J.
Mater. Cycles Waste Manag. 2024:26(2):1071-1085. https://doi.org/10.1007/s10163-023-01882-7

[33] Hussain A., Goljandin D., Podgursky V., Abbas M. M., Krasnou 1. Experimental mechanics analysis of recycled
polypropylene-cotton composites for commercial applications. Adv. Ind. Eng. Polym. Res. 2023:6(3):226-238.
https://doi.org/10.1016/j.aiepr.2022.11.001

[34] Sanchis-Sebastia M., Ruuth E., Stigsson L., Galbe M., Wallberg O. Novel sustainable alternatives for the fashion
industry: A method of chemically recycling waste textiles via acid hydrolysis. Waste Manag. 2021:121:248-254.
https://doi.org/10.1016/j.wasman.2020.12.024

[35] Ruuth E., ef al. Reclaiming the Value of Cotton Waste Textiles: A New Improved Method to Recycle Cotton Waste
Textiles via Acid Hydrolysis. Recycling 2022:7(4):57. https://doi.org/10.3390/recycling 7040057

[36] Cao H., Cobb K., Yatvitskiy M., Wolfe M., Shen H. Textile and Product Development from End-of-Use Cotton
Apparel: A Study to Reclaim Value from Waste. Sustainability 2022:14(14):8553.
https://doi.org/10.3390/sul14148553

[37] Singh V., Wyatt J., Zoungrana A., Yuan Q. Evaluation of Vermicompost Produced by Using Post-Consumer Cotton
Textile as Carbon Source. Recycling 2022:7(1):10. https://doi.org/10.3390/recycling7010010

[38] Opalkova Siskova A., et al. Reuse of Textile Waste to Production of the Fibrous Antibacterial Membrane with
Filtration Potential. Nanomaterials 2021:12(1):50. https://doi.org/10.3390/nano 12010050

[39] Raj M., Fatima S., Tandon N. Recycled materials as a potential replacement to synthetic sound absorbers: A study
on denim shoddy and waste jute fibers. Appl. Acoust. 2020:159:107070.
https://doi.org/10.1016/j.apacoust.2019.107070

[40] Aman, Tonk D., Shokeen K., Singh D. K. Development of fire retarding composite board for fire compartmentation
application using waste denim: A review. Mater. Today Proc. 2022:60:259-266.
https://doi.org/10.1016/j.matpr.2021.12.513

[41] Vadivel R., Nirmala M., Raji K., Siddaiah B., Ramamurthy P. Synthesis of highly luminescent carbon dots from
postconsumer waste silk cloth and investigation of its electron transfer dynamics with methyl viologen dichloride. J.
Indian Chem. Soc. 2021:98(11):100181. https://doi.org/10.1016/].jics.2021.100181

[42] Bediako J. K., Wei W., Yun Y.-S. Low-cost renewable adsorbent developed from waste textile fabric and its
application to heavy metal adsorption. J. Taiwan Inst. Chem. Eng. 2016:63:250-258.
https://doi.org/10.1016/].jtice.2016.03.009

[43] Zhang J., et al. Fabrication of leather-like yarns using waste leather for textile application. Prog. Org. Coat.
2024:186:108053. https://doi.org/10.1016/j.porgcoat.2023.108053

340
256



Environmental and Climate Technologies

2025 /29

[44] Haslinger S., Hummel M., Anghelescu-Hakala A., Maattdnen M., Sixta H. Upcycling of cotton polyester blended
textile waste to new man-made cellulose fibers. Waste Manag. 2019:97:88-96.
https://doi.org/10.1016/j.wasman.2019.07.040

[45] Xia G., et al. Complete recycling and valorization of waste textiles for value-added transparent films via an ionic
liquid. J. Environ. Chem. Eng. 2021:9(5):106182. https://doi.org/10.1016/j.jece.2021.106182

[46] Apostolopoulou-Kalkavoura V., Fijot N., Lombardo S., Ruiz-Caldas M., Mathew A. P. In Situ Functionalisation and
Upcycling of Post-Consumer Textile Blends into 3D Printable Nanocomposite Filaments. Adv. Sustain. Syst.
2024:8(9):2400132. https://doi.org/10.1002/adsu.202400132

[47] Hu Y., Du C., Pensupa N., Lin C. S. K. Optimisation of fungal cellulase production from textile waste using
experimental design. Process Saf. Environ. Prot. 2018:118:133—142. https://doi.org/10.1016/j.psep.2018.06.009

[48] Mihalyi S., et al. Simultaneous saccharification and fermentation with Weizmannia coagulans for recovery of
synthetic fibers and production of lactic acid from blended textile waste. Resour. Conserv. Recycl. 2023:196:107060.
https://doi.org/10.1016/j.resconrec.2023.107060

[49] El Wazna M., El Fatihi M., El Bouari A., Cherkaoui O. Thermo physical characterization of sustainable insulation
materials made from textile waste. J. Build. Eng. 2017:12:196-201. https://doi.org/10.1016/j.jobe.2017.06.008

[50] Cay A., Yanik J., Akduman C., Duman G., Ertag H. Application of textile waste derived biochars onto cotton fabric
for improved performance and functional properties. J. Clean. Prod. 2020:251:119664.
https://doi.org/10.1016/j.jclepro.2019.119664

[51] Lapa H. M., Martins L. M. D. R. S. p-Xylene Oxidation to Terephthalic Acid: New Trends. Molecules
2023:28(4):1922. https://doi.org/10.3390/molecules28041922

[52] Guo G., He Y., Jin F., Masek O., Huang Q. Application of life cycle assessment and machine learning for the
production and environmental sustainability assessment of hydrothermal bio-oil. Bioresour. Technol.
2023:379:129027. https://doi.org/10.1016/j.biortech.2023.129027

[53] Ecoinvent 3.10. Crude ‘petroleum’ oil. RoW market for petroleum.

[54] Gian M., Garcia-Velasquez C., Van Der Meer Y. Comparative life cycle assessment of the biochemical and
thermochemical production routes of biobased terephthalic acid using Miscanthus in the Netherlands. Clean. Environ.
Syst. 2022:6:100085. https://doi.org/10.1016/j.cesys.2022.100085

[55] Arya M., Skrifvars M., Khalili P. Performance and life cycle assessment of composites reinforced with natural fibers
and end-of-life textiles. J. Compos. Sci. 2024:8(6):196. https://doi.org/10.3390/jcs8060196

[56] Ecoinvent 3.10. Glass fibre reinforced plastic, polyamide, injection moulded GLO. Market for glass fibre reinforced
plastic, polyamide, injection moulded.

[57] Luo Y., Selvam E., Vlachos D. G., lerapetritou M. Economic and environmental benefits of modular microwave-
assisted polyethylene terephthalate depolymerization. ACS Sustain. Chem. Eng. 2023:11(10):4209-4218.
https://doi.org/10.1021/acssuschemeng.2c07203

[58] Volk R., et al. Life cycle assessment of mycelium-based composite materials. Resour. Conserv. Recycl.
2024:205:107579. https://doi.org/10.1016/j.resconrec.2024.107579

[59] Elsacker E., Vandelook S., Van Wylick A., Ruytinx J., De Laet L., Peeters E. A comprehensive framework for the
production of mycelium-based lignocellulosic composites. Sci. Total Environ. 2020:725:138431.
https://doi.org/10.1016/j.scitotenv.2020.13843 1

[60] Panwar N. L., Paul A. S. An overview of recent development in bio-oil upgrading and separation techniques. Environ.
Eng. Res. 2020:26(5):200382—-0. https://doi.org/10.4491/eer.2020.382

[61] Valtere M., Bezrucko T., Blumberga D. Analysis of textile circularity potential. Environ. Clim. Technol.
2023:27(1):220-232. https://doi.org/10.2478/rtuect-2023-0017

[62] Borjan D., Knez Z., Knez M. Recycling of carbon fiber-reinforced composites — Difficulties and future perspectives.
Materials 2021:14(15):4191. https://doi.org/10.3390/mal4154191

[63] De Fazio D., Boccarusso L., Formisano A., Viscusi A., Durante M. A review on the recycling technologies of fibre-
reinforced plastic (FRP) materials used in industrial fields. J Mar. Sci. Eng. 2023:11(4):851.
https://doi.org/10.3390/jmse11040851

[64] Bahramian M., Yetilmezsoy K. Life cycle assessment of the building industry: An overview of two decades of
research (1995-2018). Energy Build. 2020:219:109917. https://doi.org/10.1016/j.enbuild.2020.109917

[65] Alaneme K. K., et al. Mycelium based composites: A review of their bio-fabrication procedures, material properties
and potential for green building and construction applications. Alex. Eng. J. 2023:83:234-250.
https://doi.org/10.1016/j.2¢j.2023.10.012

[66] Egan J., Salmon S. Strategies and progress in synthetic textile fiber biodegradability. SN Appl. Sci. 2022:4(1):22.
https://doi.org/10.1007/s42452-021-04851-7

[67] Singh A., et al. Techno-economic, life-cycle, and socioeconomic impact analysis of enzymatic recycling of
poly(ethylene terephthalate). Joule 2021:5(9):2479-2503. https://doi.org/10.1016/j.joule.2021.06.015

[68] Mahmood R., Parshetti G. K., Balasubramanian R. Energy, exergy and techno-economic analyses of hydrothermal
oxidation of food waste to produce hydro-char and bio-oil. Energy 2016:102:187-198.
https://doi.org/10.1016/j.energy.2016.02.042

341
257



Environmental and Climate Technologies

2025 /29

[69] Suriani M. J., et al. Critical review of natural fiber reinforced hybrid composites: Processing, properties, applications
and cost. Polymers 2021:13(20):3514. https://doi.org/10.3390/polym13203514

[70] Silicone coated glass fiber woven roving fiberglass reinforced composite material from factory for composite
materials. [Online]. [Accessed: 13.01.2025]. Available: https://www.alibaba.com/product-detail/Silicone-Coated-
Glass-Fiber-Woven-Roving 60112675930.html

[71] Hashemi A., Derakhshan G., Alizadeh Pahlavani M. R., Abdi B. Techno-economic analysis of a stand-alone hybrid
wind-power fuel-cell grid system: A case study in Shahryar region of Tehran. Environ. Clim. Technol.
2020:24(1):691-705. https://doi.org/10.2478/rtuect-2020-0043

[72] Alemu D., Tafesse M., Mondal A. K. Mycelium-based composite: The future sustainable biomaterial. Int. J.
Biomater. 2022:2022(1). https://doi.org/10.1155/2022/8401528

[73] Verified Market Reports. Global purified terephthalic acid (PTA) market by type (Type 1, Type 2), by application
(Polyester, Polybutylene Terephthalate (PBT)), by geographic scope and forecast. [Online]. [Accessed: 18.12.2024].
Available: https://www.verifiedmarketreports.com/product/purified-terephthalic-acid-pta-market/

[74] Verified Market Reports. Global bio-oil market by type (Bioethanol, Biodiesel), by application (Industrial fuels,
Transportation fuels), by geographic scope and forecast. [Online]. [Accessed: 18.12.2024]. Available:
https://www.verifiedmarketreports.com/product/bio-oil-market/

[75] Starits Research. Construction composites market size, share & trends analysis report. [Online]. [Accessed:

18.12.2024]. Available: https://straitsresearch.com/report/construction-composites-market

Starits Research. Construction Composites Market Size, Share & Trends Analysis Report by Resin. Forecasts, 2024—

2032. [Online]. [Accessed: 18.12.2024]. Available: https://straitsresearch.com/report/construction-composites-

market

[76] GVR. Insulation Market Size, Share & Trends Analysis Report by Product (Glass Wool, Mineral Wool, EPS, XPS,
CMS Fibers), By End-use (Construction, Industrial, HVAC & OEM), By Region, And Segment Forecasts, 2024—
2030.  [Online].  [Accessed:  18.12.2024].  Available:  https://www.grandviewresearch.com/industry-
analysis/insulation-market

[77] FORTUNE. Polyethylene Terephthalate (PET) Market Size, Share & Industry Analysis, By Type (Virgin and
Recycled), Application (Rigid Packaging, Film, Sheets & Straps, and Others), and Regional Forecast, 2024—-2032.
[Online]. [Accessed: 20.12.2024]. Available: https://www .fortunebusinessinsights.com/industry-
reports/polyethylene-terephthalate-pet-market-101743

[78] DATAINTELO. Recycled Cotton Yarn Market. [Online]. [Accessed: 21.12.2024]. Available:
https://dataintelo.com/report/global-recycled-cotton-yarn-market

[79] Matayeva A., Biller P. Hydrothermal liquefaction of post-consumer mixed textile waste for recovery of bio-oil and
terephthalic acid. Resour. Conserv. Recycl. 2022:185:106502. https://doi.org/10.1016/j.resconrec.2022.106502

[80] Sulochani R. M. N., Jayasinghe R. A., Priyadarshana G., Nilmini A. H. L. R., Ashokcline M., Dharmaratne P. D.
Waste-based composites using post-industrial textile waste and packaging waste from the textile manufacturing
industry for non-structural applications. Sustain. Chem. Environ. 2024:8:100163.
https://doi.org/10.1016/j.scenv.2024.100163

[81] Mohan S., Thilagavathi G., Rajkhowa R. Development of micro dust reinforced composite for building applications.
J. Clean. Prod. 2024:470:143244. https://doi.org/10.1016/].jclepro.2024.143244

[82] Kamble Z., Behera B. K. Sustainable hybrid composites reinforced with textile waste for construction and building
applications. Constr. Build. Mater. 2021:284:122800. https://doi.org/10.1016/j.conbuildmat.2021.122800

[83] Rakhsh Mahpour A., Ventura H., Ardanuy M., Rosell J. R., Claramunt J. The effect of fibres and carbonation
conditions on the mechanical properties and microstructure of lime/flax composites. Cem. Concr. Compos.
2023:138:104981. https://doi.org/10.1016/j.cemconcomp.2023.104981

[84] Suthatho A., Rattanawongkun P., Tawichai N., Tanpichai S., Boonmahitthisud A., Soykeabkaew N. Low-density all-
cellulose composites made from cotton textile waste with promising thermal insulation and acoustic absorption
properties. ACS Appl. Polym. Mater. 2024:6(1):390-397. https://doi.org/10.1021/acsapm.3c02076

[85] Kamble Z., Behera B. K. Fabrication and performance evaluation of waste cotton and polyester fiber-reinforced green
composites for building and construction applications. Polym. Compos. 2021:42(6):3025-3037.
https://doi.org/10.1002/pc.26036

[86] Dev B., Rahman M. A., Tazrin T., Islam M. S., Datta A., Rahman M. Z. Investigation of mechanical properties of
nonwoven recycled cotton/PET fiber-reinforced polyester hybrid composites. Macromol. Mater. Eng.
2024:309(6):2400020. https://doi.org/10.1002/mame.202400020

[87] Zhou W., Huang H., Du S., Wang Q., He J., Cui S. Facile fabrication of polyester filament fabric with highly and
durable hydrophilic surface by microwave-assisted glycolysis. J. Appl. Polym. Sci. 2016:133(40):app.44069.
https://doi.org/10.1002/app.44069

[88] Ruiz A., Cogdell C., Mak J., Rowe A., Wan S., La Saponara V. Valorization and biorefinery of local agricultural and
textile wastes through mycelium composites for structural applications. Res. Dir. Biotechnol. Des. 2024:2:¢10.
https://doi.org/10.1017/btd.2024.8

[89] Saini R., Kaur G., Brar S. K. Textile residue-based mycelium biocomposites from Pleurotus ostreatus. Mycology
2024:15(4):683-689. https://doi.org/10.1080/21501203.2023.2278308

[75

[}

342
258



Environmental and Climate Technologies

2025 /29

[90] Jiang L., Walczyk D., Mclntyre G. A new approach to manufacturing biocomposite sandwich structures:
Investigation of preform shell behavior. J. Manuf. Sci. Eng. 2017:139(2):021014. https://doi.org/10.1115/1.4034278

[91] Jiang L., Walczyk D., Mclntyre G., Bucinell R., Li B. Bioresin infused then cured mycelium-based sandwich-
structure biocomposites: Resin transfer molding (RTM) process, flexural properties, and simulation. J. Clean. Prod.
2019:207:123-135. https://doi.org/10.1016/j.jclepro.2018.09.255

[92] Jiang L., Walczyk D., McIntyre G., Bucinell R., Tudryn G. Manufacturing of biocomposite sandwich structures using
mycelium-bound cores and preforms. J. Manuf. Process. 2017:28:50-59.
https://doi.org/10.1016/j.jmapro.2017.04.029

[93] Jiang L., Walczyk D. F., Li B. Modeling of glue penetration into natural fiber reinforcements by roller infusion. J.
Manuf. Sci. Eng. 2018:140(4):041006. https://doi.org/10.1115/1.4038514

[94] Nagappan S., ef al. Catalytic hydrothermal liquefaction of biomass into bio-oils and other value-added products — A
review. Fuel 2021:285:119053. https://doi.org/10.1016/j.fuel.2020.119053

[95] InsulationGo. ~ What is  thermal conductivity? [Online]. [Accessed:  16.01.2024].  Available:
https://insulationgo.co.uk/thermal-conductivity/

[96] Lowry P. P., Wagner K. A. Hydrothermal liquefaction treatment hazard analysis report. PNNL--24219 Rev 3,
1406834. Sep. 2016. https://doi.org/10.2172/1406834

[97] Asmatulu E., Alonayni A., Alamir M. Safety concerns in composite manufacturing and machining. In: Naguib H. E.,
ed. Behavior and Mechanics of Multifunctional Materials and Composites XII. Denver, United States: SPIE; Mar.
2018:68. https://doi.org/10.1117/12.2296707

[98] Beigzadeh Z., Pourhassan B., Kalantary S., Golbabaei F. Occupational exposure to wood dust and risk of
nasopharyngeal cancer: A systematic review and meta-analysis. Environ. Res. 2019:171:170-176.
https://doi.org/10.1016/j.envres.2018.12.022

[99] European  Chemicals  Agency  (ECHA).  Ethane-1,2-diol. [Online]. [Accessed: 19.01.2025].
https://echa.europa.eu/lv/substance-information/-/substanceinfo/100.003.159

[100] Balaes T., Radu B.-M., Tanase C. Mycelium-composite materials — A promising alternative to plastics? J. Fungi
2023:9(2):210. https://doi.org/10.3390/j0£9020210

[101] Baxi S. N., et al. Exposure and health effects of fungi on humans. J. Allergy Clin. Immunol. Pract. 2016:4(3):396—
404. https://doi.org/10.1016/].jaip.2016.01.008

[102] Higgins C., Margot H., Warnquist S., Obeysekare E., Mehta K. Mushroom cultivation in the developing world: A
comparison of cultivation technologies. In: 2017 IEEE Global Humanitarian Technology Conference (GHTC). San
Jose, 2017:1-7

343
259



Teréza Bezrucko dzimusi 1982. gada Riga. Rigas Tehniskaja universitate
(RTU) ieguvusi augstako izglitibu ekonomika (2009), bakalaura gradu
vides zinatné (2020) un magistra gradu vides inZenierija (2022). Kops
2008. strada RTU Vides aizsardzibas un siltuma sistéemu institotag,
patreiz ienemot pétnieces un projektu administrativas vaditdjas
amatu. Sniegusi ieguldijumu 76 zindtnisko projektu realizacija un
sanémusi RTU Goda un RTU Atzinibas rakstus par lielu personigo
ieguldijumu universitates attistibd. Zinatniskds intereses saistitas ar
aprites ekonomiku un rpniecisko procesu analizi.
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