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MC -
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terrestrial

aprekinata dispersija/explained sum of squares

fenola - formaldehida sveku lime/ phenol-formaldehyde resin
siko dalinu forméSanas potencials/ fine particulate matter
formation potential

Furjé transformacijas infrasarkana spektroskopija/ Fourier
tranform infrared spectroscopy

globalas sasil$anas potencials/ global warming potential
globalas sasilanas potencials - biogeniskais/ global warming
potential-biogenic

globalas sasilSanas potencials — fosilais/ global warming
potential-fossil

globalas sasilSanas potencials — zemes lietojums un zemes
lietojuma izmainas/ global warming potential land use and land
use changes

globalas sasilSanas potencials — kopgjais/ global warming
potential-total

hibrida poliméra Iime/ hybrid polymer glue

jonizgjosas radiacijas potencials/ ionized radiation potential
iek§&ja pelnas norma/ internal rate of return

Latvijas Biozinatnu un tehnologiju universitate/Latvia University
of Life Sciences and Technologies

dzives cikla novertgjums/ life cycle assessment

dzives cikla ietekmes uz vidi novértgjums/life cycle impact
assessment

A/S “Latvijas Finieris”/ JSC “Latvijas Finieris”

relativais gaisa mitruma saturs/ relative moisture content of air



MEE -

ML -
MUF -

NPV -
ODP -

PED -
POCP -

PT-
PU -
RI -

RSS -

SD -
TAP -

TSS -
VT -

WDP -
WTT -

lidzsvara mitrums un mitruma adsorbcijas samazinaSanas
efektivitate/ moisture exclusion efficiency

masas zudumi/ mass loss

melamina-urinvielas-formaldehida lime/ melamine-urea-
formaldehyde glue

neto pasreizgja vertiba/ net present value

stratosféras ozona slana noardiSanas potencials/ ozone depletion
potential

pirméjas energijas noplicinasanas/ primary energy depletion
fotokimiskais ozona raSanas potencials/ photochemical ozone
creation potential

prieksapstrade/ pre-treatment

poliuretana lime/ polyurethane glue

dalinu skaits/potential ecological risk index

novertéta dispersija/residual sum of squares

suberinskabju saistviela/ suberinic acids adhesive
standartnovirze/ standard deviation

zemes paskabinaSanas potencials/ terrestrial acidification
potential

kopgja dispersija/total sum of squares

termiska modifikacija vakuuma (termovuoto)/ thermal
modification at reduced pressure (termovuoto)

udens izsik$anas potencials/ water depletion potential

termiska modifikacija idens tvaika vidé/ thermal modification in
a water vapour environment at elevated pressure
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1. ZINATNISKA DARBA VISPAREJS RAKSTUROJUMS
Promocijas darba temas izveles pamatojums un aktualitate

Koksne ir dabisks materials, un tas dzives cikls ietver noardisanos, ko
veicina seénes, baktérijas un kukaini. Materiala sp&u pretoties biologiskai
noardiSanai sauc par bioizturibu. Tadas koku sugas ka apse (Populus tremula L.)
un bérzs (Betula pendula L.) pieder pie biologiski neizturigam koku sugam.

Pasaule pieaugot pieprasijumam pec koksnes resursiem, bioizturigo sugu
piedavajums sartk. Tadel ir butiski rast pielietojumu ar biologiski ne tik izturigam
koku sugam, paaugstinot to bioizturibu ar dazadiem panémieniem. Koksnes
modifikacija ir process, kura mérkis ir uzlabot fizikalas, mehaniskas vai estétiskas
pasibas, pieméram, novérst zemu bioizturibu, izméru nestabilitati un jutibu pret
mitruma satura izmainadm. Modifikacijas nozimi palielina arT pieaugosa izpratne un
pastiprinatais likumiskais regulg&jums koksnes aizsardzibas Iidzeklu pielietoSanas
joma.

Koksnes termiska modifikacija ir modifikacijas veids, kura tiek izmantota
tikai temperattira, kas veicina izmainas koksnes kimiskaja sastava un koksnes
§iinas sieninas struktiira. ST apstrade paaugstina koksnes bioizturibu, samazina
tidens uzstksanos jeb higroskopiskumu un uzlabo formas stabilitati, padarot to
piemérotu lietoSanai ara apstaklos Termiska modifikacija vakuuma (VT) jeb
THERMOVUOTO® ir patentéta tehnologija, kas samazina skabekla koncentraciju
un ar vakuuma palidzibu aizvada gaistoSos organiskos savienojumus, tadgjadi
nodro$inot mazakus masas zudumus procesa un mazak samazinatas mehaniskas
Tpasibas.

Saplaksnis ir daudzpusigs materials ar plasu pielietojumu. Ta TpaSibas
padara to par svarigu materialu celtnieciba, slodzém paklautas konstrukcijas,
betona veidnu platngs, mébelu razoSana, ieksgja apdaré, gridas segumos,
transporta, un citas nozarés. 2024. gada Eiropas Savienibas valstis sarazoti
2.7 miljoni m*® saplak$§nu un pasaulé pieaug pieprasijums péc saplaksnu
materialiem un produktiem. Izejmaterialu izvéle, kas nosaka saplaksnu cenu un
pasibas, ir ]oti bitiska.

Promocijas darba merkis: iegiit jaunas zinasanas par Termovuoto procesa
termiski modific€tiem berza, apses un papeles finieriem, un to potencialo

pielietojumu saplak$nu razoSana.

Pétnieciska hipoteze: no Termovuoto procesa termiski modific€tiem finieriem ir
iespgjams ieght niSas produktu — ara apstakliem piem&rotus saplaksnus.

Darba mérka sasnieg8anai izvirziti sekojosi uzdevumi:

1. raksturot finiera modific€Sanas procesu un iegiita materiala 1pasibas;
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2.  izpéetit saplaksnu iegiiSanas iespgjas;
3. novertet jauna materiala ietekmi uz vidi;
4.  izveleties optimalu un ekonomiski pamatotu saplak$nu kompoziciju.

Promocijas darba hipotéze ir aizstavama ar sekojosam tézem:

1. termovuoto procesa termiski modificti finieri ir labak piemeroti
saplaksnu razosanai neka WTT procesa modificéti finieri;

2. no berza saplak$nu razoSanas blakusprodukta — berza tass iegiita
suberinskabes saistviela ir piemerota 3. lietojuma klasei atbilstosu
saplaksnu razoSanai;

3. saplakspiem no Termovuoto procesa termiski modificEtiem
finieriem, I[im&tiem ar suberinskabes saistvielu, ir mazaka ietekme uz
vidi neka ar fenola-formaldehida limi Iim&tiem bérza saplaks$niem;

4. saplak$ni no Termovuoto procesa termiski modificétiem finieriem,
liméti ar suberinskabes saistvielu, ir ekonomiski pamatots nisas
produkts.

Zinatniska novitate:
e jauna nisas produkta izpgte;
e inovativas Iimvielas izmantoSana;
o termiskas modifikacijas procesu salidzinajums planiem finieriem;
e ictekmes uz vidi noveért€jums jaunajam produktam.

Pienesums nozares attistiba:

jauna niSas produkta izpéte, produkta vides deklaraciju salidzinajums ar
nemodificétiem un ar fenola-formaldehida svekiem lim&tiem tradicionalajiem
bérza saplakspiem.

Darba struktiira un apjoms:

Promocijas darbs sastav no 3 nodalam:
1. literataras apskats;
2. materiali un metodes;
3. rezultati un to izvért&jums.

Darbs noforméts uz 115 lappusém, ar 66 attéliem, 44 tabulam un 28 formulam.
Izmantoto informacijas avotu saraksta ietilpst: 126 literatiiras avoti, 20 standarti
un normativi. Promocijas darba kopsavilkuma ieklautos literattiras avotus skatit
promocijas darba.
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2. MATERIALI UN METODES
2.1. Finieru izgatavosana, atlase un termiska modifikacija

Eksperimentu veik$anai izmantoti lobita bérza (Betula pendula Roth) 1.5 mm
biezi finieri, kas sagatavoti A/S ”Latvijas Finieris”, apses (Populus tremula L.) 2.5
mm biezi finieri, kas sagatavoti SIA “Riga Veneer”, un papeles (Populus x
canadensis Moench) 1.5 mm biezi finieri, kas sagatavoti “Toro Compensanti”
ripnica Italija. Izmantotie finieri raksturo materialu, kads ir pieejams razo$ana un
parbaudém, paraugu izgatavoSanai izveleti finieri bez redzamam koksnes vainam
un razoSanas defektiem.

Izmantotas divas termiskas modific€Sanas metodes:

1. Termo — vakuuma tehnologija TERMOVOUTO® (VT) péc klasifikacijas
uzskatama par atvertu sistému sausos modifikacijas apstaklos, ar pazeminatu
spiedienu 25 kPa tiek nodroSinata gan skabekla, gan procesa laika radusos
koksnes destrukcijas produktu aizvadiS$ana. Finieru sildiSana notick konvektivi
caur aluminija plaksném (skat. 2.1. att.) Kop&jais modifikacijas laiks no 13 lidz
24 stundam. Sis termiskas apstrades veids veikts visu trTs sugu finieriem piecos
modifikacijas reZimos (skat. 2.2. att). Modifikacijas rezimi izvéleti, lai
vispirms atkartotu WTT optimalo rezimu 160/50, ka arf, lai atkartotu $1 reZima
masas zudumus (214/120), iegiitu par 2% lielakus (217/180) un par 2%
mazakus (204/120) masas zudumus.

A -

2.1. att. Finieri starp aluminija plaksném modificéSanai VT procesa
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2.2. att. VT termiskas modifikacijas grafiki:

a un b modifikacijas paralélas reizes

2. WTT tehnologija - Koksnes termiska modifikacija paaugstinata mitruma
apstaklos — tdens tvaika vidé veikta Wood Thermal Technology (WTT)
iekarta (skat. 2.3. att.) iepriek§ noteikta optimala reZima ar maksimalas
termiskas apstrades temperatiiras 160 °C nodrosinasanu 50 min. Sakotngji
koksnes materials tiek vakuuméts, lai samazinatu skabekla daudzumu
iekarta, modifikacija noris fidens tvaika vidé ~ 0.6 MPa spiediena, procesa
tiek pateréti 15.6 1 tdens. Kopgjais termiskas modifikacijas procesa laiks ir
no 26 lidz 27 stundam. Lidz 100 °C temperatiiras celSanas atrums ir no 0.16
lidz 0.22 °C miniite, savukart no 100 °C lidz maksimalajai temperatirai
temperatiiras cel3anas atrums ir 1&naks - no 0.12 1idz 0.16 °C min‘* (skat. 2.4.
att.). Finieru pakas biezums 10 loksnes, kopgjais paraugu skaits 60 finieri.

2.3. att. WTT termiskajai apstradei sagatavoti bérza finieri
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2.4. att. WTT termiskas apstrades procesa likne (Juris Grinins, 2016)

Spiediena paaugstinasanas slégtaja procesa notiek péc vairak neka 6
stundam, sasniedzot tidens varisanas temperatru.

2.2. Termiski modificéto finieru ipasibu noteikSana

Lai analizétu iegtto finieru paSibas, noteikti to masas zudumi termiskas
modifikacijas procesa laika, finieru blivums pirms un péc modifikacijas (ISO
13061-2:2014), finieru krasas izmainas CIEL*a*b krasu sistéma gan pirms, gan
péc modific€sanas, gan dabiskas novecinasanas laika ara apstaklos (ISO/CIE
11664:2019). Noteikts arT finieru Iidzsvara mitrums un mitruma adsorbcijas
samazinasanas efektivitate (ISO 13061-1:2014), uznemti optiskas mikroskopijas
atteli, noteikts finieru virsmas kontaktlenkis un finieru virsmas profils, p&c kura
aprekinats 10 punktu vidgjais raupjums. Noskaidroti Furjé transformacijas
infrasarkanas spektroskopijas spektri paraugiem péc modificéSanas un péc
dabiskas novecinaganas (EN 927-3:2019). Noteikta finieru bioizturiba
laboratorijas apstaklos pret briinas trupes séni Coniophora puteana (skat. 2.5. att.)
(EN 12038:2002). Noteikta finieru robezstipriba stiepé (GOST 20800-75:1976)
un noteikta finieru limes adh&zija perpendikulari $kiedram ar atrausanas testu (1SO
4624:2023).
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2.5. att. Apses finieri 214/120/VT péc 6 nedélu bioizturibas testa

2.3. Saplak$nu sagatavosana un ipasibu noteikSana

P&c termiskas apstrades finiera loksnes kondiciongtas pie relativa mitruma
65+5% un 20 * 3 °C. LiméSanai izmantota suberinskabju saistviela.
Suberinskabes saistvielas raksturlielumi:

e frakcijas lielums mazaks vai vienads ar 1 mm;
sausnes saturs - 20 masas %;
pelnu saturs - 5 masas %;
pH-2;
krasa - briina.

Saistviela ir izstradata un patentéta Latvijas Valsts Koksnes kimijas institata.
Izgatavoto saplaksnu izmers — 290 x 290 x 4.5 mm. Lim&Sanas procesa tiek
noteikta saplakSnu sapres€Sanas pakape. Lai salidzinatu suberinskabes ltmes
izturibu ar komerciali lietotajam ITm&m, izveidoti arT saplaksni, izmantojot tadas
tirgi pieejamas Iimes ka fenola-formaldehida sveki (SFZ-3014), melamina-
formaldehida-urinvielas lime (Casco Adhesives MUF system 1257/7557), hibrida
poliméra lime (Soudal HB Construct) un vienkomponenta poliuretana lime
(PURBOND HB S159). Saplaksnu limé$anas parametri attéloti tabula 2.1.

Saplaksnu Suves stipriba noteikta atbilstosi standartu EN 314-1:2004 un
EN 314-2:1993 prasibam 3. lietojuma klasei ara apstaklos.

Paraugi robezstipribai stiepé - bide izgatavoti no salimétajiem saplaksniem,
kuru garums un platums attiecigi 290 x 290 mm. Katram saplaksnu veidam
izgatavoti 4 saplaksni un no viena saplaksna izgatavoti 20 paraugi jeb kopa vienam
saplaksnu veidam 80 paraugi.
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2.1. tabula

Lime

Temperatiira, °C

Spiediens, MPa Laiks, min

Fenola-

formaldehida sveki
(FF) (SFZ-3014)

145

1.8 7

HB Construct Itme
(HB) (Soudal)

20

1.8 20

Melamina —
urinvielas-
formaldehida lime
(MUF) (CASCO
adhesives
1257/7557)

20

1.8 116

Vienkomponenta
poliuretana lime
(PU) (PURBOND
HB S159)

20

1.8 90

Suberinskabju
saistviela (SA)

215

1.8 5

Paraugi iepriek§ apstradati saskana ar standarta EN 314-1:2004 prasibam
atbilstosai lictosanas klasei, kas sevi ietver dazadus prieksapstrades veidus:
1. 24hiemérksanu tideni pie temperatiiras (20 + 3) °C;
2. 6 hvariSanu tident, tad atdzeséSanu (20 + 3) °C tideni vismaz vienu stundu;
3. 4 hvariSanu ddeni, tad Zavésanu krasni (60 + 3) °C temperattra 16 h, tad
atkartotu 4 h varisanu un p&c tam 1 h atdzesé$anu (20 + 3) °C tdeni;
4. (72 £ 1) h variSanu, tad atdzeséSanu (20 + 3) °C tdenI vismaz vienu

stundu.

Konkreta priekSapstrades veidu kombinacija noteikta atbilstosi EN 314-2:1993
standartam (skat. 2.2. tabulu).

2.2. tabula
Prieksapstrade, nosakot atbilstibu liméSanas klasém
Prieksapstrade, atbilsto$i EN 314-2
LimeéSanas klase standartam
1. 2. 3. 4.
1. klase — iekstelpam X
2. klase — aizsargatos ara apstaklos X X
3. klase — ara apstaklos X X X

Piezime: x - javeic izturéSana pirms parbaudes
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2.4. Dzives cikla novertéjums

Dzives cikla novertgjums veikts, lai novertétu termiski modificétu un ar
suberinskabju saistvielu ITm&tu berza saplaksnu ietekmi uz vidi. Deklaréta vieniba
ir definéta ka 1 m? trisslanu saplaksnis.

Saplaks$nu razoSanas sist€mas robezas ietver bérza mizas ieguvi ka mizoSanas
blakusproduktu, berza mizas ekstrakciju, bérza mizas depolimerizaciju,
suspensijas paskabinasanu un filtraciju, lai iegiitu suberinskabju Iimvielu, visu
izejvielu transportéSanu, finieru termisko modificéSanu un gala saplaksnu
razoSanu, ka arT gatava produkta iepakoSanu, nogadasanu pie klienta un dzives
beigu posmu, kura model&ts, ka 50% lietoto saplaksnu tiek apglabati poligona, un
50% tiek sadedzinati.

Primarie dati par suberinskabju Iimes razoSanu iegiiti laboratorijas méroga
eksperimentos Latvijas Valsts koksnes kimijas institita. Dati par termiski
modificétu finieru raZzo$anu iegiti laboratorijas méroga eksperimentos, kuri veikti
Italijas Nacionalas pétniecibas padomes Bioekonomikas institiita. Savukart dati
par saplaksnu preséSanu iegiti LBTU Meza un vides zinatnpu fakultates
Buvniecibas un kokapstrades institita. Ka sekundaro datu avots izmantota
datubaze Ecoinvent 3.11. IepakoSanas materiali un to daudzums modeléts,
balstoties uz A/S “Latvijas Finieris” beérza saplaksnu produktu vides deklaracijas
datiem. Pienemta raZotnes atrasanas vieta - Dz€rbenes iela 27, Riga.

Aprekini veikti ar brivpieejas dzives cikla aprékinu programmu openLCA, ka
ietekmes uz vidi novértejuma metode izvéléta ReCiPe 2016 (H) midpoint, lai péc
tam biitu iespgjams aprékinat vides izmaksas, balstoties uz vides cenu
rokasgramatas datiem Eiropas Savienibai.

2.5. Laboratoriski izveidoto saplak$nu tuvinatie ekonomiskie aprékini

Saplaksnu cenas aprékinam izmantoti finansu vadibas pamatprincipi, cenu
veidojot, nemot vera materialu izmaksas, darbaspeka izmaksas, ieskaitot nodoklus
un riska nodevu, fiksétas izmaksas, tadas ka iekartu nolietojums, raZzoSanas telpu
ire un komunalie pakalpojumi, ka arT netiesas izmaksas, kuras ieklauta atkritumu
apsaimniekoSana. Administrativas izmaksas rékinatas ka 10% no razosanas
izmaksam. Ieklautais pelnas procents - 10% no kop&jam izmaksam.

Eko-izmaksas ir uz LCA balstits raditajs, kas parvers ietekmi uz vidi naudas
izteiksme, izmantojot vienkarSu formulu, kura ietekmes uz vidi raditajs tiek
reizinats ar vides cenu konkrétaja ietekmes uz vidi kategorija. Aprékinata ari
pasreizgja neto vertiba (NPV), lietojot diskonta likmi 4%, projekta iek$&ja pelnas
norma un ekvivalentas gada izmaksas.
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2.6. Iegiito datu matematiska apstrade

Datu kopam aprékinati vidgjie artimétiskie, standartnovirze, daZziem
parametriem arT variacijas koeficients. Finieru robeZstipribai stiepé veikta datu
matematiska analize - parbaudita datu atbilstiba Normalajam sadalijjumam ar
Sapiro - Vilka testu, datu kopu Dispersiju salidzinasana ar Lévena testu, atkariba
no ieglta novertejuma, talaka datu analize veikta izmantojot Kolgomorova -
Smirnova testu (datiem, kuri neatbilst Normalajam sadalijumam), ar Bofferoni
testa palidzibu salidzinati robezstipribas rezultati pa termiskas apstrades rezimu
pariem, lai izv€letos piemerotako (ja dati atbilst Normalajam sadalijumam, pie tam
salidzinamajam datu kopam dispersijas ir statistiski vienadas), visi testi veikti ar
95% ticamibu. Noteikta masas zudumu un saplaksna stipribas stiepgé — bide
izmainu korelacija. Datu apstradei veikta ar programmam MS EXCEL un SPSS.
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3. REZULTATI UN TO IZVERTEJUMS
3.1. Termiski modificétu finieru raksturojums

Lai varétu novertét eksperimentali ieglito finieru piemerotibu saplaksnu
razoSanai, nepiecieSams iegiit informaciju par to Ipasibam, raksturojot vairakus to
parametrus.

3.1.1. Finieru masas zudumi

Masas zudumi ir galvenais parametrs, kas raksturo termiskas apstrades
intensitati. Masas zudumus izraisa galvenokart hemicelulozu sadaliSanas, jo tas ir
koksni veidojosSais polimérs ar vismazako polimerizacijas pakapi un augstako
reag@tspéju ta amorfas struktiras dé]. lepriek$ veiktos pétijumos noskaidrots, ka
masas zudumi rodas galvenokart acetiléta glikuronksilana deacetilacijas dél, ka
rezultata veidojas etikskabe, kas savukart katalizé mazak sakartotu oglhidratu
depolimerizaciju. Masas zudumu koksnes termiskas apstrades procesa atkariba no
koksnes sugas, procesa norises vides, temperatiiras un tas iedarbibas laika ir plasi
pétita. Masas zudumi lauj savstarpgji salidzinat dazadus procesus ar dazadam
apstrades temperatiram un dazadiem apstrades laikiem.

Masas zudumi dazados termiskas apstrades procesos redzami tabula 3.1. WTT
— tvaika process, VT — sausais process. Termiskas apstrades procesa rezimi
izveléti ta, lai rezims 214/120 VT atkartotu 160/50 WTT masas zudumus, kas art
ir izdevies, nemot véra kludu izkliedes robezas. 217/180 reZima masas zudumi ir
par ~2% lielaki neka 214/120, bet 204/120 ~2% zemaki ka 214/120. VT un WTT
modifikacijas metodes ir bitiski atskirigas, par ko liecina pie vienadas apstrades
temperatiiras un laika 160/50 iegiitie atskirigie rezultati no 5.2 lidz 6.7% masas
zudumi 160/50 WTT procesa, kamér 160/50 VT procesa masas zudumi bija
minimali no 0.1 Iidz 1.2%.

3.1. tabula
Masas zudumi termiskas apstrades procesos
Rezims Vidgjie masas Standartnovirze, Va_ri_ﬁcijas
zudumi, % % koeficients, %
Beérzs 160/50 WTT 6.66 0.87 13.0
Apse 160/50 WTT 5.28 1.15 21.7
Papele 160/50 WTT 5.58 0.74 13.3
Bérzs 160/50 VT 1.08 0.24 22.1
Apse 160/50 VT 1.24 1.89 153
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3.1. tabulas nobeigums

Rezims Vidgjie masas Standartnovirze, Va_ri_ﬁcijas
zudumi, % % koeficients, %

Papele 160/50 VT 0.10 0.69 530
Bérzs 204/120 VT a 2.77 0.46 16.7
Apse 204/120 VT b 2.29 0.99 43.2
Papele 204/120 VT a 2.88 0.81 28.1
Papele 204/120 VT b 2.99 0.42 14.0
Bérzs 214/120 VT a 5.70 0.51 9.04
Apse 214/120 VT b 4.77 1.28 26.7
Papele 214/120 VT a 6.17 0.85 13.9
Papele 214/120 VT b 6.71 1.70 25.4
Bérzs 217/180 VT a 7.77 1.13 14.6
Apse 217/180 VT b 6.61 0.97 14.6
Papele 217/180 VT a 8.67 0.54 6.25
Papele 217/180 VT b 8.54 0.83 9.74
Bérzs 218/30 VT a 4.72 0.57 12.2

Apse 218/30 VT b 4.24 0.90 21.2
Papele 218/30 VT a 4.60 0.39 8.54
Papele 218/30 VT b 6.17 0.57 9.19

3.1.2. Finieru optiska mikroskopija

Bérzs pieder pie difiizi-poraino koku sugam un to var novérot skersgriezuma.
Pec termiskas apstrades $Gnu sieninu biezums samazinas, pieaugot termiskas
apstrades procesa temperatiirai un ilgumam. Termiski apstradati koksnes paraugi
ir trauslaki neka neapstradati, ko secinajis art Ahmed et.al. Termiskas apstrades
laika vismazak ir ietekm&tas poras, visvairak sarukusas celulozes Skiedras, kas
stinam pieskir ovalu formu. Nemodificéta bérza un 218/30/VT bérza parauga
optiskas mikroskopijas rezultati apskatami 3.1. attéla.

218/30/ VT beérzs
3.1. att. Bérza paraugu optiskas mikroskopijas attéli
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3.1.3.  Finieru virsmas kontaktlenkis

Neapstradatu, VT un WTT procesa apstradatu finieru kontaktlenka mérijumi
lauj novertet termiskas apstrades ietekmi uz virsmas hidrofobitati. Saplaksnu
razosana labu adh&ziju veido saistiba starp koksnes virsmu un Itmi molekulara
Itmeni, ko ietekmé& ltmes pliistamiba pa virsmu. Kontaktlenka vertiba virs 90°
liecina par virmas hidrofobitati un zemu slapinajamibu. Par hidrofiliem ir
uzskatami tikai nemodific@tas apses, nemodific&tas papeles un 160/50/VT rezima
apstradatas apses finieri. Paaugstinatas hidrofobitates pozitivais faktors ir tas, ka
sada koksne mazak absorbg lietus Gideni, to lietojot ara apstaklos.

3.1.4. Finieru virsmas raupjums

Virsmas profilu raksturoSanai izvéléts 10 punktu vid€jais raupjums Rjs.
Virsmas raupjums ir Ipasiba, kas tiesi ietekmé finieru virsmas salim&jamibu, kas
butiska saplak$nu razo$ana. Savstarpgji salidzinot sugas, nemodificétiem bérza
finieriem ir mazaks virsmas raupjums neka apses un papeles finieriem. Bérza
termiska apstrade visos reZimos, iznemot 160/50/VT samazina virsmas raupjumu,
verojama diezgan liela raupjuma rezultatu izkliede. Apses termiska apstrade
pazemina virsmas raupjumu visos rezimos, visgludako virsmu nodrosinot péc
apstrades bargakajos rezimos — 160/50/WTT un 218/30/VT. Rezima 217/180/VT
virsmas raupjums ir izteiktaks, kas liecina par lielaku apstrades temperattiras nevis
laika ietekmi uz So parametru. Arl papeles gadijuma visi apstrades rezimi
samazina virsmas raupjumu. Paaugstinats virsmas raupjums samazina
kontaktlenki uz hidrofilas virsmas un tadgjadi palielina Gdens uzsiiktsp&ju.

3.1.5. Furjé transformacijas infrasarkana spektroskopija (FTIR)

Bitiskakas izmainas bérza FTIR spektra noveérojamas berza paraugiem
termiskas modifikacijas d€] (skat. 3.2. att.). Nov@rojamas absorbcijas joslas no
1732 Iidz 1740 cm? intensitates zudums, kas attélo C=0O grupas izmainas karbonil,
uronil un acetil grupu izmainas hemicelulozg&s un ksilana. Straujakais intensitates
zudums ir paraugam, kas apstradats 160/50/WTT rezima, lidzigi rezultati redzami
arT otraja izmainas hemicelulozgs raksturojosaja absorbcijas josla no 1231 lidz
1235 cm, kas liecina par hemicelulozu destrukciju termiskas apstrades laika,
turklat WTT process izraisa lielaku hemicelulozu sadaliSanos neka VT process.
Absorbcijas josla no 1108 1idz 1051 cm™ turpreti vérojams intensitates pieaugums,
kas raksturo celulozes C-O saites otréjos spirtos un liecina par celulozes satura
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3.2. att. Bérza FTIR spektru raksturojosais apgabals

Aplikojot izmainas apses FTIR spektros, novérojamas tas pasas tendences, kas
bérza FTIR spektru gadijuma — intensitates kritums absorbcijas joslas no 1732 Iidz
1740 cmt un no 1231 Iidz 1235 cm'? ir visizteiktakais rezimam 160/50/WTT, kas
liecina par to, ka termiskas apstrades procesa notieko$as izmainas finieru
Kimiskaja sastava ir lidzigas visam pétitajam lapkoku sugam. Apses 160/50/WTT
apstradatiem finieriem vérojams ari absorbcijas joslas no 1159 Iidz 1166 cm™
intensitates picaugums, kas liecina par lignina satura pieaugumu, raksturojot C=0
konjuggtas esteru grupas lignina.

Papeles FTIR spektros straujakais absorbcijas joslas no 1231 Iidz 1235 cm?
intensitates zudums ir reZimam 217/180/VT, kam seko 160/50/WTT, 218/30/VT,
214/120/VT un 204/120/VT, un 160/50/VT. Si absorbcijas josla raksturo
hemicelulozu sadaliSanos un iegiitie rezultati sakrit ar masas zudumu rezultatiem,
kas liecina, ka masas zudumi termiskas apstrades procesa paradas galvenokart
hemicelulozu sadalisanas dgl.
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3.1.6. Finieru bioizturiba

Finieru bioizturibas indikativa testa rezultati butiski atSkiras atkariba no
koksnes sugas (skat. 3.3. att.). Bérza finieru izturiba pret briinas trupes séni
Coniophora puteana termiskas apstrades rezultata pieaug nedaudz no 30% masas
zudumiem nemodificétam b&rzam Iidz 25% VT bérzam, iznpemot apstrades
rezimus 214/120/VT un 217/180/VT. Tomér pat labakais rezultats nesasniedz
standarta noteikto 3% robezu. Savukart uz apses finieriem termiskas apstrades
ietekme ir nozimiga un 217/180/VT rezima apstradata apse sasniedz standarta EN
12038:2002 noteikto biorezistences robezvertibu. Uz papeli $1 ietekme ir vél
bitiskaka neka apsei un 214/120/VT un 217/180/VT reZimos netika noveroti
masas zudumi bazidijsénes Coniophora puteana ietekme.
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3.3.att. Masas zudumi bazidijsénes Coniphora puteana ietekme
3.1.7. Finieru robeZstipriba stiepé
Finieru robezstipriba ir viens no bitiskakajiem raditajiem, kas ietekmé

saplaksnu stipribu (skat. 3.4. att.). Ka redzams, bérza finieru robezstipriba stiepe
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ir butiski augstaka, neka apses un papeles finieriem gan nemodifictam
materidlam, gan péc visiem termiskas apstrades reZimiem, kas padara tos
piem&rotakus saplaks$nu razoSanai.
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3.4. att. Finieru robeZstipriba stiepé

3.2. Saplaksnu Il meSana

Lai noskaidrotu iesp&jas termiski modificétos finierus izmantot saplak$nu
razoSanai, vispirms veikts indikativais tests par dazadu komercialo un inovativas
suberinskabju saistvielas pielietosanas iesp&jam. P&c tam veikti pilnie testi saskana
ar standartu EN 314-1 un EN 314-2 prasibam.

3.2.1. Limes adhézijas izturiba perpendikulari Skiedrai (atrausanas tests)

Vajaka lim&juma stipriba ir finieru un fenola - formaldehida (FF) sveku
savstarp&jai adhézijai, kas sakrit ar Grinina ieglitajiem rezultatiem 160/50/WTT
rezima bérza finieru [imésana, kur apstradém pie 160 °C lim&juma kvalitate ar FF
svekiem samazinajas par 70%. Samera vajus rezultatus uzrada art adh@zija starp
termiski modificétiem finieriem un suberinu. Labaku lim&uma stipribu uzrada
polivinilacetata lime (PVA), poliuretana lime (PU) un HB Construct lime (HB).
Rezultati redzami 3.5. attéla.
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3.5. att. Liméjuma stipriba

3.2.2.  Saplak$nu liméSana ar komercialajam limém un suberinskabju
saistvielu

Termiskds modificeésanas metode TERMOVUOTO® izradijas piemérotaka
saplaks$nu Iim@&Sanai, salidzinot ar WTT, jo ta ir saudzigaka un labak saglaba
koksnes strukturalo integritati. Tas atbilst iepriek$gjiem pétijjumiem, Kuros
secinats, ka TERMOVUOTO® rada mazaku masas zudumu un saglaba augstakas
materiala mehaniskas ipaSibas neka WTT. Turklat poliuretana un fenola -
formaldehida Iimju savietojamiba ar termiski modificétiem finieriem ir
piemérotaka izmantoSanai riipnieciskaja razoSana. Pastav arT videi draudzigakas
alternativas komerciali pieejamajam ITm&m, pieméram, suberinskabju lime (SA).

Darba secinats, ka, izmantojot WTT modific€sanas metodi, modificetie finieri
péc salimeésanas delamingjas un nav piemeéroti saplaksnu razosanai. Salidzinot SA
Iimes veiktspgju ar komerciali pieejamo ITmju rezultatiem, redzams, ka SA
stiepes — bides tests uzrada rezultatus, kas ir salidzinami ar MUF limes rezultatiem
papelei (0.74 = 0.06 un 0.65 + 0.04 MPa nemodificétiem paraugiem; 0.69 * 0.03
un 0.55 £ 0.10 MPa 160/50/VT; 0.57 £ 0.04 un 0.48 + 0.08 MPa 204/120/VT; 0.47
+ 0.13 un 0.47 = 0.04 MPa 214/120/VT; 0.49 = 0.10 un 0.42 + 0.04 MPa
217/180/VT; 0.56 = 0.11 un 0.53 + 0.02 MPa 218/30/VT). Lidziga tendence
verojama ari apses gadijuma (0.87 £ 0.10 un 0.77 + 0.20 MPa nemodificétiem
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paraugiem; 0.61 £ 0.18 un 0.66 + 0.15 MPa 160/50/VT; 1.08 £ 0.14 un 0.54 + 0.11
MPa 204/120/VT; 0.72 + 0.17 un 0.66 = 0.09 MPa 214/120/VT; 0.66 = 0.14 un
0.49 £ 0.08 MPa 217/180/VT; 0.68 £ 0.14 un 0.53 £ 0.05 MPa 218/30/VT).

Tome@r beérza koksnes limeSanas kvalitate ar MUF ir labaka neka ar SA
(2.39£0.17 un 0.90 £ 0.05 MPa nemodificétiem paraugiem; 1.06 + 0.22 un
0.87 +£0.16 MPa 160/50/VT; 1.22 + 0.10 un 0.76 + 0.07 MPa 204/120/VT;
0.94 +0.11 un 0.66 + 0.14 MPa 214/120/VT; 0.83 % 0.14 un 0.54 = 0.04 MPa
217/180/VT; 0.75 £ 0.14 un 0.66 + 0.09 MPa 218/30/VT).

Visam pétitajam koksnes sugam FF un PU Iimju veiktsp&ja ir labaka neka
MUF un SA, savukart HB ir vissliktaka (skat. 3.6. att€lu).

Tomér joprojam izaicinajums ir termiski modificgtas koksnes mehanisko
Tpasibu samazinasanas, ipasi WTT gadijuma. NepiecieSami turpmaki pétijumi, lai
pilnveidotu EN 314 metodiku plisuma pa koksni rakstura noteikSanai, tostarp
izstradajot solus koksnes liizuma precizai noteiksanai tiesi termiski modificgtiem
finieriem, kas ir trauslaki.
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3.6. att. Saplak$nu robeZstipriba stiepe - bidé péc 72h + 1h priekSapstrades

3.3. Dzives cikla novértéjums

Dzives cikla novertgjums veikts jaunajam niSas produktam — saplaksnim, kas
preséts no 217/180/VT rezima modificétiem finieriem un ITm&ts ar suberinskabju
saistvielu. Dzives cikla novertéjuma ietverta sist€émas robeza ir attélota 3.7. attéla.
Dzives cikla novértdjuma rezultati, kas izmantoti vides izmaksu aprékinam, ir
atspoguloti 3.2. tabula.
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3.2.tabula

Ietekmes uz vidi novértejums péc ReCiPe 2016 (H) midpoint metodes

letekmes uz vidi Meérvieniba Rezultats
kategorija
Sauszemes paskabinasanas kg SO,-ekviv. 44.51
Klimata parmainas kg CO-ekviv. 5593.76
Saldudens ekotoksicitate kg 1,4-DCB-ekviv. 376.06
Juras ekotoksicitate kg 1,4-DCB-ekviv. 345.90
Sauszemes ekotoksicitate kg 1,4-DCB-ekviv. 26003.26
Energoresursi: kg naftas-ekviv. 1363.96
neatjaunojamie, fosilie
Saldudens eitrofikacija kg P-ekviv. 2.63
Juras eitrofikacija kg N-ekviv. 8.87
Cilveku toksicitate: kg 1,4-DCB-ekviv. 852.79
kancerogéna
Cilveku toksicitate: kg 1,4-DCB-ekviv. 1121654
nekancerogéna
Joniz&josais starojums kBg Co-60-ekviv. 250.28
Zemes izmanto$ana m?*graudu-ekviv. 4434.81
Materialie resursi: kg Cu-ekviv. 125.14
metali/minerali
Ozona slana noardiSanas kg CFC-11-ekviv. 0.03
Cieto dalinu veidosanas kg PM2.5-ekviv. 9.89
Fotokimisko oksidantu
veidosanas: ietekme uz kg NOx-ekviv. 17.71
cilveku veselibu
Fotokimisko oksidantu
veidosanas: ietekme uz kg NOy-ekviv. 18.31
sauszemes ekosistemam
Udens izmanto$ana m? 722.54

Galvenais ietekmes uz vidi veidojosais faktors eksperimentalajam saplaksnim,
kas liméts ar suberinskabju saistvielu un veidots no 217/180/VT rezima
modificétiem bérza finieriem, ir kartupelu audzgSana, pielietojot tradicionalas
lauksaimniecibas metodes, lai no kartupeliem fermentacijas procesa iegiitu
etilspirtu, kas nepiecieSams berza tass ekstrakcijai suberinskabes saistvielas

iegliSanas procesa.
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3.4. Izmaksu aprekins

Aprekinata tirgus cena eksperimentalajam saplaksnim ir 2176.85 EUR par
1 m3. 1zmaksu sadalfjums tabula 3.3. Vieglakai uztveramibai, veikts arT parrékins
uz 9 mm biezu saplaksnu 1 m2,

3.3. tabula
Eksperimentalo saplaksnu cena
Pozicija Izmaksas, EUR-m Izmaksas, EUR-m?(9 mm)
RaZo$anas izmaksas 1799.05 16.19
Materialu izmaksas 641.96 5.78
Darba speka izmaksas 1004.20 9.04
Fiks¢tas izmaksas 131.67 1.19
Netie§as izmaksas 21.22 0.19
Administrativas izmaksas 179.90 1.62
Kopéjas izmaksas 1978.95 17.81
Pelna 197.90 1.78
Iekartu iegade 125 289.00 125 289.00
Cena 2176.85 19.59

Rekinot saplaksni ar dzives ciklu - 30 gadi, kura laika bérza saplaksnis biis
janomaina péc 25 gadiem, bet jakraso reizi 3 gados, kamér eksperimentalo
saplaksnu dzives laiks biis 30 gadi un tas biis jakraso reizi 4 gados. Neto
pasreizgjas vertibas (NPV) aprekini rada, ka eksperimentalo saplaksnu kopgjas
izmaksas 30 gadu perioda, nemot véra diskonta likmi 4% biis 4803.40 EUR, kamér
nemodificeta berza saplaksnim tas bis 5636.49 EUR. Nemot veéra naudas pliismu,
aprékinata ieksgja pelnas norma (IRR) ir 12%, kas ir lielaks par diskonta likmi 4%.
Pardodot 35 m® eksperimentalo saplaksnu gada, kapitalieguldTjumi atmaksasies
astonos gados. Tabula 3.4. var redz&t vides izmaksu aprékinu, kads butu jaiegulda
katra no vides kategorijam, to raditas ietekmes dz&Sanai.

3.4. tabula
letekmes uz vidi izmaksas
Nr.p.k. letekmes uz vidi kategorija Summa, EUR
1 Sauszemes paskabinasanas 234.99
2 Klimata parmainas 727.19
3 Saldudens ekotoksicitate 7.86
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3.4. tabulas nobeigums

Nr.p.k. letekmes uz vidi kategorija Summa, EUR

4 Juras ekotoksicitate 1.11

5 Sauszemes ekotoksicitate 16.64
6 Energoresursi: neatjaunojamie, fosilie 38.19
7 Saldudens eitrofikacija 9.83

8 Jiras eitrofikacija 126.46
9 Cilveku toksicitate: kancerogéna 3402.62
10 Cilveku toksicitate: nekancerogéna 796.37
11 Jonizgjosais starojums 1.05
12 Zemes izmantojums 439.05
13 Materiali resursi:metali/minerali 1.75
14 Ozona noardiSanas 0.74
15 Cieto dalinu veidosanas 837.70
16 Fotokimisko oksidantu veido$anas: 32.94

cilvéku veseliba
17 Fotokimisko oksidantu veido$anas: 7.62
sauszemes ekosist€éma
18 Udens lietoSana 294.08

Kopa eksperimentalo saplaksnu ietekmes uz vidi dzeSanai bitu jaiegulda
6976.19 EUR (3.4. tabulas raditaju summa) uz 1 sarazoto m® saplakinu jeb
62.79 EUR uz 1 m? 9 mm eksperimentlo saplak$nu. Papildus informacija par
dzives cikla novert€juma un dzives cikla izmaksu aprékiniem, ka ari sociala dzives
cikla novert&jums promocijas darba 1. pielikuma.
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SECINAJUMI UN PRIEKSLIKUMI

Secinajumi

. Termiska apstrade pazeminata spiediena (VT) ir saudzigaka neka apstrade

tvaika vidé (WTT). Vienados apstrades rezimos (160/50) WTT rezima masas
zudumi bija divas reizes lielaki neka VT. Masas zudumi termiskas apstrades
procesa rodas galvenokart hemicelulozu sadaliSanas d€]. No sist€mas
aizvadot hemicelulozu sadaliSanas produktus, to talaka noardiSanas noris
lénak.
Izmantojot suberinskabju saistvielu saplaksnu Iimesanai, gan nemodificétie,
gan visos VT rezimos modificétie finieri (apse, bérzs, papele) atbilst treSajai
ekspluatacijas klasei, kas nozimg, ka saplaksni, kas ITméts ar $o saistvielu, var
lietot ara apstaklos.

Iegiito eksperimentalo saplaksnu ietekme uz vidi ir mazaka neka
nemodific&tiem bérza saplaks$niem visas ietekmes uz vidi kategorijas, tacu
janem véra darba apskatita LCA tvérums.

Eksperimentali iegiitais saplaksnis ir saimnieciski izdevigs projekts, jo
aprekinata projekta ieks$gja pelpas norma (IRR) ir 12%, kas parsniedz
diskonta likmi 4%.

PriekSlikumi turpmakiem pétijumiem
Darba neapskatitas ir saplak$nu no termiski modificétas koksnes akustiskas
IpasSibas, ta ka ir publikacijas, kas uzrada akustisko ipasibu uzlabojumu
koksng, arT S§is potenciali varétu bt viens no izveidota materiala
izmanto$anas veidiem, kas ir izp&tes veérts.

Ar eksperimentaliem datiem biitu japamato ar suberinskabju saistvielu liméta
bérza saplaks$nu izmainas novecinot ara apstaklos, lai varétu precizak
prognozgt ta paredzamo dzives laiku un nepiecieS§ama uzturéSanas darbibas.

Iespgjams, ka iemesls, kapec ar suberinskabes saistvielu neizdevas salimét
WTT finierus, slépjas limeSanas procesa tehniskajos parametros, kas $aja
darba nav papildus pétiti.

Papildus pétfjumi biitu nepiecieSami, lai skrupulozi izpétitu jauna materiala
ietekmi uz vidi ta dzives cikla laika. Darba izmantoti dati no publiski
pieejamas datubazes Ecoinvent 3.11. un to aprobacija, piemeérojot termiski
modific€tai koksnei, tacu vel aizvien triikst precizi dati par ar suberinskabi
saltm@to saplaksnu emisijam gaisa, fidenT un augsné un ar tiem saistitajiem
vides riskiem, ka ar7 iekartu razoSana netika ieklauta darba apskatita LCA
tveruma, kas ir talakas izp&tes verts jautajums.
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1. GENERAL CHARACTERIZATION OF THE SCIENTIFIC WORK

Rationale for the selection and relevance of the Ph.D thesis topic

Wood is a natural material, and its life cycle inherently involves degradation
processes facilitated by fungi, bacteria, and insects. The material’s ability to resist
biological degradation is referred to as biological durability. Tree species such as
aspen (Populus tremula L.) and birch (Betula pendula L.) are classified as
biologically non-durable species.

As global demand for wood resources continues to increase, the availability of
naturally durable wood species is declining. Consequently, it is essential to
identify ways to utilise less biologically durable wood species by enhancing their
durability through various methods. Wood modification is a process aimed at
improving the physical, mechanical, or aesthetic properties of wood, for example,
by mitigating low biological durability, dimensional instability, and sensitivity to
moisture content changes. The importance of wood modification is further
reinforced by growing environmental awareness and increasingly stringent legal
regulations governing the use of wood preservatives.

Thermal modification of wood is a modification method that relies solely on
elevated temperature, inducing changes in the chemical composition of wood and
in the structure of the wood cell wall. This treatment enhances biological
durability, reduces water absorption (hygroscopicity), and improves dimensional
stability, thereby making wood suitable for outdoor applications. Vacuum thermal
modification (VT), the Termovuoto process, is a patented technology that reduces
oxygen concentration and removes volatile organic compounds under vacuum,
resulting in lower mass losses and less pronounced degradation of mechanical
properties.

Plywood is a versatile material with a wide range of applications. Its properties
make it an essential material in construction, load-bearing structures, concrete
formwork panels, furniture manufacturing, interior finishing, flooring,
transportation, and other industries. In 2024, 2.7 million m3 of plywood were
produced in the European Union, and global demand for plywood products
continues to grow. The selection of raw materials, which determines both the cost
and the properties of plywood, is therefore of critical importance.

Ph.D. thesis aim: to produce knowledge regarding birch, aspen, and poplar
veneers thermally modified using the Termovuoto process and to evaluate their
potential applications in plywood production.

Research hypothesis: veneers thermally modified in the Termovuoto process can
be used to develop a niche product—plywood suitable for outdoor conditions.
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To achieve the thesis aim, the following research tasks are set:
e to characterise the veneer modification process and the properties of the
obtained material;
e to determine the possibilities for plywood production;
e to evaluate the environmental impact of the new material;

e to select an optimal and economically justified plywood composition.

Research theses:

o veneers thermally modified using the Termovuoto process are more
suitable for plywood production than veneers modified using the WTT
process.

e a suberinic acids adhesive derived from birch bark, a by-product of birch
plywood production, is suitable for manufacturing plywood in Use Class 3.

e plywood made from veneers thermally modified by the Termovuoto
process and bonded with a suberinic acids adhesive has a lower
environmental impact than birch plywood bonded with phenol-
formaldehyde resin.

e plywood produced from Termovuoto-processed thermally modified
veneers and bonded with a suberinic acids adhesive is an economically
justified niche product.

Scientific novelty of the thesis:
o exploration of a new niche product;
o use of an innovative adhesive;
e comparison of thermal modification processes for thin veneers;
¢ environmental impact assessment of the new product.

Contribution to industry development: investigation of a novel niche product,
including a comparative analysis of environmental product declarations in relation
to conventional birch plywood manufactured from unmodified wood and bonded
with phenol-formaldehyde resins.

The thesis is structured into chapters:
1. literature review;
2. materials and methods;
3. results and evaluation.

The thesis comprises 115 pages, including 66 figures, 44 tables, and 28 equations.
The list of references consists of 126 literature sources and 20 standards and
normative sources. The literature sources cited in the summary of the Ph.D thesis
are provided in the Ph.D thesis.
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2. MATERIALS AND METHODS
2.1. Veneer production, selection, and thermal modification

For the experiments, rotary-cut birch (Betula pendula Roth) veneers with a
thickness of 1.5 mm produced by JSC Latvijas Finieris, aspen (Populus tremula
L.) veneers with a thickness of 2.5 mm produced by Riga Veneer Ltd., and poplar
(Populus x canadensis Moench) veneers with a thickness of 1.5 mm produced at
the Toro Compensati plant in Italy were used. The raw material employed—
veneers—represents material typically available for industrial production and
testing. Veneers selected for specimen preparation were free from visible wood
defects and manufacturing imperfections.

Two thermal modification methods were employed:

1. Thermal-vacuum technology TERMOVOUTO (VT) is classified as an
open system under dry modification conditions. Reduced pressure of 25
kPa ensures the removal of both oxygen and wood degradation products
generated during the process. Veneer heating is performed by convection
via aluminium plates (see Fig. 2.1). The total modification duration ranges
from 13 to 24 hours. This thermal modification method was applied to
veneers of all three wood species under five modification regimes (see
Fig. 2.2). The regimes were selected first to reproduce the optimal
WTT regime of 160/50, as well as to replicate the mass loss associated
with this regime (214/120), to obtain a 2% higher mass loss
(217/180), and a 2% lower mass loss (204/120).

- o

Fig. 2.1. Veneers placed between aluminium plates for modification in the
VT process
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Fig. 2.2. VT thermal modification graphs:
(@) and (b) parallel modification runs

2. WTT technology — thermal modification of wood under elevated moisture

conditions, in a water vapour environment, was carried out using a Wood
Thermal Technology (WTT) unit (see Fig. 2.3) under a previously
determined optimal regime, ensuring a maximum treatment temperature of
160 °C maintained for 50 minutes. Initially, the wood material is subjected
to a vacuum to reduce the oxygen content within the unit; the modification
itself proceeds in a water-vapour environment at approximately 0.6 MPa,
with 15.6 L of water consumed during the process. The total duration of
the thermal modification process is 26 to 27 hours. Up to a temperature of
100 °C, the heating rate ranges from 0.16 to 0.22 °C min!, whereas from
100 °C to the maximum temperature, the heating rate is lower, at 0.12 to
0.16 °C min! (see Fig. 2.4). Veneer packs consisted of 10 sheets, with a
total of 60 veneer sheets processed.
. S

¥ )

k y
Fig. 2.3. Birch veneers prepared for WTT thermal treatment.

37



170 - - 1,0

150
© 130 - 08 s
o 110 L 06 S
2 90 o
= 70 04 2
g 50 g
= 30 02 %
10 T _-...coon ®ecccce
100 2 4 6 8 10 12 14 16 18 20 2290

WTT process duration, h
= Experimental temperature e« ¢«Pressure

Fig. 2.4. WTT thermal modification process graph (Juris Grinins, 2016.)

The increase in pressure in the closed process occurs after more than 6 hours,
when the water reaches its boiling temperature

2.2. Determination of the properties of thermally modified veneers

To analyse the properties of the obtained veneers, mass loss during the thermal

modification process and veneer density before and after modification were
determined (1SO 13061-2:2014). Changes in veneer colour were evaluated in the
CIEL*a*b colour system before and after modification and during natural
weathering under outdoor conditions (ISO/CIE 11664:2019). In addition,
equilibrium moisture content and the moisture adsorption reduction efficiency of
the veneers were determined (ISO 13061-1:2014). Optical microscopy images
were recorded, the surface contact angle and surface profile of the veneers were
measured, and the ten-point mean roughness was calculated.
Fourier-transform infrared (FTIR) spectra were recorded for samples after
modification and after natural weathering (EN 927-3:2019). The biological
durability of the veneers under laboratory conditions against the brown-rot fungus
Coniophora puteana (see Fig. 2.5) was determined in accordance with EN
12038:2002. Tensile strength of the veneers was measured (GOST 20800-
75:1976), and adhesive bond strength perpendicular to the grain was determined
using a pull-off test (ISO 4624:2023).
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Fig. 2.5. Aspen veneers 214/120/VT after a 6-week biological durability test

2.3. Preparation of plywood and determination of its properties

After thermal modification, the veneer sheets were conditioned at a relative
humidity of 65 £ 5% and a temperature of 20 + 3 °C. A suberinic acids adhesive
was used for bonding. The characteristics of the suberinic acids adhesive were as
follows:

e particle size: <1 mm;

o solids content: 20 wt%;

e ash content: 5 wt%;

e pH:2;

e colour: brown.

The adhesive was developed and patented at the Latvian State Institute of
Wood Chemistry. The dimensions of the manufactured plywood panels were 290
%290 x 4.5 mm. During the bonding process, the compression ratio of the plywood
panels was determined. To compare the performance of the suberinic acids
adhesive with commercially used adhesives, plywood panels were also
manufactured using market-available adhesives, including phenol-formaldehyde
resin (SFZ-3014), melamine—urea—formaldehyde adhesive (Casco Adhesives
MUF system 1257/7557), a hybrid polymer adhesive (Soudal HB Construct), and
a one-component polyurethane adhesive (PURBOND HB S159). The plywood
bonding parameters are presented in Table 2.1.
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The tensile-shear strength of the plywood bond line was determined in
accordance with the requirements of EN 314-1:2004 and EN 314-2:1993 for
Bonding Class 3 under outdoor conditions.

Specimens for tensile—shear strength testing were prepared from the bonded
plywood panels, each measuring 290 x 290 mm. For each plywood type, four
panels were manufactured, and 20 specimens were cut from each panel, resulting
in a total of 80 specimens per plywood type.

Table 2.1.
Plywood bonding parameters

Glue Temperature, Pressure, MPa Time, min
°C

phenol-
formaldehyde
resin (FF) (SFZ-
3014)

HB Construct
glue (HB) 20 1.8 20
(Soudal)
melamine—urea—
formaldehyde
adhesive (MUF)
(CASCO
adhesives
1257/7557)
one-component
polyurethane
adhesive (PU) 20 1.8 90
(PURBOND HB
S159)

suberinic acids
adhesive (SA)

145 1.8 7

20 1.8 116

215 1.8 5

The specimens were pre-treated in accordance with the requirements of
EN 314-1:2004 for the relevant bonding class, which includes several types of pre-
treatment:

1. 24 h immersion in water at a temperature of (20 + 3) °C;

2. 6 hboiling in water, followed by cooling in water at (20 + 3) °C for at least

1 hour;
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3. 4 hboiling in water, followed by oven drying at (60 + 3) °C for 16 h, then
a second 4 h boiling period, and subsequently cooling in water at (20 + 3)
°C for 1 hour;

4. (72 £1) h boiling, followed by cooling in water at (20 + 3) °C for at least
1 hour.

The specific combination of pre-treatment methods was determined in
accordance with EN 314-2:1993 (see Table 2.2), whereby for Bonding Class 1,
qualitative and quantitative results after 24 h of pre-treatment were considered; for
Bonding Class 2, results after 24 h and after 6 h + 1 h pre-treatment were evaluated;
and for Bonding Class 3, results after 24 h,4h+16h+4h+1h,and72h+1h
pre-treatment were taken into account.

Table 2.2.
Pre-treatment for the determination of compliance with bonding classes
. Pre-treatment in accordance with EN 314-2
Bonding class

1. 2. 3. 4,
Class 1 — indoor use x
Class 2 — protected outdoor . .
conditions
Class 3 — outdoor conditions X x X

Note — “x” pre-treatment must be conducted before the testing

2.4. Life cycle assessment

The life cycle assessment was conducted to evaluate the environmental impact
of thermally modified birch plywood bonded with a suberinic acids adhesive. The
declared unit was defined as 1 m? of three-layer plywood.

The system boundaries of the plywood production include the recovery of
birch bark as a by-product of debarking, birch bark extraction, depolymerisation
of birch bark, acidification and filtration of the suspension to obtain the suberinic
acids adhesive, transportation of all raw materials, thermal modification of
veneers, and final plywood manufacturing, as well as packaging of the finished
product, delivery to the customer, and the end-of-life stage. At the end-of-life
stage, it was modelled that 50% of the used plywood is disposed of in a landfill
and 50% is incinerated.

Primary data on the production of the suberinic acids adhesive were obtained
from laboratory-scale experiments conducted at the Latvian State Institute of
Wood Chemistry. Data on the production of thermally modified veneers were
obtained from laboratory-scale experiments carried out at the Institute of
Bioeconomy of the Italian National Research Council. Data on plywood pressing
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were obtained at the Institute of Construction and Wood Processing of the Faculty
of Forest and Environmental Sciences, Latvia University of Life Sciences and
Technologies. The Ecoinvent 3.11 database was used as a secondary data source.
Packaging materials and their quantities were modelled using environmental
product declaration data for birch plywood products from JSC Latvijas Finieris.
The assumed location of the production facility was Dz&rbenes iela 27, Riga.

Calculations were performed using the open-access life cycle assessment
software openLCA. The ReCiPe 2016 (H) midpoint method was selected for
environmental impact assessment to subsequently calculate environmental costs
using data from the European Union environmental prices handbook.

2.5. Approximate economic calculations for laboratory-manufactured
plywood

The plywood price calculation was based on fundamental financial
management principles, with pricing determined by considering material costs,
labour costs including taxes and a risk premium, fixed costs such as equipment
depreciation, production facility rent and utilities, as well as indirect costs,
including waste management. Administrative costs were calculated as 10% of the
production costs. The included profit margin was 10% of the total costs.

Eco-costs are an LCA-based indicator that converts environmental impacts
into monetary terms using a simple formula in which the environmental impact
indicator is multiplied by the environmental price for the respective impact
category. In addition, the net present value (NPV) was calculated using a 4%
discount rate, along with the project's internal rate of return (IRR) and equivalent
annual costs.

2.6. Mathematical processing of the obtained data

Avrithmetic means and standard deviations were calculated for the datasets, and
for some parameters, the coefficient of variation was also determined.

A mathematical analysis of the veneer tensile strength was performed, including
testing the data for normality using the Shapiro—Wilk test and comparing variances
using Levene’s test.

Depending on the evaluation results, further data analysis was conducted using
the Kolmogorov—-Smirnov test (for data that did not follow a normal distribution).
The Bonferroni test was used to compare strength results across pairs of thermal
treatment regimes to determine the most suitable one (provided the data conform
to a normal distribution and the datasets being compared have statistically equal
variances). All tests were conducted with a 95% confidence level. The correlation
between mass loss and changes in plywood tensile—shear strength was determined.
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3. RESULTS AND EVALUATION

3.1. Characterisation of thermally modified veneers

To assess the suitability of the experimentally obtained veneers for plywood
production, it is necessary to characterise a range of relevant parameters.

3.1.1. Veneer mass loss

Mass loss is the primary parameter characterising the intensity of the thermal
modification process. The degradation of hemicelluloses mainly causes mass loss,
as they are the wood-forming polymers with the lowest degree of polymerisation
and the highest reactivity due to their amorphous structure. Previous studies have
shown that mass loss occurs predominantly through the deacetylation of acetylated
glucuronoxylan, leading to the formation of acetic acid, which, in turn, catalyses
the depolymerisation of less-ordered carbohydrates. The dependence of mass loss
during the thermal modification of wood on wood species, process environment,
temperature, and treatment duration has been extensively investigated.

Mass loss is the primary parameter characterising the intensity of the thermal
treatment and enables direct comparison of different processes employing
different treatment temperatures and durations.

Mass losses observed in the various thermal modification processes are
presented in Table 3.1, where WTT denotes the steam-based process, and VT
denotes the dry process. The thermal modification regimes were selected so that
the 214/120 VT regime would reproduce the mass loss observed under the 160/50
WTT regime, which was achieved within experimental error. The mass loss of the
217/180 regime was approximately 2% higher than that of 214/120, whereas the
mass loss of the 204/120 regime was approximately 2% lower than that of
214/120. The VT and WTT modification methods differ substantially, as
evidenced by the markedly different results obtained at identical treatment
temperature and duration (160/50). Mass losses of 5.2% to 6.7% were observed in
the 160/50/WTT process, whereas in the 160/50/VT process, mass losses were
minimal, ranging from 0.1% to 1.2%.

Table 3.1.
Mass loss during the thermal modification process
Redime Mean mass loss, Standard Coefficient of
9 % deviation, % variation, %
Birch 160/50 WTT 6.66 0.87 13.0
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End of Table 3.1

Regime Mean mass loss, St_anplard Coeffigient of
% deviation, % variation, %

Aspen 160/50 WTT 5.28 1.15 21.7
Poplar 160/50 WTT 5.58 0.74 13.3
Birch160/50 VT 1.08 0.24 22.1
Aspenl60/50 VT 1.24 1.89 153
Poplar 160/50 VT 0.10 0.69 530
Birch 204/120 VT a 2.77 0.46 16.7
Aspen 204/120 VT b 2.29 0.99 43.2
Poplar 204/120 VT a 2.88 0.81 28.1
Poplar 204/120 VT b 2.99 0.42 14.0
Birch 214/120 VT a 5.70 0.51 9.04
Aspen 214/120 VT b 4.77 1.28 26.7
Poplar 214/120 VT a 6.17 0.85 13.9
Poplar 214/120 VT b 6.71 1.70 25.4
Birch 217/180 VT a 7.77 1.13 14.6
Aspen217/180 VT b 6.61 0.97 14.6
Poplar 217/180 VT a 8.67 0.54 6.25
Poplar 217/180 VT b 8.54 0.83 9.74
Birch 218/30 VT a 4.72 0.57 12.2
Aspen 218/30 VT b 4.24 0.90 21.2
Poplar 218/30 VT a 4.60 0.39 8.54
Poplar 218/30 VT b 6.17 0.57 9.19

3.1.2. Optical microscopy of veneers

Birch belongs to the diffuse-porous wood group, as shown in cross-sectional
view. After thermal modification, cell wall thickness decreases as thermal
modification intensity increases. Thermally modified wood samples are more
brittle than unmodified ones, as also reported by Ahmed et al. During thermal
modification, the pores are the least affected structural elements, whereas the
cellulose fibres exhibit the most significant shrinkage, resulting in an oval-shaped
cell morphology. Optical microscopy images of unmodified birch and birch

modified under the 218/30/VT regime are presented in Fig. 3.1.
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Fig. 3.1. Optical microscopy images of birch specimens
3.1.3.  Veneer surface contact angle

Contact angle measurements of unmodified veneers and veneers modified
using the VT and WTT processes enable assessment of the effect of thermal
modification on surface hydrophobicity. In plywood production, good adhesion is
achieved through molecular-level interactions between the wood surface and the
adhesive, which are influenced by the adhesive's ability to spread over the surface.
A contact angle exceeding 90 ° indicates surface hydrophobicity and low
wettability. Only unmodified aspen veneers, unmodified poplar veneers, and aspen
veneers treated under the 160/50/VT regime can be considered hydrophilic. An
advantage of increased hydrophobicity is that such wood absorbs less rainwater
when used under outdoor conditions; however, thermally modified timber also
dries more slowly.

3.1.4.  Veneer surface roughness

The ten-point mean roughness (Rzis) was selected to characterise the surface
profile. Surface roughness directly affects the bondability of veneer surfaces, a
critical factor in plywood production. When comparing wood species, unmodified
birch veneers exhibit lower surface roughness than those of aspen and poplar.
Thermal modification of birch reduces surface roughness in all regimes except
160/50/VT, although a relatively wide scatter of roughness values was observed.
Thermal modification of aspen decreases surface roughness across all regimes,
with the smoothest surfaces obtained under the most severe regimes, namely
160/50/WTT and 218/30/VT. Under the 217/180/VT regime, surface roughness is
more pronounced, indicating that treatment temperature has a greater influence on
this parameter than duration
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In the case of poplar, all treatment regimes also resulted in reduced surface
roughness. Increased surface roughness reduces the contact angle on hydrophilic
surfaces, thereby improving water absorption capacity.

3.1.5. Fourier-transform infrared spectroscopy

The most significant changes in the FTIR spectra of birch resulting from
thermal modification (see Fig. 3.2) are observed as a reduction in intensity of the
absorption band at 1732-1740 cm!, which reflects changes in C=0 groups
associated with carbonyl, uronyl, and acetyl groups in hemicelluloses and xylan.
The most pronounced decrease in intensity occurs in the 160/50/WTT regime.
Similar trends are observed in another absorption band characteristic of
hemicelluloses, at 1231-1235 cm™, indicating hemicelluloses degradation during
thermal treatment. Moreover, the WTT process induces greater degradation of
hemicelluloses than the VT process. In contrast, an increase in intensity is
observed in the absorption band at 1108—-1051 cm™, which is associated with C—
O bonds in secondary alcohols of cellulose and indicates an increase in the relative
cellulose content.
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Fig. 3.2. Characteristic region of birch FTIR spectra

46



Examination of the changes in the FTIR spectra of aspen reveals the same
trends as observed for birch FTIR spectra. The most pronounced decrease in
absorption intensity occurs in the bands at 1732—-1740 cm™ and 1231-1235 cm™,
most notably for the 160/50/WTT regime. This indicates that the changes in the
chemical composition of veneers occurring during thermal modification are
similar across hardwood species. For aspen veneers treated under the 160/50/WTT
regime, an increase in intensity is also observed in the absorption band at 1159-
1166 cm™, indicating an increase in lignin content, as this band is associated with
conjugated C=0 ester groups in lignin.

In the FTIR spectra of poplar, the most pronounced decrease in absorption
intensity of the band at 1231-1235 cm™! is observed for the 217/180/VT regime,
followed by 160/50/WTT, 218/30/VT, 214/120/\V/T, 204/120/VT, and 160/50/VT.
This absorption band is associated with hemicellulose degradation, and the results
are consistent with the mass-loss data, indicating that the mass loss during thermal
modification is primarily attributable to this degradation.

3.1.6. Biological durability of veneers

The results of the indicative biological durability test of veneers differ
substantially depending on the wood species (see Fig. 3.3). The resistance of birch
veneers to the brown-rot fungus Coniophora puteana increases only marginally as
a result of thermal modification, except for the 214/120/VT and 217/180/VT
modification regimes. However, even the best result does not reach the 3%
threshold specified in the standard. In contrast, the effect of thermal modification
on aspen veneers is significant, and aspen treated under the 217/180/VT regime
reaches the bioresistance limit defined in EN 12038:2002. The effect is even more
pronounced for poplar, as no mass loss due to the activity of the basidiomycete
Coniophora puteana was observed for veneers treated under the 214/120/VT and
217/180/VT regimes.
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3.1.7. Veneer tensile strength

Veneer tensile strength is one of the most important parameters influencing
plywood strength (see Fig. 3.4). As shown, the tensile strength of birch veneers is
significantly higher than that of aspen and poplar veneers, both for unmodified
material and after all thermal modification regimes, making birch veneers more
suitable for plywood production.
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Fig. 3.4. Veneer tensile strength

3.2. Plywood bonding

To determine the feasibility of using thermally modified veneers in plywood
production, an indicative test was first carried out to assess the applicability of
various commercial adhesives and the innovative suberinic acids adhesive.
Subsequently, full-scale tests were performed in accordance with EN 314-1 and
EN 314-2.

3.2.1. Adhesive bond strength perpendicular to the grain (pull-off test)

The weakest bond strength was observed for the adhesion between veneers and
phenol-formaldehyde resins, which is consistent with the results reported by
Grinins for the bonding of birch veneers modified under the 160/50/WTT regime,
where treatment at 160 °C led to a 70% reduction in bond quality with phenol—
formaldehyde resins compared to unmodified veneers. Relatively low bond
strength values were also observed for adhesion between thermally modified
veneers and suberinic acids adhesive. Higher bond strength was achieved with
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polyvinyl acetate (PVVA), polyurethane (PU), and HB Construct (HB) adhesives.
The results are presented in Fig. 3.5.
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Fig. 3.5. Bonding strength

3.2.2.  Plywood bonding using commercial adhesives and the suberinic
acids adhesive

The TERMOVUQOTO thermal modification method proved to be superior to
WTT, as it is less aggressive and better preserves the structural integrity of wood.
This is consistent with previous studies, which have concluded that
TERMOVUOTO results in lower mass loss and higher mechanical properties
compared with WTT. Furthermore, the compatibility of polyurethane and phenol-
formaldehyde adhesives with thermally modified veneers supports their use in
industrial production. At the same time, more environmentally friendly
alternatives to commercially available adhesives exist, such as suberinic acids
adhesive.

The study concluded that when the WTT modification method is applied, the
modified veneers delaminate after bonding and are therefore unsuitable for
plywood production. When comparing the performance of the suberinic acids
(SA) adhesive with that of commercially available adhesives, the tensile—shear test
results obtained with the SA adhesive are comparable to those of the MUF
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adhesive for poplar veneers (0.74 + 0.06 and 0.65 + 0.04 MPa for unmodified
samples; 0.69 + 0.03 and 0.55 + 0.10 MPa for 160/50/VT; 0.57 £ 0.04 and 0.48 +
0.08 MPa for 204/120/VT; 0.47 £ 0.13 and 0.47 + 0.04 MPa for 214/120/VT; 0.49
+0.10 and 0.42 + 0.04 MPa for 217/180/VT; 0.56 + 0.11 and 0.53 + 0.02 MPa for
218/30/VT). A similar trend was also observed for aspen veneers (0.87 £ 0.10 and
0.77 = 0.20 MPa for unmodified samples; 0.61 + 0.18 and 0.66 + 0.15 MPa for
160/50/VT; 1.08 + 0.14 and 0.54 + 0.11 MPa for 204/120/VT; 0.72 £ 0.17 and
0.66 + 0.09 MPa for 214/120/VT; 0.66 + 0.14 and 0.49 + 0.08 MPa for
217/180/VT; 0.68 + 0.14 and 0.53 + 0.05 MPa for 218/30/VT).

However, the bonding quality of birch wood with MUF adhesive is superior to
that achieved with the SA adhesive (1.39 + 0.17 and 0.90 + 0.05 MPa for
unmodified samples; 1.06 + 0.22 and 0.87 = 0.16 MPa for 160/50/VT; 1.22 + 0.10
and 0.76 = 0.07 MPa for 204/120/VT; 0.94 + 0.11 and 0.66 + 0.14 MPa for
214/120/VT; 0.83 £ 0.14 and 0.54 £ 0.04 MPa for 217/180/VT; 0.75 + 0.14 and
0.66 + 0.09 MPa for 218/30/VT).

For all investigated wood species, the performance of phenol-formaldehyde
(FF) and polyurethane (PU) adhesives is superior to that of MUF and SA
adhesives. In contrast, the hybrid polymer adhesive (HB) exhibits the poorest
performance (see Fig. 3.6).

Nevertheless, the reduction in mechanical properties of thermally modified
wood remains a challenge, particularly for WTT. Further research is required to
refine the EN 314 methodology for determining the mode of wood failure,
including developing procedures for accurate identification of wood fracture,
particularly in thermally modified veneers, which are more brittle.
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3.3.

Life cycle assessment

The life cycle assessment was carried out for a new niche product—plywood
manufactured from veneers modified under the 217/180/VT regime and bonded
with a suberinic acids adhesive. The system boundary applied in the life cycle
assessment is illustrated in Fig. 3.7. The life cycle assessment results used for the
calculation of environmental costs are presented in Table 3.2.
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Table 3.2.

Environmental impact assessment using the ReCiPe 2016 (H) midpoint

method
Environmental impact Unit Result
category
Terrestrial acidification kg SO: eq 44.51
Climate change kg CO:2 eq 5,593.76
Freshwater ecotoxicity kg 1,4-DCB eg 376.06
Marine ecotoxicity kg 1,4-DCB eq 345.90
Terrestrial ecotoxicity kg 1,4-DCB eg 26,003.26
Energy resources: non- kg oil eq 1,363.96
renewable, fossil
Freshwater eutrophication kg P eq 2.63
Marine eutrophication kg N eq 8.87
Human toxicity: kg 1,4-DCB eq 852.79
carcinogenic
Human toxicity: non- kg 1,4-DCB eq 11,216.54
carcinogenic
lonising radiation kBg Co-60 eq 250.28
Land use m2-crop eq 4,434.81
Material resources: kg Cu eq 125.14
metals/minerals
Ozone depletion kg CFC-11 eq 0.03
Particulate matter kg PM2.5 eq 9.89
formation
Photochemical oxidant kg NOy eq 17.71
formation: human health
Photochemical oxidant kg NOx eq 18.31
formation: terrestrial
ecosystems
Water use m?3 722.54

The primary contributor to environmental impact for the experimental
plywood bonded with a suberinic acids adhesive and manufactured from birch
veneers modified under the 217/180/VT regime is potato cultivation using
conventional agricultural practices. Potatoes are utilised to produce ethanol via a
fermentation process, which is required for birch bark extraction in the production
of the suberinic acids adhesive. Additional information is provided in Annex 1 of

the Ph.D thesis.
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3.4. Cost calculation
The calculated market price of the experimental plywood is EUR 2176.85 per
1 m3. The cost breakdown is presented in Table 3.3. For ease of interpretation, the
costs were also recalculated on a per-square-metre basis for 9 mm plywood.

Table 3.3.

Price of the experimental plywood

Item Costs, EUR-m™® Costs, EUR-m (9 mm)
Production costs 1799.05 16.19
Material costs 641.96 5.78
Labour costs 1004.20 9.04
Fixed costs 131.67 1.19
Indirect costs 21.22 0.19
Administrative costs 179.90 1.62
Total costs 1978.95 17.81
Profit 197.90 1.78

Equipment acquisition 125 289.00 125 289.00

Price 2176.85 19.59

Assuming a 30-year service life, during which conventional birch plywood
would need to be replaced after 25 years and repainted every 3 years, whereas the
experimental plywood would have a 30-year service life and require repainting
every 4 years, the net present value (NPV) calculations show that the total
discounted cost of the experimental plywood over the 30 years, using a discount
rate of 4%, would be EUR 4803.40. In comparison, the corresponding price for
unmodified birch plywood would be EUR 5636.49.

Based on the cash-flow analysis, the calculated internal rate of return (IRR) is
12%, which exceeds the 4% discount rate. If 35 m® of experimental plywood are
sold per year, the capital investment would be recovered within eight years. Table
3.4 presents the environmental cost calculation, indicating the monetary

investment required in each impact category to offset the associated environmental
impacts.

Table 3.4.
Environmental costs of impacts
No. Environmental impact category Amount, EUR
1 Terrestrial acidification 234.99
2 Climate change 727.19
3 Freshwater ecotoxicity 7.86
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End of Table 3.4

No. Environmental impact category Amount, EUR
4 Marine ecotoxicity 1.11
5 Sauszemes ekotoksicitate 16.64
6 Energy resources: non-renewable, fossil 38.19
7 Freshwater eutrophication 9.83
8 Marine eutrophication 126.46
9 Human toxicity: carcinogenic 3402.62
10 Human toxicity: non-carcinogenic 796.37
11 lonising radiation 1.05
12 Land use 439.05
13 Material resources: metals/minerals 1.75
14 Ozone depletion 0.74
15 Particulate matter formation 837.70
16 Photochemical oxidant formation: 32.94
human health
17 Photochemical oxidant formation: 7.62
terrestrial ecosystems
18 Water use 294.08

In total, EUR 6976.19 would be required to offset the environmental impacts
of the experimental plywood (the sum of the values presented in Table 3.4) per 1
m3 of plywood produced, corresponding to EUR 62.79 per 1 m2 of 9 mm
experimental plywood. Additional information on the life cycle assessment and
life cycle costing calculations, as well as the social life cycle assessment, is
provided in Annex 1 of the Ph.D thesis.

ChatGPT was used to translate the summary.
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CONCLUSIONS AND RECOMMENDATIONS
Conclusions

. Thermal modification under reduced pressure (VT) is less aggressive than
treatment in a steam environment (WTT). Under identical treatment regimes
(160/50), mass loss in the WTT process was approximately twice that observed
in the VT process. Mass loss during thermal modification occurs primarily
through hemicellulose degradation. By removing hemicellulose degradation
products from the system, their further decomposition proceeds more slowly.

. When using a suberinic acids adhesive for plywood bonding, both unmodified
veneers and veneers modified under all VT regimes (aspen, birch, and poplar)
comply with Bonding Class 3, indicating that plywood bonded with this
adhesive is suitable for outdoor applications.

. The environmental impact of the developed experimental plywood is lower
than that of unmodified birch plywood across all environmental impact
categories; however, the scope of the LCA considered in this study must be
taken into account.

. The experimentally developed plywood represents an economically viable
project, as the calculated internal rate of return (IRR) of 12% exceeds the
applied discount rate of 4%.

Recommendations for further research

. The acoustic properties of plywood manufactured from thermally modified
wood were not addressed in this study. As existing publications indicate
improvements in the acoustic performance of wood following thermal
modification, this aspect represents a potential application of the developed
material and merits further investigation.

. Changes in birch plywood bonded with a suberinic acids adhesive during
outdoor weathering should be substantiated with experimental data to predict
its service life and the required maintenance measures more accurately.

. It is possible that the inability to bond WTT-modified veneers using the
suberinic acids adhesive is related to the technical parameters of the bonding
process, which were not investigated in detail in this study.
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4. Further research is required to comprehensively assess the environmental
impact of the new material throughout its life cycle. This study utilised data
from the publicly available Ecoinvent 3.11 database and adapted them for
thermally modified wood; however, precise data on air, water, and soil
emissions from plywood bonded with suberinic acids adhesive, as well as the
associated environmental risks, are still lacking. In addition, equipment
manufacturing was not included within the LCA scope considered in this
study, representing another vital area for future research
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