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DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate un problémas nostadne

Pedgjos gados pasaules politiskie Iideri ir parakstijusi vairakas vienoSanas, apnemoties
ierobezot CO; izmeSu daudzumu, pieméram, Parizes Klimata Iigumu, ko Eiropas Savieniba (ES)
ratificgja 2016. gada. Lai Tstenotu So apnemsanos, ES ir defingjusi vairakus politiskus mérkus vides
joma — pienemta Direktiva 2010/31/ES, kuras mérkis ir lidz 2020. gadam par 20 % samazinat CO»
izme$u apjomu [1], ka arT ir izstradatas Klimata un energétikas politikas vadlinijas 2030. gadam ar
mérki 1idz 2030. gadam par 40 % samazinat siltumnicas gazu apjomu un paaugstinat
energoefektivitati par 27 % [2].

Viena no lielakajiem CO; izmeSus radosajam nozarém ir €ku buvniecibas nozare [3], [4],
galvenokart saistiba ar energiju, kas tiek izmantota nepietickami izolétu ku apkurei, ventilacijai un
gaisa kondiciongSanai (apkure, ventilacija un kondiciongsana — AVK), ka ari blivmaterialu
razosanai [5], [6]. Turklat, lai arT siltumnicas efekta gazu (SEG) izmeSi Sobrid ir visvairak
piemingétais ietekmes uz vidi faktors (pieaug vienpratiba par nepiecieSamibu to samazinat), ir arT
citi ietekmes uz vidi faktori, ko biitu janem véra, izstradajot un ievieSot jaunus blivmaterialus
buvniecibas sektora [7], [8], piem&ram, okeana un jliras paskabinasanas [9], [10], eitrofikacija [11]
un toksicitate [12], [13]. Iemesls tam ir bivmaterialu razoSanas biitiska ietekme uz vidi, kas saistita
ar milzigu dabisko iezu patérinu [14] — aptuveni 3000 Mt/gada, kas ir vairak neka jebkura cita
ripniecibas nozar€ [15], ka arT ar augstu energoresursu un kurinama paterinu. Lai samazinatu $o
faktoru negativo ietekmi, ir nepiecieSams mainit majoklu bivniecibas tradicijas, palielinot Tpatsvaru
bivmaterialiem ar labam siltumtehniskam 1pasibam (lai samazinatu energijas patérinu
majsaimniecibu AVK vajadzibam), izmantot biivmaterialu razosanai atjaunojamos dabas resursus
vai daudz lietderigak izmantot neatjaunojamos dabas resursus, biivmaterialu razoSanu organizgt ar
zemaku energoietilpibu, samazinat ietekmi uz vidi buvmaterialu razoSanas procesa u. tml. [16],
[17].

Biivmaterialu grupa ar zemu ietekmi uz vidi ir dabigo 8kiedru biokompoziti. Sie materiali ir
veidoti no seviski porainam dabigam pildvielam ar nelielu mineralas saistvielas daudzumu, tie ir
pasnesosi un nodroSina zemu siltumvaditsp&ju, 1idz pat 0,05 W/m-K. Zemo ietekmi uz vidi
nodros$ina biologiskas izcelsmes pildvielas, kuru audz&$ana patéréts neliels energijas daudzums un
kas fotosintézes cela ieslégusas sevi oglekla dioksidu, ka arT nelielais mineralas saistvielas paterins.

Viens no izplatitakajiem §1s grupas materialiem ir kalka-kanepju biokompozits (KKB), kas
sastav no kanepju razoSanas rezultata raditiem blakusproduktiem — kanepju spaliem (biologiskas
izcelsmes pildviela) un hidrauliska kalka (saistviela). AugSanas procesa kanepes fotosintézes cela
ir uznémusas CO; [18], un kalkis, ciet&jot karbonizacijas cela, ir ieslédzis sevi CO., ka rezultata
rodas oglekla zina neitrals vai pat negativs galaprodukts, uzkrajot no 6,67 lidz
136,65 kg CO; ekv./m® [19]-[22]. Materialam ir ari labas siltumizolacijas Tpasibas — no 0,05 lidz
0,12 W/m-K [23], izcila mitruma uznemsana [24], [25] un akustiskas Tpasibas [26], turklat ta
ietekme uz vidi ir neliela, salidzinot ar tradicionali izmantotiem bivmaterialiem [19].

Kalka-kanepju biokompozita lietota saistviela (hidrauliskais kalkis) ir ar salidzinosi nelielu
mehanisko stipribu, bet izmantoto kanepju pildvielu Tpatsvars ir saméra liels. Turklat KKB
materialos novérojama kalku saistvielas saistiSanas un ciet€Sanas aizkavéSanas, kas izskaidrojama
ar kanepju spalos esoSajiem dabiskajiem cukuriem (biologiski paléninatdji), kuru ietekm@
samazinas arl saciet&jusas javas mehaniskas 1pasibas [27]. Ta rezultata KKB biivnieciba var tikt
izmantoti tikai ka paSnesosi siltumizolacijas materiali ar iestradi uz vietas biivlaukuma [28].
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Viens no materialiem, ko var izmantot, lai aizvietotu kalki kalka-kanepju biokompozitos un
palielinatu to mehaniskas Tpasibas, ir saistvielas uz magnija bazes. Sis saistvielas parasti izmanto
savienojuma ar dazadam biologiskas izcelsmes pildvielam, tadam ka koks [29]-[31], rapsa kati
[32], koka skaidas [33], kanepes [34] un arT citi lauksaimniecibas blakusprodukti [35]. Magnija
saistvielu prieksrociba pretgji kalcija saistvielam ir to ieveérojami labaka savietojamiba ar organiskas
izcelsmes pildvielam [29]. Tas saistits ar to, ka kalku saistvielas ciet€Sanas procesa rada sarmainu
vidi, kurd lignins un citi organiski savienojumi atdalas no biologiskas izcelsmes materialiem,
tadgjadi paléninot cementa vai kalka sacieteéSanu [36].

Dabigo $kiedru biokompozitiem no ekonomiska un ekologiska viedokla ir augsts potencials
aizstat tradicionalos biivmaterialus, tomér ir nepiecieSams veikt p&tfjumus un izstradat uzlabotus
biokompozitus, kas atbilst galvenajam biivmaterialu pamatprasibam — mehaniskajam, fizikalajam
un ilgmuZibas Tpasibam. Lai pieraditu $o materialu ilgtsp&ju un prieksrocibas, nepiecieSams veikt
pétijumus realos klimatiskos apstaklos, ka arT aprékinat So materialu ietekmi uz vidi un salidzinat
to ar tradicionali lietotajiem blivmaterialiem.

Darba merkis

Izstradat dabigo Skiedru biokompozitus ar uzlabotam mehaniskajam, fizikalajam un ilgmiizibas
Tpasibam, aprékinat to ietekmi uz vidi, izstradajot metodi So materialu dzives cikla analizei un
salidzinasanai ar tradicionali lietotajiem blivmaterialiem.

Darba uzdevumi

Lai sasniegtu p&ttjuma mérki, ir izvirziti $adi uzdevumi:

1. Izstradat biokompozitiem piemg&rotas saistvielas uz kalka un magnija bazes, izmantojot
atkritumproduktus ka aktivas mikropiedevas, lai minimiz&tu saistvielas ietekmi uz vidi.

2. lIzpetit dazadu faktoru (pildvielu TpaSibu, saistvielu veida, u.c.) ietekmi uz
biokompozita mehaniskajam un fizikalajam 1pasibam.

3. Noteikt biokompozitu bionoturibas un ugunsreakcijas TpaSibas atkariba no
izmantotajam saistvielam.

4. lIzstradat mersistemu, lai veiktu p&ttjumus par biokompozita hidrotermiskajam Tpasibam
realos eckspluatacijas apstaklos; izmantojot izstradato sistemu vienlaikus noteikt
mitruma un temperatiiras sadaljjumu sienas skérsgriezuma, ka arT ta siltumtehniskas
pasibas.

5. lIzstradat metodi, kas izmanto eksperimentalos biokompozitu datus, lai varétu novertét
dabigo skiedru biokompozita ietekmi uz vidi (arT CO; emisiju), ka arT salidzinat iegiitos
datus ar tradicionali lietotajiem bavmaterialiem.

Pétijuma zinatniska novitate

e Izstradata un iegtta dabigo Skiedru kompozitiem piemérota kalka bazes saistviela, kura
stipribas  uzlabosanai  kalkis dalgji aizstats ar metakaolinu saturoSiem
atkritumproduktiem, tadgjadi samazinot saistvielas ietekmi uz vidi. Pieradits, ka ar
metakaolina atkritumproduktiem iesp&jams panakt stipribas zina lidzigu saistvielu ka ar
tradicionali lietoto hidrauliska kalka saistvielu — ar vismaz 10 MPa spiedes stipribu.
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e JIzveidoti jauna tipa zema blivuma dabigo Skiedru biokompoziti, izmantojot atri
cietgjosas magnija bazes saistvielas, kas var nodro$inat atbilstosu stipribu pie zema
blivuma un siltumvaditspgjas —ap 200 kg/m® un 0,062 W/m-K. Biokompozitiem ir
zema ugunsreakcija —B klase saskana ar LVS EN 13501 —un lidzvertigi augsta
bionoturiba ka tradicionali lietotiem biivmaterialiem, kas satur biologiskas izcelsmes
pildvielas.

e Pirmo reizi dabigo $kiedru biokompozitiem pétita darbiba lauka apstaklos, izmantojot
speciali izstradatu mérsistému, kas sastav no temperatiiras, relativa mitruma un siltuma
plusmas sensoriem. Proti, vienlaikus tiek m&rits mitruma un temperatiiras sadalfjums
sienas biezuma, ka arT sienas siltumpretestiba. Izmantota Tpasi izstradata metode U
vertibu aprékinam dinamisku siltuma plismu gadijumos. Valsts p&tfjumu programmas
ietvaros izstradatas “Datu apkopoSanas sistémas izstrades vadlinijas”, kuras aprakstita
izveéleta datu uzkraSanas sist€ma, tas uzblives un komponensu izveles kritériji un
nostadnes, sist€émas darbibas principi, ka arT m&fjumu metodologija.

e Drzives cikla analize — izstradata metode dabigo skiedru biokompozitu dzives cikla
aprekinasanai un to salidzinasanai ar tradicionali lietotajiem materialiem, par atskaites
punktiem izmantojot spiedes stipribu un siltumvaditsp&ju. Metode lauj izmantot
eksperimentalos datus aprékina veikSanai, ka ar salidzinat materialu ar tradicionali
lietotajiem blivmaterialiem.

Promocijas darba praktiskais nozimigums

Izstradats Latvijas patents P-17-77 “Bio-Skiedru un magnija oksihlorida cementa daudzslanu
celtniecibas panelis un ta izgatavoSanas panémiens”. Izgudrojums attiecas uz biivniecibas materialu
izgatavoSanas jomu, tas var tikt izmantots, lai izgatavotu dazadus izstradajumus ar paaugstinatam
siltumizolacijas Ipasibam. Tiek piedavats videi draudzigs, porains materials, kas veidots no
bioskiedru saturosiem lauksaimniecibas blakusproduktiem (kanepju vai linu spali, rapsu, bambusa,
niedru u. c. stiebri) un magnezialajam saistvielam. Mineralam ir augstvertigas siltumizolacijas
Tpasibas, mitruma bufersp&ja un augsta ugunsizturiba.

Izstradats Latvijas patents P-17-86 “Magnija fosfata cementa un biologiskas izcelsmes pildvielu
atras ciet€Sanas celtniecibas bloks un ta izgatavoSanas panémiens”. Izgudrojums var tikt izmantots,
lai razotu atri ciet§joSus celtniecibas blokus, izmantojot viet€jas izcelsmes pildvielas. Tiek
piedavats panémiens ekonomiski izdevigu celtniecibas bloku izgatavoSanai, izmantojot Skiedru
saturo$as vietgjas izcelsmes biologiskas pildvielas un magnija fosfata cementu. Tas nodroSina atru
bloku sacietésanu un pietieckamu stipribu mazstavu bivniecibai.

Valsts pétljumu programmas ietvaros izstradata metode “Ekologisko kompozitmaterialu
razo$ana no kiedraugiem un viet§jam mineralam saistvielam”. ST metode izstradata esosiem un
toposiem CO: neitrala kalka-kanepju biokompozita razotajiem, jo ietver vairaku tehnologisko
faktoru un sastavdalu ietekmi uz biivmateriala ekspluatacijas Tpasibam.

Valsts petfjumu programmas ietvaros izstradati “Priekslikumi LBN 002-01 papildinasanai par
dabigo skiedru kompozitu biivmaterialu siltumtehniskam 1pasibam”, lai mazinatu skérslus dabigo
Skiedru kompozitmaterialu pielieto$anai biivprojektos. LBN 002 "Eku norobezojo$o konstrukciju
siltumtehnika" nosaka &ku argjo norobezojoSo konstrukciju blivelementu siltumtehniskas
projektesanas kartibu jaunbiivéjamam, parbliivéjamam un atjaunojamam apkurinamam &kam, tacu
taja nepiecieSams ieklaut informaciju ari par dabigo $kiedru biokompozitiem materialiem. Sada
papildinasana laus daudz plasak pielietot So vietgjas izcelsmes blivmaterialu, jo gan projektétajiem,
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gan potencialajiem pasititajiem biis daudz plasaka informacija un nebiis skérslu sadu materialu
pilnvertigi integrét buivprojekta. Saskana ar analiz€to un apkopoto informaciju doti priekslikumi par
normativa papildinasanu ar dabigo skiedru materiala siltumtehniskajam 1pasibam.

Pétisanas metodika

Dabigo skiedru biokompozitu mehanisko pasibu testi tika veikti ar Zwick Z100 universalo
test€Sanas masinu, spiedes stipribai I1dz 10 % relativajam deformacijam (saskana ar LVS EN 826),
lieces stipribas — Iidz sabrukumam. Materialu siltumvaditsp&ja noteikta, izmantojot LaserComp
siltumpliismas méritaju FOX600, p&c standarta LVS EN 12667 vadlinijam.

Lai noteiktu materialu klasifikaciju p&c to reakcijas uz uguni, lietoti $adi standartam LVS EN
13501-1 atbilstosi testi:

e LVS EN ISO 11925-2:2011 Ugunsreakcijas testi. Tiesas liesmas saskarsmei paklauto
produktu aizdegtiesspgja. 2. dala: Atseviska liesmas avota tests (ISO 11925-2:2010);

e LVS EN 13823+A1:2015 Buvizstradajumu testéSana pec to reakcijas uz uguni.
Bivizstradajumi, iznemot gridas segumus, kas paklauti atseviska degoSa priekSmeta
siltuma ietekmei.

Mikrobiologiskas stabilitates jeb bionoturibas testi veikti, maksligi inokul&jot biokompozitu
paraugus ar sénu suspensiju, inkubaciju veicot 75 % un 99 % RH apstaklos, novecinot paraugus
klimata kamera, apstradajot ar dazadiem aizsardzibas lidzekliem un veicot vizualo novértésanu.
Sénu gintis tika noteiktas p&c mikroskopiskam un makroskopiskam metodem.

Biokompozitu dzives cikla analize (DCA) veikta atbilstosi ISO 14040/44 vadlinijam.
Aprékinam tika izmantota Sima Pro 8 PhD DCA aprékina programma kopa ar Ecoinvent 3.0
datubazi, analizei izmantotas CML 2 baseline un GSP 100 metodes.

Pétijuma diapazons un iegiito rezultatu pielietojuma robezas

Promocijas darba pétijumi tika veikti ar zema blivuma dabigo Skiedru biokompozitiem, kas
izgatavoti no mineralam saistvielam — uz kalka vai magnija bazes — un augsti porainam dabigas
izcelsmes Skiedrainam pildvielam, galvenokart, kanepju spaliem. P&tama biokompozita blivums
bija no 200 Iidz 500 kg/m’, spiedes stipriba — 1idz 1 MPa, siltumvaditspgja bija robezas no 0,057
lidz 0,110 W/m-K.

Biokompozitiem tika izmantotas kalka bazes saistvielas ar spiedes stipribu vismaz 10 MPa,
metakaolina atkritumu produktu lietoSanas daudzums no 10 % Iidz 60 % no saistvielas masas.

Dzives cikla analizes veikSanai izmantota problémorienteta analizes metode CML2. Globalas
sasilSanas koeficients rékinats 100 gadu periodam. Ietekmes uz vidi sadalfjums veikts péc
ekonomiska sadalfjuma principa.

legiitais biokompozits pielietojams biivmaterialu razo$anas nozaré ka zema blivuma, porains,
pasnesoss siltumizolacijas un norobezojoso konstrukciju materials.

Aizstaveésanai izvirzitas tézes

e Izmantojot atkritumproduktus ka pucolana piedevas kalka bazes saistvielam, iesp&ams
izgatavot saistvielas, kas nodrosina dabigo skiedru biokompozitiem nepieciesamo stipribu
—vismaz 5 MPa, tacu vienlaikus pazemina materiala kopgjo ietekmi uz vidi, it Tpasi attieciba
uz CO; emisijam.
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Izgatavojot dabigo Skiedru biokompozitus ar magnija bazes saistvielam, var iegit strauji
ciet§josus materialus ar uzlabotam mehaniskajam un siltumtehniskajam 1pasibam (A lidz
0,057 W/m-K), parsniedzot tradicionali lietoto kanepju-kalku materialu raditajus, ka art
nodrosinot B klases ugunsizturibu un augstu bionoturibu.

Ar izstradato mérierici iesp&jams vienlaikus noteikt mitruma un temperattras sadalfjumu
sienas Skérsgriezuma, ka art izmérit siltuma plismu. Iegitie dati izmantojami U teorétisko
un faktisko vertibu salidzinasanai un mitruma migracijas noteiksanai.

Izstradata metode dzives cikla aprékinasanai lauj izmantot eksperimentali ieghtos
biokompozitu siltumvaditsp&jas un stipribas rezultatus, lai izveidotu modeli funkcionalo
vienibu dabigo $kiedru biokompozita ietekmes uz vidi novertésanai un salidzinasanai ar
tradicionali lietotajiem blivmaterialiem.

Ar kalka-metakaolina vai magnija oksihlorida saistvielam ir iesp&jams izgatavot dabigo

Skiedru biokompozitus ar negativam CO; emisijam, ka arT ar citam ietekmes uz vidi
kategorijam, kas ir 2 — 4 reizes zemakas neka tradicionali lietotiem biivmaterialiem.

Promocijas darba sastavs un apjoms

Promocijas darba ir anotacija, ievads, piecas galvenas nodalas, kas sadalitas apaksnodalas,

secinajumi, literatiiras saraksts un astoni pielikumi.

Darba apjoms ir 121 lappuses, taja ieklauti 74 atteli, 33 tabulas, 163 literatiiras avoti un astoni

pielikumi.

Pirmaja nodala dota eso$o dabigo $kiedru materialu ipasibu apkopojums un analize, to
galvenie trukumi.

Otraja nodala aprakstiti izmantotie materiali un p&tiSanas metodes.

TreSaja nodala izstradati uzlaboti saistvielu maisijumi uz kalka bazes, ka arf jauna veida
saistvielu maisTjumi uz magnija bazes.

Ceturtaja nodala veikta dabigo Skiedru biokompozitu izstrade, izmantojot uzlaboto
saistvielu, veikta dabigo Skiedru biokompozitu Tpasibu noteik$ana un analize.

Piektaja nodala veikta dabigo Skiedru biokompozitu dzives cikla aprékina metodikas
izstrade un analize.

Darba iegiito rezultatu aprobacija starptautiskas konferenceés un
publikaciju saraksts

1. Sinka M., Sahmenko G., Bajare D., Korjakins A., Van den Heede P., De Belie N.
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288-299, 2018.

2. Sinka M., Korjakins A., Bajare D., Zimele Z., Sahmenko G. Bio-based construction
panels for low carbon development. Energy Procedia 147, 220-226. Piecejams:
https://doi.org/10.1016/j.egypro.2018.07.0633. 2018.
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1. LITERATURAS APSKATS

Dabigo skiedru siltumizolacijas biokompoziti ir materiali ar plasu izmantoSanas potencialu
un atbilsttbu miisdienu prasibam — zemu ietekmi uz vidi un augstu energoefektivitati. Tie
izgatavoti no organiskas izcelsmes Skiedru pildvielam, piem&ram, kanepju [37]-[39] vai linu
spaliem [25], [40], rapSu [32], [41] vai salmu stiebriem [16], [42], niedrém u. c., un mineralam
saistvielam — kalka, hidrauliska kalka, cementa u. c. Viens no visvairak izplatitajiem dabigo
Skiedru biokompozitu grupas materidliem ir kalka-kanepju biokompozits (KKB). Si
kompozitmateriala razoSanai izmanto kanepju stiebra ieks$gjo dalu — kanepju spalus, kas ir
kanepju skiedru razoSanas blakusprodukts, — ka pildvielu un hidraulisko kalki ka saistvielu [43].
Dabigo skiedru biokompozitu galvenokart izmanto ka paSneso$u sienu siltumizolacijas
materialu, kas iestradats neso$a koka rami.

Francija $ada veida materials blivnieciba tiek izmantots jau kop$ 20. gadsimta 80. gadu
beigam [44], un Sobrid tas ir kluvis populars ar citas Eiropas valstis, pieméram, Lielbritanija,
Irija un Polija [45]. Dabigo $kiedru biokompozitu Tpasibas ir atbilstosas ES Regulai N305/2011
[46], kura noteiktas septinas pamatprasibas bluivdarbiem un biivmaterialiem. Talak sniegts
materiala vertéjums §Ts regulas konteksta:

e Mehaniska stipriba un stabilitate — tas lietojams ka pasnesoSs izolacijas materials,
nav nepiecieSami papildu materiala slani, un apmetumu var uzklat tiesi uz virsmas.
Tam piemitt daudz lielaka mehaniska pretestiba, salidzinot ar tradicionali lietotajiem
siltumizolacijas materialiem [47].

e Uguns izturlba — pretgji citiem dabigo Skiedru izolacijas materialiem, kas ietilpst
ugunsreakcijas E klasé [48], minerala saistviela var nodrosinat ugunsizturibu, kas
atbilst B klasei (EN 13501-1) [49].

e Higiéna, veseliba un vide — dabigo Skiedru biokompoziti nesatur gaistoSus
organiskus savienojumus (GOS) vai citas kaitigas vielas. Tiem ir paaugstinata
mitruma buferspéja, kas uzlabo iekstelpu gaisa kvalitati, novérsot sénu un pelgjuma
augSanu, kas var izraisit alergiskas slimibas [50], [51].

e Materialiem ir samazinata ietekme uz vidi, jo biopildviela ir ieslégts liels CO2
daudzums, ka arT to razoSana patéré mazak energijas neka ekvivalenti bavmateriali
[19].

¢ Drosiba — dabigo Skiedru biokompoziti netiek izmantoti ka slodzi nesosi materiali,
tapec §1 pamatprasiba netiek verteta.

e Skanas izolacija — materialiem ir poraina struktiira ar salidzinosi augstu blivumu,
tadgjadi dabigo skiedru biokompoziti absorbé un atstaro skanu, nodrosinot labaku
skanas izolaciju, salidzinot ar vienada biezuma tradicionalo siltumizolacijas
materialu [26].

e Energijas ekonomija un siltumizolacija — dabigo $kiedru biokompozitiem ir relativi
labas siltumizolacijas Tpasibas — A zem 0,06 (W/m - K), kas padara tos lidzvertigus
citiem izolacijas materialiem [49], [52].

e Dabas resursu ilgtspgjiga izmantoSana — vairaki pé&tnieki ir pieradijusi, ka viss
dabigo skiedru biokompozitu razo$anas process piesaista vairak CO> neka tiek
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izmests atmosfera, jo kanepes augSanas procesa uznem oglekla dioksidu un ari
kalkis karbonizgjoties piesaista CO2. Noglabata oglekla dioksida daudzums ir no
6,67 kg Iidz 136,65 kg CO ekv./m3[19]-[22].

Kalka-kanepju biokompozitu trikums ir to relativi zema mehaniska izturiba, kas nosaka to
pielietojumu — tie tiek izmantoti tikai ka paSnesoSi siltumizolacijas materiali, galvenokart
mazstavu ¢kam [28]. Ka negativu Ipasibu var minét arT to, ka lignins, cukuri un citi biologiski
savienojumi, kas izdalas no pildvielas, 1pasi sarmainaja saistvielas vid€, aizkaveé hidraulisko
kalku saistiSanos, kas samazina biokompozitu agrino stipribu [27, 36].

Magnija saistvielu potencialu var izmantot, lai aizvietotu kalkus dabigo Skiedru
biokompozita un palielinatu to stipribu. Sis saistvielas parasti tick izmantotas kombinacija ar
dazadam biologiskas izcelsmes pildvielam, pieméram, koku [29]-[31], rapSu katu [32],
koksnes masu [33], kanepém [34], ka arT citiem lauksaimniecibas produktu
atkritummaterialiem [35]. Salidzinot ar kalcija bazes saistvielam, magnija saistvielu
prieksrociba ir to ieveérojami labaka saderiba ar organiskajam pildvielam [29].

Promocijas darba tika mekl&tas atbilstosakas magnija un kalcija bazes saistvielas, kas kopa
ar biologiskas izcelsmes pildvielam sp&tu veidot musdienu prasibam atbilstoSus dabigo Skiedru
biokompozitus ar uzlabotam mehaniskajam, fizikalajam un ilgmiizibas Tpasibam. Lai pieraditu
So materialu ilgtsp&ju un prieksrocibas, tika veikti p&tijumi realos klimatiskos apstaklos, ka art
aprékinata So materialu ietekme uz vidi un salidzinata ar tradicionali lietotajiem
blvmaterialiem.
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2. DABIGO SKIEDRU BIOKOMPOZITU IZPETES METODES

Dabigo $kiedru biokompozitu mehanisko pasibu testi tika veikti ar Zwick Z100 universalo
test€Sanas masinu. Spiediens tika piemérots ar atrumu 10 mm/min, registréjot
speka-deformacijas diagrammu procesa laika. Tests spiedes stipribas noteikSanai tika veikts
Iidz 10 % relativajam deformacijam (saskana ar LVS EN 826), lieces stipribas — lidz
sabrukumam. Saistvielu mehaniskas Tpasibas tika testStas saskana ar LVS EN 459, izgatavojot
un izmantojot 160 mm x 40 mm x 40 mm izméra prizmu paraugus.

Materialu siltumvaditspgja tika noteikta, izmantojot LaserComp siltumpliismas meritaju
FOX600, kas kalibréts pec NIST sisteémas. Paraugi tika testeti, sekojot standarta LVS EN 12667
vadlinijam. Temperattiras uzstadijumi AT = 20 °C, augsgja plaksne 0 °C, apaksgja — 20 °C.

Promocijas darba, lai noteiktu dabigo Skiedru biokompozitu klasifikaciju péc to reakcijas
uz uguni, atbilstosi standartam LVS EN 13501 “Buvkonstrukciju un buvelementu klasifikacija
péc to reakcijas uz uguni” tika lietoti $adi testi:

e LVSENISO 11925-2:2011 Ugunsreakcijas testi. Tie$as liesmas saskarsmei
paklauto produktu aizdegtiessp&ja. 2. dala: Atseviska liesmas avota tests
(ISO 11925-2:2010);

e LVSEN 13823+A1:2015 Bivizstradajumu test€Sana péc to reakcijas uz uguni.
Buvizstradajumi, iznemot gridas segumus, kas paklauti atseviska degosa priekSmeta
siltuma ietekmei.

Papildus materialu reakcija uz uguni tika noteikta p&c LVS ISO 5660-1:2015
“Ugunsreakcijas testi. Koniska kalorimetra metode”, klasificEjot materialus ar Nordtest
projekta 1526-01 metodologiju [124].

Mikrobiologiskas stabilitates testi tika veikti tris posmos, materialu paraugus maksligi
inokul&jot ar se§am dazadam séném, inkubaciju veicot 75 % un 99 % RH apstaklos, novecinot
paraugus klimata kamera un apstradajot ar dazadiem aizsardzibas lidzekliem. Visos trTs posmos
tika veikta vizuala novertésana, izmantojot klasifikaciju péc sadas skalas [125]:

2.1. tabula

Seénu koloniju pieauguma ekspertvertéjuma skala

Vizualais noveértéjums Raksturojums Krasa skala

mikroskopiski nav konstatéts sénu pieaugums

mikroskopiski ir konstatéts sénu picaugums

FN VYN R

mikroskopiski ir konstatéts sénu pieaugums, kas aptver visu parauga virsmu
makroskopiski konstatéts sénu pieaugums (redzams ar neapbrunotu aci)

makroskopisks pieaugums, kas aptver > 80 % no materiala virsmas

Promocijas darba tika izstradata sist®ma, lai varétu noteikt dazadu konstrukciju siltuma
caurlaidibu realos apstaklos, ka arT mitruma migraciju. Sistémas darbibas pamata ir m&rfjumi
no temperatiiras sensoriem uz virsmam (H6 un H7 2.2. att.) un no siltuma pliismas sensora (q1
2.2. att.), mitruma migracijas m&rfjumiem izmanto dazados sienas biezumos izvietotus relativa
mitruma sensorus.
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2.2. att. Siltuma pliismas un virsmas temperatiiras sensoru principialais izvietojums.

Datu apstradei promocijas darba izmantota LU VTPMM (Vides un tehnologiju procesu
matematiskas model&Sanas) laboratorija izstradata U veértibas aprékina metodika, kas pielauj
izmantot eksperimentalos datus no 1sa laika perioda veiktiem merfjumiem [126]. Metodes
pamata ir viendimensionals siltuma caurlaidibas koeficienta aprékins, izmantojot siltuma
plismas blivumu uz siltakas virsmas un virsmu temperatiiras starpibu [127]. Metode ir
integréta un izmantota ar programmu DataProc [46].

Promocijas darba mérkis ir izmantot DCA, lai novertetu dabigo Skiedru biokompozitu
ietekmi uz vidi. Veicot biokompozitu dzives cikla analizi (DCA), atbilstosi ISO 14040/44
vadliijam, tika veikti $adi p&tijjumu posmi:

1. Merka un apjoma noteikSana.
2. Inventarizacijas analize.

3. letekmes novertgjums.

4. Rezultatu interpretacija.

Aprékins tika veikts, izmantojot Sima Pro 8 DCA aprékina programmu kopa ar Ecoinvent
3.0 [144] datubazi. Rezultatu analizei tika izmantota CML 2 baseline metode [145]. Analiz&jot
rezultatus, katrs razoSanas cikla posms tika apskatits atseviski, lai varétu novertet ta atsevisko
sadalu ietekmi. Tika noteikts radito emisiju nodaritais kait€jums videi, izmantojot atbilstosus
ekvivalences koeficientus atlasttajiem savienojumiem vairakas ietekmes kategorijas —globalas
sasilSanas potencials, paskabinaSanas potencials, eitrofikacijas potencials, troposféras ozona un
fotoktmiska smoga veidoSanas potencials, stratosféras ozona noardiSanas potencials un
ekotoksicitates potenciali.
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3. PETIJUMOS IZMANTOTO IZEJMATERIALU APRAKSTS

Promocijas darba tika izmantoti astoni dazadi kanepju spalu veidi no lielakajiem Latvijas
kanepju Skiedru parstradatajiem, kas atskiras ar granulometrisko sastavu, $kiedras daudzumu,
puteklaintbu u. c. Ipasibam, kas galvenokart atkarigas no parstrades veida. Izveletie
parstradataji ir z/s “Rudeni” no Jelgavas novada (RM, RL un RS spali), SIA “Zalers” kanepju
un linu parstrades uznémums no Kraslavas novada (ZM un ZL spali), z/s “Lieplejas”,
Salacgrivas novada (LM un LS spali) un SIA ,,Latgales lauksaimniecibas zinatnes centrs”,
Vilanu novada (EE spali). RM, ZM, LM — mazie kanepju spali, kuru frakcija 0,63 mm—10 mm
ir vismaz 80 %, RL, ZL, LL — lielie kanepju spali, kuru frakcijas > 10 mm parsniedz 15 %. RS
— kanepju spali ar skiedru, tas daudzums parsniedz 6 %. EE — eksperimentalie spali, vienu
sezonu tilinati uz lauka (Skiedras atdaliSana no koksnes), putekli < 1 %.

Darba tika izmantotas divas gaisa cietgjosu kalku saistvielas, to kimiskie sastavi redzami
3.1. tab.: veldzeti baltkalki CL90 S, (“Lhoist Bukowa”, Polija), neveldzétie dolomitkalki
DL 60 (“Saulkalne”, Latvija).

3.1. tabula
Izmantoto kalka saistvielu sastavi un galvenas 1pasibas

CL90 S DL 60 Q

Ca0 + MgO >90 % >60%

MgO <5% <30%

CO, <4% <21%

SO; <2% <2%

Aktivais kalkis >80 % >60%

Dalinu izméri

Masas atlikums uz 0,2 mm sieta <2% <1,5%
Masas atlikums uz 0,09 mm sieta <7% <15%

Darba izmantotais metakaolins ir atkritumprodukts no putustikla granulu raZoSanas
(“Stiklaporas”, Lietuva). Kaolina mali, izmantoti ka pretsalipes piedeva, tiek kalcingti
apdedzinasanas krasni 800 °C—850 °C temperatiira 40-50 mindtes [128].

Promocijas darba tika izmantoti divu veidu atkritumprodukti, kas iegiiti fluoresc&to lampu
parstrades procesa: svinu saturo$s Pb stils un borsilikatu stikls (“Lampu demerkurizacijas
centrs”, Latvija) [131].

Darba izmantoti divu veida magnija oksidi. Magnija oksihlorida cementa izgatavoSanai
izmantots kaustiskais magnija oksids CCM RKMH-F, kas apdedzinats 800 °C temperatiira,
(“RHI AG Ltd”, Austrija), MgO daudzums vismaz 73 % (MgO A.). Magnija fosfata cementu
izgatavosanai izmantots pardedzinats magnija oksids M-76, apdedzinats 1700 °C temperatiira,
(“Integra Ltd”, Slovakija), MgO daudzums vismaz 85 % (MgO S).

Magnija fosfata cementu izgatavosanai izmantoti divu veidu $kistosi skabie fosfati — kalija
un amonija fosfati. [zmantotais monokalija fosfats (MKP) ir mineralmé&slojums 0-52-35 (N-P-K
attieciba) ar P»Os daudzumu vismaz 52,1 % (“Praton S. A.”). Izmantotais monoamonija
fosfats, ir mineralmesli 12-61-0 (“Haifa Ltd.”). Magnija oksihlorida cementa izgatavosanai
nepiecieSams MgCly cietinatdjs — magnija hlorida heksahidrats MgCl,-6H>O ar MgCh
daudzumu 47 % (Vacija).
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4. EKSPERIMENTALA DALA

4.1. Dabigo Skiedru biokompozitiem piemérotu saistvielu izstrade

4.1.1. Kalka bazes saistvielas

Promocijas darba gaita izstradata kalku bazes hidrauliska saistviela tika izgatavota, gaisa
ciet€joSu kalku saistvielu 10 %—70 % apmera aizstajot ar hidrauliskam piedevam — metakaolinu
(MK), svinu saturo$u lampu stiklu (PG) un borsilikata lampu stiklu (BG) (4.1. tab.).
Udens/saistvielas attieciba (U/S) visiem paraugiem bija konstanta — 2:3. Pildvielas un
hidrauliskas saistvielas attieciba visiem paraugiem bija 2:1.

4.1. tabula
Kalcija kalku sastavi un mehaniskas stipribas testu rezultati
Izejviela (masas vienibas dala) Soied Li
- _ . iedes ieces
M:;::Jﬁ li]'sna L9 MK PG BG K:!tlf;/cl;zg?lnzna Tllpl?gr;l“':asa’ pretsstibaFc, pretestiba
MPa Fm, MPa
CL-0 1 - - - 0% 1590 1,18 0,12
CL-MK-1 0,9 0,1 — — 10% 1623 4,55 1,05
CL-MK-2 0,8 0,2 - - 20% 1668 7,87 1,21
CL-MK-3 0,7 0,3 — — 30% 1712 11,55 1,56
CL-MK-4 0,6 0,4 - - 40% 1698 12,3 1,49
CL-MK-5 0,5 0,5 - - 50% 1657 12,15 1,2
CL-MK-6 0,4 0,6 — — 60% 1645 8,54 1
CL-MK-7 0,3 0,7 - - 70% 1622 4,45 0,8
CL-PG-1 0,9 - 0,1 - 10% 1856 4,05 1,25
CL-PG-2 0,8 — 0,2 — 20% 1901 5,04 1,22
CL-PG-3 0,7 - 0,3 - 30% 1921 5,21 1,08
CL-PG-4 0,6 - 0,4 — 40% 1903 4,32 0,95
CL-PG-5 0,5 - 0,5 - 50% 1867 4,17 0,87
CL-BG-1 0,9 - - 0,1 10% 1825 3,89 1,28
CL-BG-2 0,8 - - 0,2 20% 1887 5,02 1,33
CL-BG-3 0,7 - - 03 30% 1905 4,87 1,42
CL-BG-4 0,6 - - 04 40% 1845 4,63 1,25
CL-BG-5 0,5 — — 0,5 50% 1893 2,87 0,77

P&c trTs dienu cietéSanas veidnos paraugi tika atveidnoti un turpmak uzglabati laboratorijas
apstaklos 20 °C-23 °C. References sastavs (CL-0), kas izgatavots no gaisa ciet€joSiem kalkiem
bez hidrauliskam piedevam, péc izgatavosanas tika cietinats laboratorijas apstaklos, kur relativa
gaisa mitrums ir 40 %—50 %. Pargjie paraugi tika cietinati paaugstinata mitruma apstaklos —
95 % — 99 % RH. Sadi hidraulisko kalku cieté$anas apstakli atbilstosi publicétajiem p&tijumiem
ir uzskatami par optimaliem [95].

References parauga (CL-0) spiedes stipriba péc 28 dienu cietéSanas sasniedza 1,18 MPa
(4.1. tab.). Aizstajot kalka saistvielu ar metakaolina hidraulisko piedevu apjomano 10 %—40 %,
paraugu spiedes stipriba péc 28 dienu cietéSanas atbilstosi palielinajas no 4,6 MPa Iidz
12,3 MPa. Palielinot metakaolina daudzumu lidz 50 %, ta nedaudz samazinajas lidz 12,1 MPa,
savukart, palielinot metakaolina Tpatsvaru Iidz 70 %, spiedes stipriba biitiski samazinas — Iidz
4,5 MPa péc 28 dienu cietgsanas. (4.1. tab.).
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Lieces stipriba kalka saistvielai, bez pievienotam hidrauliskam piedevam ir zema — tikai
0,12 MPa. Pievienojot 10 % metakaolina piedevu, ta butiski picauga — Iidz 1,05 MPa.
Proporcionali palielinot piedevu 1idz 30 %, stipriba pieauga lidz 1,56 MPa. Palielinot izmantota
metakaolina daudzumu no 40 %—70 %, lieces stipriba samazinajas 11idz 0,80 MPa.

Optimalais metakaolina daudzums, lai iegiitu hidraulisku saistvielu no kalcija kalkiem ar
maksimali augstam mehaniskajam Tpasibam, kas atbilst NHLS, bija 40 % — $ada attieciba tika
izveleta talakiem biokompozitu p&tjjumiem.

Aizstajot kalcija kalka saistvielu ar malta svinu saturo$a stikla hidraulisko piedevu
10 %— 50 % apjoma, paraugu spiedes stipriba pec 28 dienu cietéSanas bija robezas no 4,05 MPa
Iidz 5,21 MPa, visaugstako stipribu sasniedzot pie 30 % stikla daudzuma. Lieces stipribai
svarstoties no 0,87 MPa lidz 1,25 MPa, visaugstaka stipriba pie 10 % stikla piedevas (4.1. tab.).
Optimalais piedevas daudzums ir 20 %—30 %.

Borsilikatu stikla hidrauliskas piedevas izmantoSana vislielako spiedes stipribu dod pie
20 % — 5,02 MPa, lieces stipribu pie 30 % — 1,42 MPa. Pievienojot 50 % piedevas, stipriba
strauji samazinajas 1idz 2,87 MPa spied€ un 0,77 MPa liec€ (4.1. tab.).

4.1.2. Magnija bazes saistvielas
Magnija oksihlorida cements (MOC) izgatavots no kaustiska MgO A (skat. 3. nodalu) un

magnija hlorida heksahidrata. Magnija oksihlorida cementa izgatavoSanai tika izmantots
vienads MgO daudzums (4.2. tab.), savukart MgCl, $kidums tika pievienots 0,50-0,93 no MgO
daudzuma. MgCl, $kidums ar blivumu 1,2 g/cm? tika iegits, sajaucot magnija hlorida
heksahidratu ar ideni masas attiecibas 1:1.

4.2. tabula
Magnija oksihlorTda sastavi un mehaniskas stipribas testu rezultati
Izejviela (masas Spiedes . -
Sastavs Viinibas(dala) _ MgClyMgO s Blivun;s, pthesﬁba Lieces pretestiba
MeO, g Mg?l]l 8. kg/m Fe, MPa Frn, MPa
0X-1 1 0.93 047 032 2100,0 29,40 5.88
0X-2 1 0,83 0,42 0,29 2050,0 39,20 7,84
0X-3 1 075 038 027 2015,7 50,40 10,08
0X-4 1 068 034 025 20706 60,90 8,84
0X-5 1 0.60 030 023 20923 48,19 9,64
0X-6 1 0,50 0,25 0,20 2142,3 50,46 9,02
0X-7 1 0,50 025 033 2047,7 24,57 4,40
0X-8 1 0.60 030 0.29 2039,5 22,81 3,83
0X-9 1 0.60 030 036 1999,1 18.29 321
0X-10 1 0,50 0,25 0,47 2055,9 18,75 4,62

Pildvielas un magnija oksihlorida cementa attieciba tiek izmantota nemainiga (2:1) visu
sastavu izgatavoSanai. Udens/saistvielas attieciba mainiga, sk. 4.2. tab. P&c ievieto$anas
veidnos magnija oksihlorida paraugi netiek nosegti. Péc divu dienu ciet€Sanas tie tiek atveidnoti
un turéti pie temperattiras 20 °C-23 °C un relativa gaisa mitruma 40 %—50 %. TestéSana notiek
péc 28 dienu cietésanas.

Spiedes stipriba palielinas no 50,5 MPa lidz 60,9 MPa, U/S attiecibai palielinoties no
0,20 Iidz 0,25. U/S attiecibai palielinoties Iidz 0,29, stipriba samazinas lidz 39,2 MPa. Pie U/S
0,47 spiedes stipriba ir 18,8 MPa (4.2. tab.). Lidzigu tendenci uzrada arT lieces stipriba,
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palielinoties 11dz 10,1 MPa pie U/S 0,27, stipribai samazinoties Iidz 3,2 MPa pie talakas U/S
attiecibas pieauguma.

Spiedes stipribas pieaugums novérojams, MgO/MgCl; attiecibai samazinoties lidz 0,34,
sasniedzot 60,9 MPa, pie talaka attiecibas samazinajuma ari spiedes stipriba samazinas
(4.2. tab.). Par optimalu U/S talakiem biokompozitu p&tijumiem pienemta attieciba 0,25,
MgO/MgCl; attieciba — 0,34.

Magnija fosfata cements (MPC) tiek izgatavots no pardedzinata MgO S un cietinataja —
kalija fosfata vai amonija fosfata (sk. 3. nodalu). Magnija fosfata cementa sastavu parbaudes
tika izmantota dazada cietinataja/MgO attieciba 0,6—1,0 un Gdens/saistvielas attieciba 0,3-0,39
(4.3. tab.). Visu sastavu izgatavoSanai tikai izmantota nemainiga pildvielas un magnija fosfata
cementa attieciba (2:1). Paraugu izgatavo$ana un cietinasana bija analoga magnija oksihlorida
cementa izgatavoSanai.

Salidzinot magnija fosfata cementu, kas ieglits no amonija vai kalija fosfata, var redzet, ka
kalija fosfata cements kopuma uzrada par 5 %41 % augstaku spiedes stipribu un par
6 %-~— 13 % augstaku blivumu (4.3. tab.). Amonija fosfata cementiem cietgjot, izdalas amonija
gaze [106], [107], kas tiek iesl€gta poras cieteéSanas laika, tadgjadi samazinot materiala blivumu
un stipribu. Augstaka spiedes stipriba kalija fosfata cementam bija ar cietinataja/saistvielas
attiecibu 0,80, amonija fosfata cementam — ar 0,6. Sastavs KM-3 tika izv€lets turpmakajiem
biokompozitu p&tijumiem.

4.3. tabula

Magnija fosfata cementa sastavi un mehaniskas stipribas testu rezultati

Izejviela (masas vienibas dala) ) Spiedes Lieces

Sastavs B:(lvun:s, pretestiba Fc, pretestiba

MgO KPO NH; H,0 g/m MPa Fm, MPa
KM-1 1 0,8 - 0,60 2046,9 47,9 7,0
KM-2 1 0,8 - 0,70 1996,1 40,7 53
KM-3 1 0,8 - 0,50 2082,0 52,1 8,9
KM-4 1 0,9 - 0,57 2066,4 50,6 7,7
KM-5 1 1,0 - 0,60 2074,2 50,6 79
KM-6 1 0,7 - 0,51 2081,6 473 6,8
KM-7 1 0,6 - 0,48 21094 443 7,0
KM-8 1 0,5 - 045 2069,8 42,1 6,4
AM-1 1 - 0,8 0,60 1929,7 29,6 7,7
AM-2 1 - 0,8 0,70 1816,4 26,1 6,4
AM-3 1 - 0,8 0,50 1867,2 39,6 9,5
AM-4 1 - 0,9 0,57 1829.5 36,7 8,3
AM-5 1 - 1,0 0,60 1820,3 30,1 6,6
AM-6 1 - 0,7 0,51 1830,4 443 93
AM-7 1 - 0,6 0,48 18359 44,9 9.3
AM-8 1 - 0,5 0,45 1803,0 40,0 8.4

21



4.2. Dabigo Skiedru biokompozitu mehaniskas un siltumtehniskas
ipasibas

Saistviela magnija oksihlorida biokompozitiem (MOC) tika izgatavota, pamatojoties uz
4.1. nodalas rezultatiem, MgCl2/MgO attiecibu pienemot 0,34, MgCl, Skidums 1:1 ar Gdeni.
Paraugi tika izgatavoti ar dazadu MgO daudzumu, kas ir robezas no 0,5 Iidz 1,5 attieciba pret
spalu daudzumu.

Paraugu izgatavoSanas metodologija — kanepju spali tika sajaukti ar dalu no receptirai
nepiecieSama tdens daudzuma, tika pievienota iepriekS sausi sajaukta saistviela un tad
pievienots magnija hlorida sals Skidums vai fidens. P&c divam dienam paraugi tiek atveidnoti
un 28 dienas izturéti laboratorijas apstaklos 20 °C + 2 °C un 40 % + 10 % RH.

4.4. tabula
MOC biokompozitu sastavi un test€Sanas rezultati
Izejviela (masas vienibas dala) Spiedes  Spiedes Lieces Spiedes
- Blivums stipriba  stipriba .o stipriba
Sastavs . - MgCL,, P/S > stipriba, ey
Kagemu Udéns MgO Skidums kg/m? 10 %, perp., l\lZIPa graujosi,
spali spaliem a:1) MPa MPa MPa
MOC-1 1,00 1,25 1,50 1,00 0,50 416,18 0,71 0,74 0,35 0,53
MOC-2 1,00 1,25 1,05 0,70 0,71 357,14 0,37 0,36 0,16 0,30
MOC-3 1,00 1,25 0,75 0,50 1,00 252,79 0,20 0,06 0,05 0,13
MOC-4 1,00 1,25 0,50 0,33 1,50 214,34 0,16 0,14 0,02 -

Magnija oksihlorida biokompozitu spiedes pretestiba apkopota 4.4. tab. 4.1. att. att€lotas
spiedes stipribas/deformaciju diagrammas paral@li un perpendikulari ieklasanas virzienam.

No §tm diagrammam var secinat, ka biokompozitus var iedalit trTs grupas atkariba no
saistvielas daudzuma:

1. Zema saistvielas satura MOC biokompoziti (P/S 1,50) — mehaniskas tpasibas ir
lidzigas savstarpgji nesaistitu pildvielu (spalu) stipribai, liela deform&jamiba pie
zemas pieliktas slodzes, jo saistviela atrodas tikai uz spalu virsmam, spalus
savstarpgji sasaistot, bet neveidojot stingu saistvielas strukttiru.

2. Vidgjas stipribas saistvielas satura MOC biokompoziti (P/S 0,71) — deformacijas
nepieaug tikai un vienigi lineari, bet ir novérojama arT elastigo deformaciju pareja
plastiskajas deformacijas. Tas izskaidrojams ar faktu, ka pildvielas parklatas ar
vairakam saistvielas kartam.

3. Augstas stipribas saistvielas satura MOC biokompoziti (P/S 0,50) — pildvielas ir
iegremd@tas saistviela, pildviela veido stingu rezgi, kura sabrukums ir izteikti
noverojams spiedé perpendikulari ieklasanas virzienam.
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4.1. att. Raksturigas spiedes Itknes MOC materialiem paral@li un perpendikulari
ieklaSanas virzienam.

Palielinot pildvielas/saistvielas attiecibu no 0,50 Iidz 0,71, MOC blivums samazinajas
par 14 %, mehaniska stipriba par 48 % (4.4. tab.). Palielinot pildvielas/saistvielas attiecibu
no 0,71 Iidz 1,50, MOC blivums samazinajas par 40 %, mehaniska stipriba par 56 %. Kopuma
stipriba ir atkariga no P/S attiecibas, tacu §T attieciba nav proporcionala (4.1. att.). Magnija
fosfata un hidrauliska kalka biokompozitu mehaniskas Tpasibas redzamas 4.5. tabula.

Paraugi siltumvaditsp&jas testiem tika izgatavoti analogi aprakstitajam vadlinijam ar
izm@riem 350 mm x 350 mm x (80 — 100) mm. P&c atveidnoSanas paraugi tika izturéti
laboratorijas apstaklos 20°C+2°C un40 %+ 10 % RH Iidz masas stabilizacijai. Tika
izmantotas analogas paraugu receptiras ka 4.1. nodala, tadgjadi vienlaikus bija iesp&ams
salidzinat paraugu blivumu ar siltumvaditsp&ju un mehanisko stipribu (4.5. tab.).

4.5. tabula
Biokompozitu mehaniskas un fizikalas 1pasibas
Saistvielu grupa Sastavs Blivums, kg/m? Siltumvaditspéja, W/m-K Spiedes stipriba, MPa
MPC-1 414,86 0,087 0,823
MPC-2 359,25 0,078 0,409
MPC MPC-3 249 81 0,062 0.157
MPC-4 211,16 0,057 0,098
MOC-1 416,18 0,092 0,709
MOC-2 357,14 0,081 0,367
moc MOC-3 252,79 0,072 0,200
MOC-4 214,34 0,063 0,155
FHL-1 488,63 0,103 0,435
FHL-2 352,54 0,079 0,111
FHL FHL-3 265,81 0,064 0,071
FHL-4 223,35 0,062 0,062

Apskatot iegiitos rezultatus grafiski (4.2. att.), var secinat, ka izv€létaja blivuma intervala
no 250 kg/m? 1idz 450 kg/m? blivuma/siltumvaditspgjas attieciba ir lineara. Tas sakrit ar citu
autoru pétljumiem, piem&ram, apskatito Cerezo pé&tjjumu [26], kur blivuma intervala no
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300 kg/m® lidz 520 kg/m? §1 attieciba bija linedra, ari linearas tendences liknes vienadojums
atskiras tikai par 0,0029 (4.5. att.):

y =0,0002x + 0,0194, Cerezo petijuma linearas tendences liknes vienadojums;

y =0,0002x + 0,0230, promocijas darba veikta pé&tjjuma linearas tendences Iiknes
vienadojums (4.4. att).
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4.3. att. Blivuma/spiedes stipribas korelacija.

Tadgjadi var secinat, ka ieglito dabigo Skiedru biokompozitu siltumvaditspgja pie noteikta
bltvuma visam saistvielam ir atbilstosa un Iidziga. MOC un MPC saistvielu biokompoziti bija
ar lidzvertigi augstu stipribu, tad&jadi to spiedes stipribas un blivuma attieciba pie 350 kg/m®
bija ap 0,4 MPa, FHL stipriba pie lidzvertiga blivuma bija ap 0,1 MPa (4.3. att.).
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vienadojums. vienadojums no Cerezo pétijuma [26].

4.3. Biokompozitu ugunsizturiba

Lai noteiktu materialu ugunsreakciju un varétu tos savstarpgji salidzinat, tika veikti vairaki
testi. Pirmaja testu s@rija tika veikti maza meroga testi atbilsto§i LVS EN ISO 11925 un
LVS ISO 5660-1. Testeti paraugi no visiem tiTs izveéletajiem biokompozitu veidiem MOC-1,
MPC-2 un FHL-2 sastaviem. Vispirms tika veikts tests pec LVS EN ISO 11925-2 “2. dala:
Atseviska liesmas avota tests”, pec ta visi materiali klasificgjami ka B klase (saskana ar
LVS EN 13501), jo neviens no trim sastaviem neuzradija aizdegSanos (4.7. att.), 150 mm
liesmas cela garums netika sasniegts, netika arT noveroti dimi vai liesmojosi pilieni. Tapéc tika
veikti papildu testi péc LVS ISO 5660-1, lai materialus var salidzinat savstarpgji un ar citiem
materialiem.

Saskana ar standartu izgatavoti paraugi ar izmériem 100 mm x 100 mm, biezums —
lidz 80 mm. Test&sana tika veikta koniskaja kalorimetra ar siltuma starojumu 50 kW/m?. Veicot
testu, tika noteikts biokompozitu aizdegSanas laiks, maksimalas degSanas jaudas sasniegSanas
laiks un siltuma izdaliSanas maksimala jauda (4.6. att.). AizdegSanas laiks registréts tikai FHL
sastavam pie 61 s, pargjiem paraugiem aizdegSanas nav konstateta. HRR — siltuma izdaliSanas
maksimuma laiks FHL paraugiem bija 95 s, magnija paraugiem bija par 45 % — 50 % ilgaks.
A1l maksimala jauda FHL paraugiem bija lielaka — 47,61 kW/m?, MPC — 30,23 kW/m?,
MOC — 24,12 kW/m?.
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4.6. att. Maksimala siltuma jauda un laiks 4.7. att. MOC testeSana pec LVS EN
atkariba no biokompozita saistvielas. ISO 11925-2.

Lai raksturotu degSanas dinamiku, 4.8 att. att€lota momentana degSanas jauda—60s, 180 s
un 300 s kops testa sakuma. Grafika ir redzams, ka FHL paraugiem degSanas jauda ar laiku
samazinajas, kas ir 1idzigi koksnes paraugiem [133], toties abiem magnija sastaviem jauda ar
laiku picauga.

Masas zudumi siltuma starojuma ietekmé redzami 4.9. att. Vismazakie masas zudumi tika
registréti FHL — 2015 g/m?, lielaki MOC — 2822 g/m?, bet vislielakie MPC — 3017 g/m”. Sadi
rezultati ir pret€ji gaiditajiem, jo no noméritdas degSanas jaudas un laika FHL uzradija
visintensivako degSanu, tacu $aja testa — vismazakos masas zudumus.

Rezultati skaidrojami ar saistvielu atskirTgo kimisko uzbtivi. MOC un MPC biokompozitu
saistvielas ir liels kimiski saistita idens daudzums, kas pie noteiktam temperatiiram tiek
atbrivots (MPC no 120 °C Iidz 200 °C [134], MOC ap 600 °C [98]), tad&jadi samazinot siltuma
izdaliSanas jaudu un palielinot jaudas maksimalo sasnieg$anas laiku. MOC cietinatajs MgCl,
arT atseviski tiek izmantots ka liesmu slapetajs [133], tadgjadi kimiski nesaistttais MgCla
attiecigi samazina siltuma izdali§anas jaudu. Masas zudumi (4.9. att.) tiesi norada uz So magnija
saistvielu sadaliSanos — lai ar tie izdalija par 45 % — 50 % mazaku siltuma jaudu, to masas
zudumi bija par 40 % — 50 % lielaki.
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4.4. Biokompozitu mikrobiologiskas noturibas testu rezultati

4.4.1. Pirma testu sérija
Pirmaja testu sérija veiktas mikrobiologiskas noturibas parbaudes divu veidu sastaviem —

MOC-2 un FHL-2 (sastavs aprakstits 4.2. nodala). Maksliga inokulacija veikta ar divu veidu
séném (Cladosporium herbarum un Alternaria alternata), katrai paraugu grupai ar vienu no
sénu veidiem, ka arT kontroles grupas paraugi bez maksligas sénu inokulacijas (K). Papildus
pusei no paraugiem tika veikta maksliga novecinasana klimata kamera 30 sasalSanas-atkusanas
ciklus un UV staru ietekme (CH).

Paraugiem, kuriem tika veikta maksliga novecinasana, novérojami nedaudz sliktaki
rezultati — MOC-CH un FHL-CH uzrada apauguma intensitati 2, tacu pargjie paraugi neuzrada
atskirTgu apauguma intensitati. Tapéc secinams, ka paklausana sasal$anas-atkusanas cikliem un
UV starojumam ieveérojami nepasliktina MOC un FHL bionoturibu.

Salidzinot pirmas testu s€rijas paraugus ar analogos apstaklos turétiem biivmaterialiem ar
zemu pH limeni (pH < 6), ir redzams, ka bivmateriali ar zemu pH Iimeni sasniedza apaugumu
robezas no 3,5 Iidz pat maksimumam 5, tadgjadi noradot uz FHL un MOC sastavu aizsardzibu
pret biologisko iedarbibu.

4.4.2. Otra testu sérija
Otraja testu sé€rija tika veiktas mikrobiologiskds noturibas parbaudes piecu veidu

materialiem — MOC-2, FHL-2 un MPC-3 (sastavs aprakstits 4.2. nodala), ka arT magnija
karbonata biokompozitam, kas izgatavots analogi MOC-2, bet bez pievienota MgCl,
cietinataja, ka art references materialam — kokskiedru vatei. Maksliga inokulacija tika veikta ar
seSu veidu sénu suspensiju, katram materialam noturiba tika noteikta inokul€tiem paraugiem
un kontroles paraugiem. Otraja testu serija analiz&jamie paraugi tika izturéti divos mitruma
rezimos: RH 75 % un 99 %. Kompozitmaterialu vizualais apaugums tika novertéts pec Cetru
ménesu inkubacijas.
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Pie 99 % RH MPC uzradija apauguma ltmeni 4, koksnes vate — apauguma Iimeni 3, abiem
konstatets makroskopisks sénu pieaugums, pargjie paraugi uzradija apauguma limeni 1 jeb
mikroskopiski konstatetu sénu picaugumu. Koksnes vates vaja bionoturiba skaidrojama ar
zemo pH Itmeni — 4,28. Magnija fosfata cementam ir augsts pH — 10,45, bet zema bionoturiba,
kas skaidrojama ar izmantoto saistvielas cietinataju — kalija fosfatu. Kalija fosfats var tikt
izmantots arT ka koncentréti mineralméesli [135], [136], tadgjadi neizskidusT cietinataja dala
kalpo par baribas vielam sénu augSanai.

4.4.3. Tresa testu sérija
TreSaja testu s€rija tika veiktas mikrobiologiskas noturibas parbaudes astonu veidu

materialiem —MOC-2, FHL-2 un MPC-3 (atbilstosi aprakstam 4.2. nodala), ka arT hidrauliska
kalka saistvielas biokompozitam, kanepju un linu spaliem un references materialiem —
kokskiedru vatei un fibrolitam. Visiem biokompozitiem tika parbauditas tiis dazadas saistvielu
koncentracijas — 100 %, 50 % un 20 %.

Maksliga inokulacija tika veikta ar seSu veidu sénu suspensiju, katram materialam noturiba
tika noteikta inokul&tiem paraugiem (apzim&ums F) un kontroles paraugiem (apzim&jums K).
TreSaja testu s€rija analiz€amie paraugi tika izturéti 99 % RH. Kompozitmaterialu vizualais
apaugums tika novertéts péc 45 dienu inkubacijas.
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4.10 att. Tre$as testu s€rijas apauguma intensitate atkariba no saistvielas.

Analizgjot kompozitu bionoturibas izmainu atkariba no saistvielas koncentracijas
(4.10. att.), var secinat, ka, samazinoties mineralas saistvielas daudzumam, arT bionoturiba
samazinas. MOC, FHL un HL biokompozitiem pie 100 % koncentracijas apauguma vertgjums
ir 0-1,5, pie 50 % koncentracijas 1-3, pie 20 % — 2,54 (4.10. att.). Sis bionoturibas
samazinajums sakrit ar pH Iimena samazinajumu paraugos. Kalku bazes saistvielu
biokompoziti (FHL un HL) uzrada augstaku bionoturibu neka MOC biokompoziti, jo pie 100 %
saistvielas paraugiem nebija verojams apaugums, turpretim MOC bija v@rojams apaugums
Itment 1 — 2. Pie 50 % un 20 % paraugiem S$T atSkiriba paziid. Tas skaidrojams ar pH Itmeni,
kas kalka bazes paraugiem pie 100 % ir ap 12, bet MOC — 9,76, toties, samazinoties saistvielas
daudzumam paraugos 1idz 50 % un 20 %, arT atskiriba pH Itmeni un bionoturibu pazad.
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MPC biokompozitiem noturibas samazinasanas bija mazak izteikta, jo apaugums pie
100 % koncentracijas bija 2—4, pie 20 % tas bija 3-4. Sads paaugstinats MPC apaugums bija
lidzigs otras s€rijas rezultatiem un skaidrojams ar izmantota cietinataja — kalija fosfata ietekmi.

Biokompozitu pildvielas — kanepju spalu — bionoturiba bija zema, sénu pieaugums — 3,2— 4.
Kanepju spaliem literatlira médz piedévét antibakterialas Tpasibas [137], tacu eksperimentos
redzams to apaugums ar séném. Ja salidzina tos ar lidzigas izcelsmes pildvielu — linu spaliem,
redzams, ka linu spali ir apaugusi pilniba, ka arT Sis apaugums attistfjas daudz agrak neka
kanepju spalu apaugums.

Tresaja eksperimenta etapa tika noskaidrots, ka uz izmantotajiem materialiem visbiezak bija
sastopamas Paecilomyces un Stachybotrys gints sénes. Atseviskos gadijumos tika konstatétas
ar1 Penicillium, Acremonium, Cladosporium, Aspergillius, Trichoderma un Mucor, kas liecina
par to, ka substrati satur pietiekamu mitrumu un baribas vielu daudzumu sénu attistibai. Lielaka
dala So sénu barojas ar celulozi, tap&c tas bija sastopamas uz materialiem, kas ir uz celulozes
bazes [125], [138]. Stachybotrys barojas arT ar ligninu, tapéc ta bieZi sastopama uz koksnes un
tas produktiem [139], pazistama arT k& melnais pel&jums [140]. Kanepju spali satur augstu
ligntna un celulozes daudzumu, tap&c §is sénes veids bija izplatits liela dala paraugu (4.11. att.).
Sis sénes izdalitie mikotoksini izraisa alergiskas reakcijas, kas biezi tiek asociétas ar dazadam
veselibas problemam, kas radusas neatbilstosa iekStelpu mikroklimata rezultata [141].

Liela nozime sénu izplatiba buvniecibas materialos ir to pH Iimenim. Uz
kompozitmaterialiem ar pH Iimeni 6 1idz 8 s€nes izplatas straujak neka uz sarmainiem
materialiem ar pH 12—-13—-14. Kalka un cementa bazes materialiem laika gaita karbonizacijas
process samazina $o materialu pH vertibu lidz aptuveni 9, kas lava uz materialiem sakt augt
mikroorganismiem. Lidzigas pH vertibas tika sasniegtas, samazinot saistvielas daudzumu.
Dazadi pétijumi par javu karbonizaciju parada, ka to biologiska uznémiba pazeminata pH
gadijuma ir ieverojami palielinata [141], ta tika konstatéts arT veiktaja pétijjuma ar saistvielas
daudzuma samazinasanu.

4.11. att. No kreisas — FHL-100, FHL-50, FHL-20.
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4.5. Lauka testi siltumvaditspéjas un mitruma migracijas noteikSanai

Saja pétijuma dabigo $kiedru biokompoziti tika testéti lauka apstaklos, veicot mérfjumus
esosas ¢ekas, kur izmantoti $adi materiali, lai analizé€tu to darbibu Eiropas vidgja platuma
klimatiskaja josla. Merfjumi veikti, izmantojot Tpasi izstradatu parvietojamu mersistému ar
temperattiras, mitruma un siltuma pliismas sensoriem. Tika analiz&tas materiala siltumtehniskas
pasibas un salidzinatas ar laboratorijas apstaklos iegiitajam, ka arT apskatita mitruma migracija
biokompozitos.

Izveleta sistéma ir paredzeta uzstadisanai telpas. Sist€éma satur 14 miniatlirus temperattiras
un mitruma sensorus, kas paredzeti izvietoSanai telpas un biivkonstrukcijas un vienu siltuma
plismas sensoru plaksnes veida. Temperatliras un mitruma sensori ir ievietoti aizsargkorpusa
ar atveri. Siltuma pliismas sensors tiek nostiprinats uz sienas. Sistéma atrodas noslégta korpusa,
kuram sensori tiek pieslégti ar kabelu palidzibu. Piekluve mérfjumu datiem ir attalinata ar
mobila modema palidzibu.

Petijuma realos apstaklos tika méritas tris dazadu veidu sienu konstrukcijas: 200 mm
kanepju-kalka panelis bez iek$&jas un argjas apdares (4.6. tab. A, 4.12. att.), 250 mm bieza
kanepju-kalka siena ar 50 mm kokSkiedru vates siltinajumu (4.6.tab. B) un 80 mm
kanepju-kalka bloki, kas tika izmantoti, lai no iekSpuses nosiltinatu esoSu 200 mm biezu
stavbiives sienu (4.6. tab. C).

Biokompozita
panelis
200 mm

'\H11"T1

Mer
sistEma

HETE

. —

4.12. att. A tipa siena — eksperimentalais biokompozita panelis.

No eksperimentalajiem biokompozita lauka mérfjumiem tika aprékinatas divas dazadas
U vertibas: Uavg un Unym. Uayg var aprékinat noteiktam laika periodam, izmantojot iek$gjas un
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argjas virsmas temperatiiras datus un siltuma pliismas rezultatus péc kumulativas metodes.
Biokompozitu bloku (4.6. tab. C) mériSanai tika noteikta U vértiba sienai bez ieprieksgjas
izolacijas, un testi ar izolétu sienu lauj to noteikt, pamatojoties uz siltuma pretestibas

pieaugumu. Utheor vErtibas aprékinatas no laboratorija veiktiem mérijjumiem.
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4.13. att. Uayg un Unym lielumu salidzinajums.

Tomeér, lai precizi izmantotu kumulativo metodi U vertibas aprékinasana, nav pielaujamas
straujas temperatiiras svarstibas. Eksperimentalie dati norada, ka notiek lielas temperatiiras un
siltuma pliismas svarstibas, kas ietekmé virsmu iekSpus€, parasti no dazadiem siltuma avotiem,
pieméram, silditajiem vai cilvéka aktivitatém. Ta rezultata mérjjumiem ar siltuma pliismas
sensoriem iek$pusé vargja redzét Uayg vertibu izmainas pat par 15 % vienas nedélas laika. Sis
svarstibas ir redzamas 4.13. att., kur zala Iinija att€lo meritas siltuma pliismas vertibas.
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LU VTPMM laboratorija tika izstradata U vertibas aprékina metodika, kas pielauj izmantot
eksperimentalos datus no 7sa laika perioda veiktiem mérfjumiem [126]. Metodes pamata ir
viendimensionals siltuma caurlaidibas koeficienta aprékins, izmantojot siltuma plismas
bltvumu uz siltakas virsmas un virsmu temperatliras starpibu [127]. Metode ir integréta un
izmantota, lietojot programmu DataProc [46].

Teorétisko un skaitlisko U veértibu salidzinajums norada, ka vislielakas atskiribas ir
eksperimentalajam panelim (4.6. tab. A tips). Tas izskaidrojams ar materiala zavésanas laiku,
jo tas tika uzstadits neilgi pec razoSanas, un péc tikai divu ménesu zavesanas H4 ieksgja RH
0,3 W/m? - K $o divu ménesu Ziisanas perioda.

Abu eksperimentalo U veértibu salidzinajums rada, ka mérijumiem, kuros siltuma pliismas
sensors atradas uz materiala iek$gjas virsmas, temperatiiras un siltuma plismas svarstibas
ietekméja Uayg vertibas. Pieméram, seciga septinu dienu mérfjjumu perioda, kur rezultati var
atSkirties par 15%, tomér Unum aprékins samazina §Ts svarstibas un lauj saisinat mériSanas laiku.
Meérijumiem ar siltuma pliismas sensoru, kas atrodas vidgja slani, starpiba starp Uavg un Unym
vértibam ir tikai 0,03 W/m?-K jeb maksimali 6,7 %. Tadgjadi redzams, ka tad, ja siltuma
plismas sensors atrodas stabilos apstaklos, arT izmantojot kumulativo metodi ir iesp&jams
panakt pietiekami precizus rezultatus.

4.6. tabula

Eksperimentalie sienu veidi, to teorétiskas un izmeéritas U vértibas

Sienas tips A B C

Biokompozita panelis Kokskiedru Biokompozita

200 mm izolacja  panelis Koka Bio- _ Koka stavbiives
S0mm + 250 mm apsuvums kompozita .,
2 . bloks 2
i 200 mm
1 80 mm )
»_“m e R
§ i V' /e
: { ‘I:fxii"'i‘,
5 1 ,r"IjIII || H4
Sienas e | | | |/ AT ! -
skersgriezums ql 59 J [ T T T T T
= | e
e ! T
= ! _'ql,..ili..j
IS 1 Ili‘ o e
Gaisa skirkarta } . ]
He [ A

Kopgjais sienas
konstrukcijas 200 300 280

biezums, mm

Biokompozita
. 200 250 80
biezums, mm
Utheor, W/m?-K 0,60 0,23 0,30

Uayg, W/m?K

1,2 (2016-feb)
0,9 (2016-apr, okt)

0,29 (2016-nov)
0,34 (pavasaris-2017-apr)

0,48 (bez biokompozita bloka)
0,23 (ar biokompozita bloku)

Unum, W/m?-K

1,2 (2016-feb)
0,8...0,9 (2016-apr, okt)

0,28 (2016-nov)
0,29 (2017-apr)

0,45 (bez biokompozita bloka)
0,20 (ar biokompozita bloku)
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Siltuma plismas un relativa mitruma sensoru rezultati norada uz nepiecieSamibu péc
atbilstoSas biokompozitu materiala zavéSanas, jo razoSanas procesa tas ir saglabajis ievérojamu
daudzumu tidens. Sis liekais fidens negativi ietekmé U vértibu — rezultats ir 25 % lidz 33 %
lielaks neka zavetajam panelim. Jaizvairas no $T mitruma ieslégsanas starp apdares slaniem, jo
tas aizkave ziiSanu un var radit labveligus apstaklus sénu attistibai.

Apskatot temperatiras grafiku izmainas laika, siltuminerces fazu nobides var noteikt ari
grafiski. Temperatiiras sensoram T6 sasniedzot maksimumu dienas laika, 50 mm dzilak esosais
T4 sensors maksimumu sasniedz péc tr1s stundam, T3 — p&c Cetram stundam un 50 mm no
iek$&jas virsmas esosais T2 — pec vid&ji sesam stundam. Tatad 200 mm biokompozita panela
siltuminerces fazu nobide starp iek§jo un arjo virsmu ir 6-8 stundas. Sada fazu nobide tika
iegita, arT rekinot Unym ar DataProc.

B sienas tipam var noverot, ka, virsmas sensoram T4 sasniedzot maksimumu, T2 sensors
maksimumu sasniedz p&c 9—10 stundam, kas nozimé, ka 250 mm biokompozita sienu ar 50 mm
kokskiedras izolaciju siltuminerces fazu nobide ir 10—12 h, kas tiek uzskatits par optimalu laiku,
lai €kas maksimali izmantotu siltuminerci un pasivas dzeséSanas iespéjas.

Apskatot B tipa sienas mitruma sensoru datus, var noveérot kanepju augsto mitruma
bufersp&ju. Iekstelpu relativais gaisa mitrums apskatitaja perioda mainijas no 23% Iidz 50 %,
ta¢u 50 mm sienas dziluma no 53%-60 %. STizmaina notiek bez fazu nobides laika. Tas norada,
ka kanepju biokompozita siena aktivi regul€ iekstelpu mikroklimatu, jo tikai 20 % no apskatita
laika perioda iekStelpu mitrums bija zem 40 %, kas tiek uzskatits par robezlielumu cilveka
veselibai atbilstosam iekStelpu mikroklimatam [142].

Mitruma merfjumu rezultati norada uz augstu mitruma caurlaidibu un biokompozita
buferspéju, jo ta, reag€jot uz iek§&jam un argjam mitruma svarstibam, absorb& un desorbé tidens
tvaikus. Tas, no vienas puses, samazina materiala siltuma pretestibu, bet, no otras puses, lauj
nodrosinat augstaku iekstelpu siltuma komfortu, jo samazinas relativa mitruma svarstibas.
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5. DABIGO SKIEDRU BIOKOMPOZITU DZIVES CIKLA
ANALIZE

5.1. Meérka un apjoma noteikSana

5.1.1. DCA metode biokompozitiem
Lai varétu novérteét dazadus raditos biokompozitus un salidzinat tos ar alternativiem

materialiem, nepiecieSama vienota metode to ietekmes aprékinasanai, kas tika izstradata Saja
darba.

250 mm 500 mm 250 mm

50 mm

Mainigs

150 mm

Konstruktivais koka ramis

Kanepju biokompozits

1000 mm

5.1. att. Funkcionalas vienibas sienas dalas griezums.

Dabigo Skiedru biokompozitu galvenais izmantoSanas veids ir sienu izolacijas materiali,
tapéc DCA funkcionalas vienibas tika raksturotas ka 1 m? sienas laukums, ar U = 0,18 W/m?* K,
kas atbilstosi Latvijas biivnormativam LBN 002-15 “Eku norobeZojo$o konstrukciju
siltumtehnika” ir normativa sienu U v@rtiba dzivojamam &kam. Sienas posmu ar mainigu
biezumu aizpilda kanepju biokompozits, iznemot nesoSo dalu, ko veido divi 150 mm x 50 mm
koka statni, kas atrodas 500 mm attaluma viens no otra un ir novietoti sienas griezuma pa vidu
(5.1. att.).

Biokompozitu stipriba tiek defingta ar divam robezvertibam, nemot véra ieprieksgjos
petijumus [147] — pirma 0,15 MPa, kas raksturo tradicionalo kanepju biokompozita iestrades
metodi veidnos uz vietas objekta, otra — 0,5 MPa raksturo lietojumu ka pasnesoSam
siltumizolacijas bloku materialam.

Lai iegtitu funkcionalas vienibas biezumu un pielietoto materialu daudzumu, nepieciesams
apkopot siltumvaditspgjas, stipribas un blivuma datus no eksperimentalas dalas, lai noteiktu
lielumus pie konkrétam robezveértibam. Siltumvaditsp&ja pie nepiecieSamas stipribas noteikta
eksperimentalaja fazg, tapéc biezums tiek precizéts, lai sasniegtu nepiecie$amo normativo U
vertibu (apkopojums 5.1. tab.).
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Vislielakais materialu patérin$ bija uz kalka bazes veidotiem sastaviem (5.1. tab.), jo tiem
ir zemaka stipriba un nepiecieSams lielaks saistvielas daudzums, lai sasniegtu funkcionalas
vienibas robezvertibas. Vismazakais materialu patérin$ noteiktas U veértibas sasniegSanai bija
magnija oksihlorida un ortofosfata saistvielas paraugiem, jo tiem ir zema
stipribas/siltumvaditspgjas attieciba.

5.1. tabula

Funkcionalas vienibas Tpasibas un izmeri

Biezums FV pie U=0,18

Saistv. Spali, Udens Saistviela, SP iefles Silt' Blivums pie W/m* K,
tips Nosauk. kgv > kg kg st;\}:[n;:ha, vaditsp., , kg/m® U=0,18 relativais
4 Wim-K Wim*K, biezums, m
MPC(0,15) 125,6 205,2 108,5 0,15 0,062 2452 0,344 ==
MPC MPC(0,50) 125,6 268,5 239,7 0,50 0,080 371,5 0,446 ]
o MOC(0,15) 1256  157,0 8.8 0.15 0,062 210,1 034 m—
MOC(0,50) 1256  157.0 256.4 0,50 0,085 380,1 0474 s
FHL FHL(0,15) 125.6 286,4 258,7 0,15 0,082 368,9 0,453 I——|
FHL(0,50) 125,6 320,3 326,5 0,50 0,108 5159 0,600 e
HL HL(0,15) 125,6 2483 182,7 0,15 0,075 322,6 0,415 I=———— =
HL(0,50) 125,6 308,0 302,0 0,50 0,097 446,6 0,541 ——————]

Funkcionala vieniba defing vienadas U vertibas, tapec siltumvaditspgjas zina materialu
lietoSanas fazé nekadas atSkiribas nav iegilistamas. Lai S$adiem materialiem nemtu véra
biologisko CO; uzkrasanu, nepiecie$ams izmantot “no-$upula-lidz-vartiem” (cradle-to-gate)
sistemu (5.2. att.) [148].

Konkrétaja DCA pétijuma bija nepieciesama “ietekmes pieskirs§ana” (impact allocation —
tieck sadalita ietekme uz vidi starp viena procesa vairakiem produktiem p&c masas vai
ekonomiska sadalijjuma principiem) kanepju spaliem un metakaolinam, jo tie abi ir
atkritumprodukti, kuru primarie produkti ir ar ievérojami mazaku masu, tacu veido 75 %95 %
no ienémumiem. Sados gadijumos izmanto ekonomisko sadalijumu [149], kas tika lietots ari
promocijas darba.

Lai varé€tu salidzinat kanepju biokompozitu dzives ciklu ar citiem materialiem, ir javeido
alternativu materialu funkcionalas vienibas ar salidzinamam TpaSibam, tapéc funkcionalas
vienibas tiek pienemtas ar analogu U vértibu — 0,18 W/m*-K. Ka alternativi materiali tiek
izveleti 500 mm 300 kg/m> gazbetona bloki bez papildu siltinajuma, 300 mm 375 kg/m?
gazbetona bloki ar 100 mm 120 kg/m® akmens vates izolaciju, konstruktivais koka karkass ar
200 mm mineralvates pildijumu un gipSkartona platni no iek$puses. TransportéSanas attalums
visiem materialiem tiek pienemts 100 km.
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5.2. att. Kanepju biokompozitu dzives cikla analizes sist€émas robezas.

5.2. Inventarizacijas analize

Dati, kas promocijas darba izmantoti DCA veik$anai, iegiiti no dazadiem avotiem. Primari,
kur iesp&jams, tika izmantota Ecoinvent datubaze. Ta bija vieniga datubaze, kas tika izmantota,
lai nodro$inatu nemainigu datu interpretaciju. Ja dati nebija pieejami, tika izmantota [1dzigi
pétijumi, kopsavilkumi, apraksti vai personigd komunikacija. Par kanepju audz&$anu un
parstradi galvenie dati tieck nemti no pétjjumiem Latvija, ko veikusi galvenokart V. Stramkale
no Latgales Lauksaimniecibas zinatnes centra [ 150]-[152], ka arT no personigas komunikacijas
ar audzetajiem un parstradatajiem.

5.3. Rezultatu analize un interpretacija

5.3.1. Funkcionalo vienibu salidzinajums
CML 2 Baseline analizes metodes rezultati abam funkcionalajam vienibam ir redzami

5.3. att. Atsevisks ietekmes novertejums katrai no 0,15 MPa funkcionalas vienibas saistvielam
redzams 5.4. att.

MPC ir augstaka ietekme gandriz visas kategorijas (5.3. att.), iznemot ozona slana
noardisanu un saldiidens tidens ekotoksicitati, tacu arT $ajas kategorijas ietekmes raditajs ir
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augsts. Ta ir arT vieniga saistviela, kuras funkcionalajai vienibai ir pozitiva CO2 emisija, visas
pargjas uzrada CO; savakSanu (negativu emisiju). Tadas ietekmes kategorijas ka
paskabinasanas vai eitrofikacijas potencials MPC uzrada 5 Iidz 10 reizes augstaku ietekmi neka
pargjas saistvielas, atlikuajas kategorijas tas ir 2 lidz 3 reizes augstaks. Sie rezultati kopa ar
atsevisko kategoriju ietekmem (sk. 5.4. att.) lauj secinat, ka augstako ietekmi rada monokalija
fosfats, tapec tas ir nozimigakais visas kategorijas, it seviski paskabinasanas un eitrofikacijas
potenciala veidosana. Apskatot detalizetak, ir redzams, ka lielaka dala ietekmes uz vidi ir
radusies no monokalija fosfata izejvielas fosforskabes razoSanas ar slapjo procesu.

Nemot vera, ka biokompozitu sastava 30 %—50 % ir kanepju spali ar mazu saistvielas
daudzumu, tie rada ievérojamu ietekmi (5.4. att.), galvena ietekme rodas no mineralméslu un
dizeldegvielas lietojuma. Papildus ir janem véra, ka ne tikai emisijam, bet arl pie CO:
uznems$anai, kanepju spalu ietekme tiek pieskirta (5.1.nod.), nemot véra ekonomisko
sadalfjumu, t. i., tikai 27 % no uznemta COs>. Ja tiktu lictots masas sadalfjums, tad 54 % no
uzpemta CO: tiktu pieskirti kanpepju spaliem, vienlaikus radot lielaku ietekmi pargjas
kategorijas. ST atskiriba ir janem véra, ja pétijuma dati tiek izmantoti apstaklos, kad ir cita
Skiedras/spalu ekonomiska attieciba, tai mainoties, mainisies arT kanepju spalu ietekme uz vidi.

Salidzinot HL un FHL emisijas (5.3. att.), var secinat, ka lielakaja dala kategoriju tie
neatSkiras vairak par 10 %, iznemot GSP, jo abu saistvielu pamata ir veldzétais kalkis. GSP 100
kategorija FHL uzrada par 30 % labakus rezultatus, kas saistams ar zemajam emisijam no
metakaolina ka atkritumprodukta iegliSanas. Ja tiktu izmantots speciali §im mérkim razots
metakaolins vai cita pucolanu piedeva, tad FHL ietekme biitu iev@rojami augstaka un ta
lietojums nebiitu attaisnojams.

MOC rezultatu analize parada, ka, salidzinot ar citiem biokompozitiem, lielakaja dala
ietekmes kategoriju tas uzrada zemakus rezultatus pie 0,15 MPa stipribas, rezultatam nedaudz
izlidzinoties pie 0,5 MPa lielaka MgO daudzuma d&l. MOC zemo ietekmi nodros$ina ta augsta
stipribas/blivuma attieciba, ka arT magnija hlorida zema ietekme, salidzinot ar kalija fosfatu.

legiitie rezultati (5.2. tab.) atbilst ieprieksgjiem DCA pétijumiem par LHC materialiem, kas
parada CO> uznemsanu no 36,08 kg lidz 1,6 kg CO: ekv. / FV, jo FV starp pétjjumiem ir
atskirigs [19], [20], [22], [158]. Saja pétijuma izmantoto kalku bazes saistvielu GSP faktors ir
lidzigs rezultatiem citos p&tijumos — robezas no —30,91 kg 11dz 4,88 kg CO» ekv. / FV. Lielako
dalu 81s absorbcijas veic kanepju spali (5.4. att.), kas sakrit ar rezultatiem visos pargjos
pétijumos (5.2. tab.). Viena no galvenajam atskiribam no citiem pétfjjumiem ir pienémumos par
kalka bazes saistvielas CO; uznemsanu. Buténs [158], Ips [20] un Preto [19] pienem pilnigu
saistvielu karbonizaciju, tapat ka Saja p&tfjuma, Arigoni [22] pienem dal&ju karbonizaciju, kas
ir notikusi p&c 240 dienam, balstoties uz eksperimentaliem rezultatiem. Ja Arigoni p&tijuma
tiktu pienemta pilniga karbonizacija, tad kopgja bilance butu — 26,01 kg CO2 ekv./FV, bet tika
pienemta tikai dal&ja karbonizacija, kas dod bilanci 12,09 kg CO2 ekv./FV. Izmantojot $adu
dalgju karbonizacijas metodi, $aja petijuma tiktu ieglti ieverojami atskirigi rezultati, un tie biitu
labveligaki MgO saistvielas izmantoSanai.

MgO saistvielas, pateicoties zemakai magnija kalcinéSanas temperattrai [89], ka art MgO
iespgjam karbonizéties, tadgjadi piesaistot CO; [159], tiek uzskatitas par parakam sava nelielaja
ietekme uz vidi, salidzinot ar kalku un cementa saistvielam.
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5.3. att. CML2 Baseline rezultati katrai ieteckmes kategorijai.
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Tomeér dazi pétijumi, kas galvenokart bija versti uz MgO razoSanas DCA, ir atklajusi, ka,
salidzinot tikai p&c saistvielu masas, MgO izdala vairak CO> neka tas pats kalka vai cementa
daudzums [160] [161]. Tas saistits ar faktu, ka magnezita sadaliSanas rezultata izdalas
1,10 t / t CO2, savukart kalkakmens sadaliSanas rezultata tikai 0,78-0,83 t / t CO2, neraugoties
uz zemakam kalcingSanas temperatiiram [151]. Tas tie$i ietekm& GSP potencialu (5.4. att.), jo
magnija saistvielas dod lielaku ieguldijumu GSP neka kalku bazes saistvielas, lai gan to var

noverst, samazinot saistvielu izmantosanu MOC gadijuma.
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5.2. tabula

GSP rezultatu salidzinajums ar citiem kanepju-kalka betona petjjumiem

GSsP
) _ Saist Siltumv. _ ) U- CO; uznem., .
Spali, Udens, . Blivams, Biezums, e ’ bilance,
Autori viela, k., 3 vertiba, kg CO, eq/kg
kg kg kg/m’ m ) . kg CO,
kg W/m-K W/m*K spali
eq/FU
BOU[‘l"S‘g]‘ al. 248 372 545 0,109 330,0 0,260 0.42 2,11 3553
Ip a”[g(')‘;””e' 30,0 750 50,0 0,057 275,0 0,300 0,19 1,53 36,08
Pre‘["l‘ﬁ al. 204 67,0 450 0,086 390460 0,240 0,36 1,70 1,60
Arrigonietal. [22] 314 586 445 0,067 330,0 0,250 027 1,84 ~12,09
MPC(0,15) 432 706 373 0,062 2452 0,344 0,18 1,84 26,49
MPC(0,50) 560 1198 1069 0,080 3715 0,446 0,18 1,84 147,76
2 Moc(15) 432 540 340 0,062 210,1 0,344 0,18 1,84 12,68
N
@
S MOC(0,50) 595 744 1215 0,085 380,1 0,474 0,18 1,84 5429
£
& FHLO,5 569 1207 1172 0,082 368.9 0,453 0,18 1,84 30,91
19
=%
g FHLOS0) 754 1922 1959 0,108 5159 0,600 0,18 1,84 2933
= HL(0,15) 521 1030 758 0,075 3226 0415 0,18 1,84 ~19.28
HL(0,50) 679 1666 1634 0,097 446.,6 0,541 0,18 1,84 488

5.3.2. Alternativu materialu salidzinajums
Lai novertétu kanepju biokompozita samazinato ietekmi uz vidi, tas tiek salidzinats ar

alternativiem materialiem, kuriem ir identiska siltumcaurlaidiba (5.5. att.). Gazbetona
izstradajumi ir vid&ji ar 4-5 reizes augstaku ietekmi uz vidi neka pargjie materiali, tas
skaidrojams ar lielo energijas daudzumu, kas ir patSréts, gan razojot cementu (galveno
gazbetona sastavdalu), gan pasSa gazbetona autoklavesanas laika. ArT gazbetonam izmantojama
Iime ir energoietilpiga. Apskatot GSP faktoru, redzams, ka gazbetons izdala vidgji Cetras reizes
vairak CO: neka kanepju-kalka funkcionala vieniba spgj absorbét.

Papildus siltinatai gazbetona sienai ir pat lielaki emisiju faktori neka sienai, kas izgatavota
tikai no 500 mm gazbetona. Tas skaidrojams ar to, ka akmens vate uz vienadu masu dod lielakas
emisijas neka gazbetons. Tas saistams ar lielaku energijas patérinu razoSanas procesa. Koka
statnu siena, kas pildita ar mineralvati, ir ar 1idzZigam emisijam ka kanepju-kalka materials
(5.5. att.). Lielako dalu (60 %—70 %) no visu faktoru emisijam dod tie$i mineralvate. GSP
faktora gadijuma koka statna funkcionala vieniba izdala tikai 0,48 kg CO», kas padara So
materialu par gandriz CO; neitralu.

Kopuma pieradits, ka izstradata metode dabigo Skiedru materialu dzives cikla analizei dod
iespgju, izmantojot eksperimentali ieglitas stipribas, fizikalas un siltumvaditsp&jas Tpasibas,
aprékinat materialu ietekmi uz vidi un salidzinat tos ar tradicionali lietotajiem biivmaterialiem.
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Saistvielas uz kalku bazes ir paradijusas labu kop&jo DCA veiktsp&ju, jo to ietekme uz GSP
bija viszemaka, pateicoties kalku bazes saistvielu karbonizacijai. Salidzinot kalka bazes
saistvielas, var secinat, ka eksperimentala saistviela uz visiem faktoriem atstaj par 12 %28 %
mazaku ietekmi ka komerciala hidrauliska kalka saistviela. GSP faktora ietekm& hidrauliskais
kalkis dod 55 % no alternativas saistvielas CO2 uznemta daudzuma. Tas pierada, ka saistvielas
vai tas dalu aizstasana ar mazak emisiju radoSiem atkritumproduktiem dod vélamo efektu un
samazina kopgjo kanepju-kalka emisiju apjomu visu faktoru kategorijas.
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5.5. att. Alternativu biivmaterialu ietekme uz vidi.

Magnija saistvielas ir paradijuSas dazadus rezultatus attieciba uz DCA. MPC bija vislielaka
ietekme gandriz visas kategorijas, un, neraugoties uz ta augsto stipribas un blivuma attiecibu,
ietekme uz vidi 0,5 MPa FV bija pat relativi augstaka. Tas ir saistits ar ta cietinataju — kalija
fosfatu, kura razo$anas procesiem ir augsta energijas un resursu ictilpiba.

MOC bija zemakais blivums 0,15 MPa FV, ka rezultata zemais materiala paterin$ bija viens
no iemesliem, kap&c §im biokompozitam bija zemaka ietekme lielakaja dala no kategorijam.
To izraistja art MgCl, — MOC cietinataja — neliela ietekme uz vidi. Lai gan saistviela cietésanas
procesa nepiesaista COa, tas GSP ietekme ir tikai par 6,60 kg COzekv. / FV lielaka neka
0,15 MPa sienas HL saistvielai. Blivakiem materialiem $1 atskiriba ir lielaka, jo kanepju skiedru
daudzums paliek nemainigs. Kop&jais MOC sniegums liecina, ka tai ir vislielakais potencials
ripnieciska biokompozitu razoSanas izmantoS$ana, jo MOC biokompoziti uzrada vislabako
stipribas/siltumvaditsp&jas/ietekmes uz vidi attiecibu.

Salidzinot ar cietiem materialiem (gazbetonu, gazbetonu + akmens vati, koka statnu
karkasu + mineralvati), kalka-kanepju biokompozits uzrada 2—4 reizes zemakas emisijas un ir
vienigais COz neitralais materials, kas pierada $T materiala augstvertigas ekologiskas ipasibas.
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SECINAJUMI

1. Pieradits, ka, izmantojot atkritumproduktus (atkritumu metakaolinu, maltus
borsilikata un svina saturoSus lampu stiklus) ka aktivas hidrauliskas piedevas,
iesp&jams paaugstinat veldzetu kalku mehaniskas ipaSibas, sasniedzot spiedes
stipribu vismaz 5 MPa, kas nepiecieSama dabigo $kiedru biokompozitu izstradei.
Visaugstako spiedes stipribas pieaugumu —no 1,18 MPa uz 12,30 MPa — var iegit,
aizstajot CL90 veldzetus kalkus ar 40 % metakaolina piedevu.

2. legttas divu veidu magnija bazes saistvielas, kas uzrada ievérojami augstaku
mehanisko stipribu neka kalka bazes saistvielas:

a. magnija oksihlorida cements — izgatavots, savienojot kaustisko magnija
oksidu un magnija hlorida salu Skidumu. Augstako spiedes
stipribu — 60,9 MPa — var iegiit izmantojot MgClo/MgO attiecibu 0,34 un
tidens/saistvielas attiecibu 0,25;

b. magnija fosfata cements — izgatavots no pardedzinata magnija oksida un
kalija ortofosfata. Augstako spiedes stipribu— 52,1 MPa— var iegit,
izmantojot KH>2PO4/MgO attiectbu 0,80 un @idens/saistvielas attiecibu 0,28.

3. Izstradati trTs dazadu saistvielu dabigo Skiedru biokompoziti ar atSkirigam
fizikalajam un mehaniskajam Tpasibam:

a. hidrauliska kalka saistvielas ar metakaolina piedevu biokompoziti (FHL) ar
blivumu no 233 kg/m® Iidz 489 kg/m?, spiedes stipribu 0,06 MPa—0,44 MPa,
siltumvaditsp&ju 0,062 W/m-K-0,103 W/m-K;

b. magnija oksihlorida cementa biokompoziti (MOC) ar blivumu no 214 kg/m?
1idz 416 kg/m® un par vismaz 60 % augstaku stipribu neka kalka saistvielu
biokompoziti — no 0,16 lidz 0,71 MPa, ka arT siltumvaditspgju
0,063 W/m-K-0,092 W/m-K;

c. magnija fosfata cementa biokompoziti (MPC) ar blivumu no 211 kg/m? lidz
415 kg/m®, spiedes stipribu 0,10 MPa — 0,82 MPa, ka ari siltumvaditsp&ju
0,057 W/m-K-0,087 W/m-K.

4. P&c ugunsreakcijas magnija bazes biokompozitus MOC un MPC var klasificét ka
B sl1, dO klasi, kalka bazes biokompoziti FHL atrodas robezas starp B un C klasi.
MOC uzrada viszemako siltuma izdali$anas jaudu 24,12 kW/m?, MPC par 25 %
vairak — 30,23 kW/m?, FHL izdala 47,61 kW/m?, toties masas zudumi magnija
bazes biokompozitiem ir lielaki neka MOC — 2822 g/m> un MPC — 3017 g/m?,
FHL - 2015 g/m>. Tas saistits ar magnija bazes biokompozitos kimiski saistito
iideni, kas izdalas paaugstinatas temperatiiras ietekme.

5. Bionoturibas testos visaugstakos rezultatus uzradija kalka bazes saistvielas
biokompoziti, pie 100 % saistvielas lietojuma neuzradot pat mikroskopsiki
nosakamu sénu pieaugumu. MOC biokompozitos mikroskopiski tika konstatéts
sénu pieaugums, jo ta pH Itmenis ir zemaks (MOC pH 9,76, FHL pH 11,99). MPC
saistvielas biokompoziti uzradija viszemakos rezultatus ar vairak neka 80 % sénu
apaugumu, kas saistits ar izmantoto saistvielas cietinataju — kalija ortofosfatu, kas
tiek izmantots arT ka mineralméslojums.
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10.

Promocijas darba ir izstradata augstas precizitates mérierice, ar kuru iesp&ams
vienlaikus noteikt mitruma un temperatiiras sadalfjumu sienas Skérsgriezuma, ka ari
izmertt siltuma plismu. leghtie dati izmantoti U teorétisko un faktisko vértibu
salidzinasanai un mitruma migracijas noteikSanai.

Izstradata metode dzives cikla aprékinasanai lauj izmantot eksperimentali iegtitos
biokompozitu siltumvaditsp&jas un stipribas rezultatus, lai izveidotu modeli —
funkcionalo vienibu dabigo Skiedru biokompozita ietekmes uz vidi novertésanai un
salidzinasanai ar tradicionali lietotajiem biivmaterialiem.

Salidzinot ietekmi uz vidi kalka bazes saistvielam, var secinat, ka veldzeta kalka
saistviela ar metakaolinu (FHL) uz visiem faktoriem atstaj par 12 %—55 % mazaku
ietekmi neka komerciala hidrauliska kalka saistviela. No magnija bazes saistvielu
biokompozitiem, MOC atstaj ievérojami zemaku ietekmi uz vidi neka MPC,
neraugoties uz MPC augsto stipribas un blivuma attiecibu, kas saistits ar ta
cietinataju — kalija fosfatu, kuram ir ievérojama energijas un resursu ietilpiba.
Salidzinot ar citiem materialiem (gazbetonu, gazbetonu + akmens vati, koka statnu
karkasu + mineralvati), izstradatie dabigo $kiedru biokompoziti uzrada 2—4 reizes
zemakas emisijas un ir vienigie CO» neitralie materiali, kas pierada to samazinato
ietekmi uz vidi.

Promocijas darba gaita izstradati tris dazadu saistvielu biokompoziti un noteiktas to
Tpasibas. Kopuma no iegiitajiem rezultatiem par biokompozitu pielietojumu izdarti
sadi secinajumi:

a. kalka bazes biokompoziti ir ar zemu mehanisko stipribu, vid&u
ugunsreakciju, augstu bionoturibu un no visiem biokompozitiem tie atstaj
viszemako ietekmi uz vidi; tie pielietojami mazstavu apbiive, izmantojot
tradicionalo iestradi uz vietas objekta kopa ar konstruktivo koka karkasu;

b. magnija fosfata cementa biokompoziti ir ar augstu mehanisko stipribu, tacu
zemu bionoturibu un salidzinos$i augstaku ietekmi uz vidi, pielietojami, kad
nepiecieSama augsta agra stipriba;

c. magnija oksihlorida biokompozitu rezultati pierada, ka tiem ir vislielakais

potencials rupnieciska biokompozitu razosanas izmantos$ana, jo tie uzrada
vislabako stipribas/siltumvaditsp&jas/ietekmes uz vidi attiecibu.
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GENERAL PRESENTATION OF THE THESIS

Importance of the topic and problem statement

Over the last years, world's political leaders have signed a number of agreements with a
commitment to reduce CO> emissions, one of which is the Paris Climate Treaty, ratified by the
European Union (EU) in 2016. In order to fulfill this commitment the EU has defined a number
of environmental policy objectives: Directive 2010/31/EU, which aims at reducing the CO-
emissions [1] by 20 %; as well as the 2030 climate and energy framework aimed at reducing
greenhouse gas emissions by 40 % and increasing energy efficiency by 27 % by 2030 [2].

Construction sector is among the industries generating the biggest amount of CO2 emissions
[3], [4], mainly due to the energy losses related to the heating, ventilation and air conditioning
(HVACQ) of insufficiently insulated buildings, as well as from the production of building
materials [5], [6]. Even though greenhouse gas (GHG) is currently the most frequently
mentioned environmental factor (there is a growing consensus on the need to reduce it), there
are other environmental factors such as ocean and sea acidification [9], [10], eutrophication
[11], and toxicity [12], [13], that should be taken into account when designing and
implementing new building materials in the construction sector. The reason is the significant
environmental impact of building materials, which is associated with the huge consumption of
natural recourses [14] — about 3000 M t/year, which is more than in any other industrial sector
[15], as well as high energy and fuel consumption. In order to reduce the negative impact of
those factors, it is necessary to change the building traditions in the housing industry by
increasing the proportion of building materials with good thermal properties (to reduce the
HVAC energy consumption in households), to use renewable natural resources for the
production of building materials or focus on much more efficient use of non-renewable natural
resources, and to organize less energy-intensive production of building materials to reduce the
environmental impact in the production process of building materials [16], [17].

Natural fiber biocomposites is a group of building materials with low environmental impact.
These materials are made of high porosity natural aggregates with a small amount of mineral
binder, they are self-supporting and provide low thermal conductivity up to 0.05 W/m - K. Low
environmental impacts are provided by bio-based aggregates, which consume small amount of
energy in their cultivation and absorb carbon dioxide through photosynthesis, as well as low
mineral binder consumption.

One of the most common materials in this group is hemp-lime biocomposite (HLB), it
consists of by-products from the production of hemp — hemp shives (bio-based aggregate) and
hydraulic lime (binder). In the process of growth hemp has accumulated CO> [18] through
photosynthesis and lime in its turn has captured COx in the carbonization process during curing,
resulting in a carbon neutral or even negative final product, which has accumulated from 6.67
to 136.65 kg of COz equiv. / m? [19]-[22]. The material also has good thermal insulation
properties — from 0.05 to 0.12 W/m-K [23], excellent moisture absorption [24], [25] and
acoustic properties [26], and its environmental impact is lower compared to conventional
building materials [19].

The binder used in the hemp-lime biocomposite (HLB) (hydraulic lime) has relatively low
mechanical strength, but the proportion of hemp aggregates used is relatively high. In addition,
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delay in lime binder binding and hardening can be observed in HLB, which can be explained
by natural sugars (organic retardants) present in hemp shives, which also reduces the
mechanical properties of hardened mortar [27]. As a result, hemp-lime biocomposites can be
used for the construction purposes only as self-supporting thermal insulation materials with the
on-site laying in formwork [28].

A group of materials that can be used to replace lime in hemp-lime biocomposites and to
increase their mechanical properties is magnesium-based binders. These binders are typically
used together with various bio-based aggregates, such as wood [29]-[31], rapeseed stalks [32],
wooden chips [33], and hemp [34], as well as other agricultural by-products [35]. The advantage
of magnesium binders, in contrast to calcium binders, is their significantly better compatibility
with bio-based aggregates [29]. This is due to the fact that the lime binder during the curing
process creates an alkaline environment, where lignin and other organic compounds are
separated from bio-based aggregates, thus slowing down the hardening of cement or lime [36].

Natural fiber biocomposites have a high potential to replace conventional building materials
from both economic and ecological point of view; however, it is necessary to conduct research
and develop improved biocomposites meeting the main requirements for building materials
with regard to their mechanical, physical and durability properties. In order to prove the
sustainability and benefits of these materials, it is necessary to conduct research in real climatic
conditions and to calculate the environmental impact of these materials and compare these
results with those of the conventional building materials.

The goal of research

To develop natural fiber biocomposites with improved mechanical, physical and durability
properties, to calculate their environmental impact by developing a method for the life cycle
analysis of these materials and for comparing them with conventional building materials.

The tasks of research

The following tasks were defined in order to reach the goal of the research:

1. To develop lime- and magnesium-based binders for biocomposites using waste products
as active microadditives to minimize the environmental impact of the binder.

2. To study the influence of various factors (aggregate properties, type of binder, etc.) on
the mechanical and physical properties of biocomposites.

3. To determine the biopersistence and reaction to fire properties of biocomposites
depending on the binders used.

4. To develop a measuring system for research on biocomposite hygrothermal properties
under real-life conditions and to determine simultaneously the distribution of humidity
and temperature in the cross-section of the wall, as well as its thermal properties by
using the developed system.

5. To develop a method, where the experimental biocomposite data is used for assessing
the environmental impact of natural fiber biocomposites (including CO» emissions), as
well as to compare the obtained data with those of the conventional building materials.
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Scientific novelty of the research

A lime-based binder, which is suitable for natural fiber composites, has been
developed and obtained. In this binder, lime is partially replaced with metakaolin-
containing waste products to improve its strength, thereby reducing the
environmental impact of the binder. It has been proved that with metakaolin-
containing waste products it is possible to obtain a binder whose strength is similar
with the conventional hydraulic lime binder. Namely, compressive strength is at
least 10 MPa.

A new type of low-density natural fiber biocomposites have been developed using
fast-curing magnesium-based binders that can provide adequate strength at low
density and thermal conductivity — around 200 kg/m’® and 0.062 W/m - K.
Biocomposites have a low flame spread rating (B according to LVS EN 13501) and
as high biological stability as that of conventional building materials containing bio-
based aggregates.

Natural fiber biocomposites have been studied in field conditions using a specially
designed measuring system consisting of temperature, relative humidity and heat
flow sensors, simultaneously measuring the distribution of humidity and
temperature in the wall thickness, as well as thermal resistance of the wall. A
specially developed method for calculating U values for dynamic heat flows has
been applied. "Data Collection System Development Guidelines" have been
developed in the framework of the National Research Program describing the
selected data accumulation system, its design and component selection criteria as
well as framework, operating principles of the system, and measurement
methodology.

Life Cycle Analysis — a method for calculating the life cycle of natural fiber
biocomposites and comparing them with conventional materials, using compressive
strength and thermal conductivity as reference points, has been developed. The
method allows using experimental data for calculation, as well as comparing the
material with conventional building materials.

The practical significance of the doctoral thesis

Latvian patent P-17-77 "Multi-layered building block from bio-fibers and magnesium
oxychloride cement and a method for its production" has been developed. The invention relates
to the field of construction material production it can be used to manufacture various products
with improved thermal insulation properties. Environmentally friendly porous material made
from agricultural by-products consisting bio-fiber (hemp or flax shives, rapeseed, bamboo,
reed, etc. stalks) and magnesia binders is offered. It has optimum thermal insulation properties,
humidity buffering capacity and high fire resistance.

Latvian Patent P-17-86 "Accelerated curing building block from magnesium phosphate
cement and bio-based aggregates and its production method" has been developed. The invention
can be used to produce accelerated curing building blocks using local aggregates. A method for
the production of economically advantageous building blocks using local bio-based aggregates
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consisting fiber and magnesium phosphate cement is offered. It ensures accelerated curing of
the blocks and sufficient strength for low-rise buildings.

The method "The production of organic composite materials from agro-based fiber and
local mineral binders" has been developed in the framework of the National Research Program.
This method was developed for the existing and potential producers of CO2 neutral lime-hemp
biocomposite, as it involves the impact of several technological factors and components on the
performance of building materials.

"Proposals for updates in the LBN 002-01 regarding thermal and technical properties of
natural fiber composite building materials" have been developed in the framework of the
National Research Program to reduce barriers for the use of natural fiber composite materials
in construction projects. LBN 002 "Thermotechnics of the envelope structures of buildings"
defines thermal engineering design of building elements for building envelopes in newly built,
repairable and renewable buildings with heating systems, but it is also necessary to include
information on natural fiber biocomposites. This additional information will allow a much
wider use of this building material of local origin, since both designers and potential customers
will have much more information and it will be possible to completely integrate such material
into a construction project. In accordance with the analyzed and summarized information,
proposals for updating the building code with the thermo-mechanical properties of natural fiber
material have been prepared.

Research methodology

Tests of mechanical properties of the natural fiber biocomposites were performed on a
Zwick Z100 universal testing machine, with up to 10 % relative deformations for the
compressive strength (according to LVS EN 826) and until collapse for the bending strength.
The thermal conductivity of the materials was determined using the LaserComp heat meter
FOX600 according to the guidelines of Standard LVS EN 12667.

In order to determine the classification of materials according to their reaction to fire, the
following tests were done according to the Standard LVS EN 13501-1:

e LVSENISO 11925-2: 2011 Reaction to fire tests. Ignitability of products subjected
to direct impingement of flame. Part 2: Single flame source test (ISO 11925-2:
2010).

e LVS EN 13823 + Al: 2015 Reaction to fire tests for building products. Building
products excluding floorings exposed to the thermal attack by a single burning item.

The tests of microbiological stability or bio-persistence were performed by artificially
inoculating biocomposite specimens with fungal spore suspension, incubating in 75 % and
99 % RH conditions, then aging specimens in a climatic chamber, treating them with various
protective agents, and performing visual assessment.

The genus of fungi, were determined by microscopic and macroscopic methods.

Life Cycle Analysis (LCA) of biocomposite was performed according to the ISO 14040/44
guidelines. Sima Pro 8 PhD LCA calculation program was used for performing calculations
together with the Ecoinvent 3.0 database; the CML 2 baseline and the 100 GWP methods were
used for analysis.
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Range of research and scope of applications for the obtained results

Research for the purposes of the Doctoral Thesis was conducted on low-density natural
fiber biocomposites made from lime-based or magnesium-based mineral binders and highly
porous natural fibrous aggregates, mainly hemp shives. The density of the studied biocomposite
was 200 to 500 kg/m®, compressive strength — up to 1 MPa, thermal conductivity — between
0.057 and 0.110 W/m-K.

Lime-based binders used for biocomposites had a compressive strength of at least
10 MPa, and the proportion of the metakaolin-containing waste products used ranged from
10 % to 60 % of the binder mass.

The life cycle analysis was based on the problem-oriented analysis method CML2 the
global warming coefficient was calculated over a period of 100 years. The environmental
impact was allocated according to the principle of economic distribution.

The obtained biocomposite can be used in the building material production industry as a
low-density, porous, self-supporting thermal insulation material and a material for the envelope
structures of buildings.

The arguments put forward for the defense of the Thesis

e By using waste products as pozzolanic additives for lime-based binders it is possible to
produce binders that ensure the required strength of natural fiber biocomposites of at
least 5 MPa at the same time decreasing the overall environmental impact of the
material, in particular its CO> emissions.

e By producing natural fiber biocomposites with magnesium-based binders it is possible
to obtain quick setting materials with improved mechanical and thermal properties (A to
0.057 W/m-K), which exceed the respective indicators of conventional lime-hemp
materials, as well as ensure class B fire resistance and high biological stability.

o With the developed measurement device, it is possible to determine the distribution of
humidity and temperature in the cross section of the wall, and also to measure the heat
flow simultaneously. The obtained data can be used to compare the theoretical and
actual values of U and to determine the moisture migration.

e The developed method for the life cycle calculation allows the use of experimentally
obtained results regarding thermal conductivity and strength of biocomposites to create
a model for assessing the environmental impact of functional units of natural fiber
biocomposites and comparing it with those of the conventional building materials.

e Lime-metakaolin or magnesium oxychloride binders enable the production of natural
fiber biocomposites with negative CO> emissions, as well as with other categories of
environmental impact, which are 2 to 4 times lower than those of the conventional
building materials.
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Structure and length of the Doctoral Thesis

The Doctoral Thesis consists of the following parts: annotation, introduction, five main
sections divided into subsections, conclusions, list of references, and eight appendices.

The Doctoral Thesis is 121 pages long and contains 75 images, 33 tables, 163 reference
sources and 8 annexes.

e The first section gives an overview and analysis of the properties of existing natural
fiber materials and main issues of their wider use.

e The second section describes the materials used and research methods.

e The third section focuses on the developed improved lime-based binder mixtures as well
as new types of magnesium-based binder mixtures.

e The fourth section is devoted to the development of natural fiber biocomposites using
the improved binder as well as the determination and analysis of properties of the natural
fiber biocomposites.

e The fifth section is devoted to the development and analysis of the methodology for
calculating the life cycle of natural fiber biocomposites.
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1. LITERATURE REVIEW

Natural fiber biocomposites for thermal insulation purposes are materials with a wide range
of potential application and they comply with the modern requirements — low environmental
impact and high energy efficiency. They are made from organic fiber aggregates, such as hemp
[37]-39] or flax shives [25], [40], rapeseed stalks [32], [41] or straw [16], [42], reeds, etc., and
mineral binders — lime, hydraulic lime, cement, etc. One of the most commonly used natural
fiber biocomposite materials is the hemp-lime biocomposite (HLB). This composite material is
made from the internal part of hemp straw — hemp shives, which is a by-product of hemp fiber
production, as an aggregate and hydraulic lime as a binder [43]. The natural fiber biocomposites
are mainly used as a self-supporting wall insulation material, which is embedded in a load-
bearing wooden frame.

Although in France this type of construction materials has been used already since the late
1980s [44], now it has become popular in other European countries, such as the UK, Ireland
and Poland [45]. The properties of natural fiber biocomposites correspond to the demands of
the EU Regulation N305/2011 [46], which sets out 7 essential requirements for construction
works and building materials:

e Mechanical strength and stability. It can be used as a self-supporting insulating
material, it does not require additional layers of the material, and plaster can be
applied directly to the surface. It has a much higher mechanical resistance compared
to conventional thermal insulation materials [47].

e Fire resistance. Unlike other natural fiber insulating materials, belonging to the fire
reaction class E [48], a mineral binder can ensure the fire resistance class B (EN
13501-1) [49].

e Hygiene, health and environment. The natural fiber biocomposites do not contain
volatile organic compounds (VOCs) or other harmful substances. They have a high
humidity buffering capacity that improves indoor air quality by preventing the
growth of fungi and mold that can lead to allergic diseases [50], [51].

e The materials have a reduced environmental impact due to the significant quantity
of CO2 emissions captured in the bio-aggregate, and their production consumes less
energy than other equivalent building materials [19].

e Safety. Biocomposites are not used as a load-bearing material therefore there is no
assessment with regard to these basic requirements.

e Sound insulation. The materials have a porous structure at a relatively high density,
which makes the natural fiber biocomposites absorb and reflect the sound, providing
better sound insulation than the conventional heat insulation materials of the same
thickness [26].

e Energy saving and thermal insulation. Natural fiber biocomposites have relatively
good thermal insulation properties — A below 0.06 (W / m - K), which makes them
equivalent to other insulation materials [49], [52].
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¢ Sustainable use of natural resources. Several researchers have demonstrated that the
entire production process of natural fiber biocomposites attracts more CO; than is
emitted into the atmosphere because of the absorption of carbon dioxide in the hemp
growth process. The lime also attracts CO; in the carbonization process. The amount
of stored carbon dioxide is from 6.67 kg to 136.65 kg CO» ect. / m? [19]-[22].

The main disadvantage of the hemp-lime biocomposites is their relatively low mechanical
strength, which determines their use — they are used only as self-supporting thermal insulation
materials, mainly in the low-rise buildings [28]. As a negative feature can also be regarded the
fact that lignin, sugars and other organic compounds released from the aggregate, especially in
the alkaline medium of a binder, delay the bonding of hydraulic lime, which reduces the early
strength of the biocomposite [27], [36].

The magnesium-based binders can potentially be used to replace lime in natural fiber
biocomposites and to increase their strength. These binders are commonly used in combination
with various organic aggregates such as wood [29]-[31], rapeseed stalks [32], wooden pulp
[33], hemp [34], as well as other agricultural waste materials [35]. Compared to calcium-based
binders, the advantage of magnesium-based binders is their significantly better compatibility
with organic aggregates [29].

In the framework of the Doctoral Thesis, the most suitable magnesium and calcium-based
binders have been sought, which, together with organic aggregates, could create natural fiber
biocomposites corresponding to the modern requirements. Namely, with improved mechanical,
physical and durability properties. In order to prove that these materials are sustainable and
have several advantages, research has been carried out in real climatic conditions, and the
environmental impact of these materials has been calculated and compared with the
conventional building materials.
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2. RESEARCH METHODS FOR NATURAL FIBERS

Testing of the mechanical properties of natural fiber biocomposites was performed with
Zwick Z100 universal testing machine. The pressure was applied at a speed of 10 mm / min,
recording a force-deformation diagram during the process. The compressive strength test was
performed with relative strength deformations up to 10 % (according to LVS EN 826), bending
strength — up to the collapse. For the testing of mechanical properties of binders in accordance
with LVS EN 459, specimens (prisms with the dimensions 160 mm x 40 mm X 40 mm) were
prepared and used.

Thermal conductivity of the materials was determined using LaserComp heat meter
FOX600calibrated according to NIST systems. Specimens were tested in accordance with
Standard LVS EN 12667 guidelines. Temperature settings were AT = 20 °C, upper plate 0 °C,
lower plate 20 °C.

In the framework of the Doctoral Thesis, the following tests were applied in order to
determine the classification of natural fiber biocomposites by their reaction to fire in accordance
with Standard LVS EN 13501 "Classification of building structures and building elements
according to their reaction to fire":

e LVSENISO 11925-2: 2011 Reaction to fire tests. Ignitability of products subjected
to direct impingement of flame. Part 2: Single flame source test (ISO 11925-2:
2010).

e LVS EN 13823 + Al: 2015 Reaction to fire tests for building products. Building
products excluding floorings exposed to the thermal attack by a single burning item.

Additional reaction of materials to fire was determined according to Standard LVS ISO
5660-1: 2015 "Fire reaction tests. Cone calorimeter method" to classify materials with Nordtest
project 1526-01 methodology [124].

Microbiological stability tests were performed in 3 stages, the specimens of materials were
artificially inoculated with 6 different types of fungal spores, incubated in 75 % and 99 % RH
conditions, then aged in a climatic chamber and treated with various protective agents. In all
three stages visual assessment was performed according to the following scale [125].

Table 2.1

Expert rating scale for the growth of fungi colonies

Visual assessment Characterization Color in the scale

0 No fungi growth has been detected on a microscopic level

1 Fungi growth has been detected on a microscopic level

An increase in fungi growth that covers the whole surface of the specimen has
been detected on a microscopic level

Fungi growth has been detected on a macroscopic level (visible to the naked eye)

E R N )

Macroscopic growth, covering > 80 % of the surface of the material

In the framework of the Doctoral Thesis, a system has been developed in order to determine
the thermal transmittance and the moisture migration of different structures in real-life
conditions. The operation of this system is based on measurements from temperature sensors
attached to surfaces (Fig. 2.1, H6 and H7) and from the heat flow sensor (Fig. 2.1, q1). Humidity
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measurements were obtained from the sensors of relative humidity placed in the walls with
different thickness.

Hemp panel
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Fig 2.1. Principle location of the heat flow and surface temperature sensors.

The methodology for calculating the U value developed by the Laboratory for Mathematical
Modelling of Environmental and Technological Processes of the University of Latvia has been
used for the data processing in the framework of the Doctoral Thesis research as it allows the
use of experimental data collected from the measurements in a short period of time [126]. The
method is based on the one-dimensional calculation of heat transfer coefficient using the heat
flow density on a warmer surface and the temperature difference of the surfaces [127]. The
method has been integrated and used with DataProc program [46].

The aim of the Doctoral Thesis is to use LCA to assess the environmental impact of natural
fiber biocomposites. The biocomposite Life Cycle Analysis (LCA) in accordance with the
guidelines of Standard ISO 14040/44 has been carried out in the following stages of research:

1. Defining the target and scope.
2. Inventory analysis.

3. Impact assessment.

4. Interpretation of results.

The calculation has been done using Sima Pro 8 LCA calculation program with the
Ecoinvent 3.0 [144] database. CML 2 baseline method has been used for results analysis [145].
During results analysis, each stage of the production cycle was considered separately in order
to assess the effects of its separate sections. The environmental damage caused by emissions
was determined using appropriate equivalency factors for the selected compounds in several
impact categories: potential of global warming, acidification, eutrophication, and tropospheric
ozone and photochemical potential, stratospheric ozone depletion potential and ecotoxicity
potential.



3. DESCRIPTION OF RAW MATERIALS USED IN
RESEARCH

In the framework of the Doctoral Thesis eight different types of hemp shives coming from
the largest processors of hemp fiber in Latvia were used. These hemp shives have different
granulometric composition, fiber content, dustiness, etc., which mainly depend on the type of
processing. The selected processors were agricultural holding "Rudeni" from Jelgava region
(RM, RL and RS shives), hemp and linen processing company "Zalers" from Kraslava region
(ZM and ZL shives), agricultural holding "Lieplejas" from Salacgriva region (LM and LS
shives), and Agriculture Science Center of Latgale "Latgales lauksaimniecibas zinatnes centrs"
from Vilani region (EE shives). RM, ZM, LM — small hemp shives with a fraction of 0.63
mm~—10 mm — at least 80 %; RL, ZL, LL — large hemp shives with a fraction > 10 mm — more
than 15 %. RS — hemp shives with fiber — quantity exceeds 6 %. EE — experimental shives,
retted on the field for one season (to separate fiber from pulp), dust < 1 %.

Two air-drying lime binders were used for the research purposes, their chemical
composition is shown in Table 3.1: hydrated lime CL90 S ("Lhoist Bukowa", Poland), dolomitic
quicklime DL 60 ("Saulkalne", Latvia).

Table 3.1
Composition and main properties of the lime binders used
CL90 S DL 60 Q
Ca0 + MgO >90% > 60%
MgO <5% <30%
CO, <4% <21%
SO; <2% <2%
Active lime >80% >60%
Particle sizes

Mass of residues on 0.2 mm sieve <2% <1.5%
Mass of residues on 0.09 mm sieve <7% <15%

Metakaolin used for the purposes of research is a waste product from the production of
expanded glass granules ("Stiklaporas", Lithuania). Kaolinic clays, used as an anti-caking
agent, are calcined in a kiln at 800 °C to 850 °C for 40—50 minutes [128].

In the framework of the Doctoral Thesis, two types of waste products, which are obtained
during the processing of fluorescent lamps, have been used: lead-consisting Pb glass and
borosilicate glass ("Lampu Demerkurizacijas Centrs", Latvia) [131].

Two types of magnesium oxides were used in the research. Caustic magnesium oxide CCM
RKMH-F burned at 800 °C ("RHI AG Ltd", Austria) with the MgO content of at least 73 %
(MgO A.) was used for the production of magnesium oxychloride cement (MOC). Burnt
magnesium oxide M-76 burnt at 1700 °C ("Integra Ltd", Slovakia) with MgO content of at least
85 % (MgO S) was used for the production of magnesium phosphate cement.

Two types of soluble acidic phosphates, potassium and ammonium phosphates were used
for the production of magnesium phosphate cements. The mono-potassium phosphate (MKP)
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used is mineral fertilizer 0-52-35 (N-P-K proportion) with PoOs content at least 52.1 % ("Praton
SA"). The used monoammonium phosphate (MAP) is mineral fertilizer 12-61-0 ("Haifa Ltd.").
The following components are necessary for the production of magnesium oxychloride cement:
MgCl,, hardener — magnesium chloride hexahydrate MgCl,- 6H,O with MgCl» content 47 %
(Germany).
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4. EXPERIMENTAL PART

4.1. Development of binders suitable for natural fiber
biocomposites

4.1.1. Lime-based binders
During the research process of the Doctoral Thesis the lime-based hydraulic binding agent

was developed by replacing 10 % —70 % of air drying lime binder with hydraulic additives —
metakaolin (MK), lead-consisting lamp glass (PG), and borosilicate lamp glass (BG) (Table
4.1). The water / binder ratio (W / S) for all specimens was constant — 2:3. The ratio of aggregate
and hydraulic binder for all specimens was 2:1.

Table 4.1

Calcium lime composition and mechanical strength test results

Raw material (part of the mass unit) c . Bendi
L. . . ompressive endin,
Cor:‘})::lsil;lon lee/p.uz;olan Dke11/51t3y, s trel})gth Fc, s trengtlgl
CL90 MK PG BG ratio % g/m MPa Fm, MPa
CL-0 1.0 - - - 0% 1590 1.18 0.12
CL-MK-1 0.9 0.1 - - 10 % 1623 4.55 1.05
CL-MK-2 0.8 0.2 - - 20 % 1668 7.87 1.21
CL-MK-3 0.7 0.3 - - 30 % 1712 11.55 1.56
CL-MK-4 0.6 0.4 - - 40 % 1698 12.30 1.49
CL-MK-5 0.5 0.5 - - 50 % 1657 12.15 1.20
CL-MK-6 0.4 0.6 - - 60 % 1645 8.54 1,00
CL-MK-7 0.3 0.7 - - 70 % 1622 4.45 0.80
CL-PG-1 0.9 - 0.1 - 10 % 1856 4.05 1.25
CL-PG-2 0.8 - 0.2 - 20 % 1901 5.04 1.22
CL-PG-3 0.7 - 0.3 - 30 % 1921 5.21 1.08
CL-PG-4 0.6 - 0.4 - 40 % 1903 432 0.95
CL-PG-5 0.5 - 0.5 - 50 % 1867 4.17 0.87
CL-BG-1 0.9 - - 0.1 10 % 1825 3.89 1.28
CL-BG-2 0.8 - - 0.2 20 % 1887 5.02 1.33
CL-BG-3 0.7 - - 03 30 % 1905 4.87 1.42
CL-BG-4 0.6 - - 0.4 40 % 1845 4.63 1.25
CL-BG-5 0.5 - - 0.5 50 % 1893 2.87 0.77

After 3 days of setting in the molds, the specimens were demolded and further stored in
laboratory conditions at 20 °C-23 °C. The reference composition (CL-0), made from air-drying
lime without hydraulic additives, after preparation was set under laboratory conditions with a
relative air humidity of 40 % -50 %. The setting process of other specimens took place under
high humidity conditions with 95 % to 99 % RH. According to the published research results,
such curing conditions are considered to be optimal for the hydraulic lime [95].

The compressive strength of the reference specimen (CL-0) after the 28-day hardening
reached 1.18 MPa (Table 4.1). When replacing a lime binder with meta-golden hydraulic
additives by 10 %-40 %, the compressive strength of the specimens after 28 day hardening
increased accordingly from 4.6 MPa to 12.3 MPa. By increasing the amount of metakaolin to
50 %, it decreases slightly to 12.1 MPa, while increasing the metakaolin content to 70 %, the
compressive strength decreases significantly to 4.5 MPa after 28 days of hardening (Table 4.1).
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The bending strength of the lime binder without added hydraulic additives is low — only
0.12 MPa. Adding 10 % of the metakaolin additive increases it significantly to 1.05 MPa.
Proportionally increasing the amount of additive up to 30 %, the strength increases up to 1.56
MPa. By increasing the amount of metakaolin from 40 % to 70 %, the bending strength reduces
to 0.80 MPa.

The optimum percentage of metakaolin for obtaining hydraulic binder from a calcium lime
with maximally high mechanical properties corresponding to NHLS5 was 40 % — this ratio was
chosen for further biocomposite research.

Replacing calcium lime binder with lead-containing hydraulic additive by 10 % -50 %, the
compressive strength of specimens after 28 day hardening ranged from 4.05 MPa to 5.21 MPa,
reaching the highest strength at 30 % of glass content. With the bending strength ranging from
0.87 MPa to 1.25 MPa, the highest strength has been achieved at 10 % of glass additive content
(Table 4.1). The optimal amount of additive is 20 % -30 %.

The use of a borosilicate glass hydraulic additive resulted in the highest compressive
strength at 20 % — 5.02 MPa, bending strength at 30 % — 1.42 MPa. By adding 50 % of the
additive, the strength indicators decrease sharply to 2.87 MPa compressive strength and
0.77 MPa bending strength (Table 4.1).

4.1.2. Magnesium-based binders
Magnesium oxychloride cement (MOC) was made from caustic MgO A (see Section 3) and

magnesium chloride hexahydrate. The amount of MgO, which was used to produce magnesium
oxychloride cement, was not changed (Table 4.2), but MgCl, solution was added from 0.50 to
0.93 ratio with regard to the amount of the MgO. MgCl, solution with a density of 1.2 g/ cm?
was obtained by mixing magnesium chloride hexahydrate with water in a 1: 1 ratio by weight.

Table 4.2
Magnesium oxychloride compositions and mechanical strength test results

Raw material (part of Compressive Bending
Composition mass u]\r;[lt)cl 1 MgCly MgO W/B Dl:en/sl:g/, strength strength

Mgo,g | ME(E Ok ® Fe, MPa Frn, MPa
OX-1 1.0 0.93 047 0.32 2100.0 29.40 5.88
0X-2 1.0 0.83 0.42 0.29 2050.0 39.20 7.84
0X-3 1.0 0.75 038 0.27 2015.7 50.40 10.08
OX-4 1.0 0.68 034 0.25 2070.6 60.90 8.84
0X-5 1.0 0.60 030 0.23 2092.3 48.19 9.64
0X-6 1.0 0.50 025 0.20 21423 50.46 9.02
0X-7 1.0 0.50 025 0.33 2047.7 24.57 440
0X-8 10 0.60 030 0.29 2039.5 2281 3.83
0X-9 1.0 0.60 030 0.36 1999.1 18.29 321
0X-10 1.0 0.50 025 0.47 2055.9 18.75 462

The ratio of aggregate and magnesium oxychloride cement was constant (2:1) for the
production of all compositions. Water / binder ratio was variable (see Table 4.2). After the
insertion into the molds, the magnesium oxychloride specimens were covered. After the setting
for 2 days, they were demolded and stored at a temperature 20 °C-23 °C and relative air
humidity of 40 % -50 %. Testing took place after 28 days of hardening.
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The compressive strength increased from 50.5 MPa to 60.9 MPa, with the W/B ratio
increasing from 0.20 to 0.25. With the W/B ratio reaching 0.29, the strength decreased to
39.2 MPa. At W/B ratio 0.47, the compressive strength was 18.8 MPa (Table 4.2). A similar
tendency was observed in the bending strength. It increased to 10.1 MPa at W/B ratio 0.27, with
the strength decreasing to 3.2 MPa at a further increase in the W/B ratio.

The increase of compressive strength was observed when MgO/MgCl; ratio decreased to
0.34, reaching 60.9 MPa. With further reduction of the ratio, the compressive strength also
decreased (Table 4.2). W/B ratio 0.25 and MgO/MgCl; ratio 0.34 were adopted as optimal for
further biocomposite research purposes.

Magnesium phosphate cement (MPC) is made from burnt MgO S and hardener — potassium
phosphate or ammonium phosphate (see Section 3). For the tests on magnesium phosphate
cement composition, various hardener / MgO ratio ranging from 0.6 to 1.0 and water / binder
ratio ranging from 0.3 to 0.39 (Table 4.3) were used. The ratio of aggregate and magnesium
phosphate cement was constant (2:1) for the production of all compositions. Specimen
production and setting procedure were analogous to those of the magnesium oxychloride
cement.

When comparing magnesium phosphate cements, it can be seen that potassium phosphate
cement generally shows higher compressive strength (by 5 %-41 %) and higher density (by
6 %-13 %) (Table 4.3) than ammonium phosphate cement. Ammonia gas has been released
during the setting process of ammonium phosphate cement [106], [107], which is enclosed in
the pores, thus reducing the density and strength of the material. The highest compressive
strength for the potassium phosphate cement was at the hardener / binder ratio 0.80, for the
ammonium phosphate cement — at 0.6 accordingly. Composition KM-3 was chosen for further
biocomposite research.

Table 4.3

Composition of magnesium phosphate cement and mechanical strength test results

Raw material (part of mass unit) ) Compressive Bending
Composition len/sr::Jy ’ strength Fc, strength Fm,
MgO KPO NH; H,0 8 MPa MPa
KM-1 1.0 0.8 - 0.60 2046.9 479 7.0
KM-2 1.0 0.8 - 0.70 1996.1 40.7 53
KM-3 1.0 0.8 - 0.50 2082.0 52.1 8.9
KM-4 1.0 0.9 - 0.57 2066.4 50.6 7.7
KM-5 1.0 1.0 - 0.60 2074.2 50.6 7.9
KM-6 1.0 0.7 - 0.51 2081.6 473 6.8
KM-7 1.0 0.6 - 0.48 2109.4 443 7.0
KM-8 1.0 0.5 - 045 2069.8 42.1 6.4
AM-1 1.0 - 0.8 0.60 1929.7 29.6 7.7
AM-2 1.0 - 0.8 0.70 1816.4 26.1 6.4
AM-3 1.0 - 0.8 0.50 1867.2 39.6 9.5
AM-4 1.0 - 0.9 0.57 1829.5 36.7 8.3
AM-5 1.0 - 1.0 0.60 1820.3 30.1 6.6
AM-6 1.0 - 0.7 0.51 1830.4 443 9.3
AM-7 1.0 - 0.6 0.48 1835.9 44.9 9.3
AM-8 1.0 - 0.5 0.45 1803.0 40.0 84
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4.2. Mechanical and thermal properties of natural fiber biocomposites

The binder for magnesium oxychloride biocomposites (MOC) has been produced according
to the results obtained in Section 4.1., MgClo/MgO ratio was 0.34, MgCl, solution was 1:1 with
water. The specimens were produced using different amounts of MgO, ranging from 0.5 to 1.5
with regard to the amount of shives.

Sampling methodology — hemp shives were mixed with a part of the total amount of water;
binder, which was pre-mixed in a dry form, was added and then magnesium chloride salt
solution or water was added. After 2 days, the specimens were demolded and aged under
laboratory conditions at 20 °C + 2 °C and 40 % + 10 % RH for 28 days.

Table 4.4
MOC biocomposite compositions and test results
Raw material (part of mass unit) Compres Compres Compres
Density. strength. strength. Bending strength.
Compos. Hem Water MgCL,,  A/B Ke/m® 10% strength, I
hivp for MgO solution g/m 05 perp., MPa coflapse,
SIVES shives (1:1) MPa MPa MPa
MOC-1 1.00 1.25 1.50 1.00 0.50 416.18 0.71 0.74 0.35 0.53
MOC-2 1.00 1.25 1.05 0.70 0.71 357.14 0.37 0.36 0.16 0.30
MOC-3 1.00 1.25 0.75 0.50 1.00 252.79 0.20 0.06 0.05 0.13
MOC-4 1.00 1.25 0.50 0.33 1.50 214.34 0.16 0.14 0.02

Magnesium oxychloride biocomposite compressive resistance is summarized in Table 4.4.
In Fig 4.1. the compressive strength / deformation diagrams are shown parallel and
perpendicular to the direction of laying.

From these diagrams it can be concluded that biocomposites can be divided into 3 groups
depending on the amount of binder:

1. MOC biocomposites with low strength binder content (A/B 1.50) — mechanical
properties are similar to the strength of unrelated aggregates (shives), high
deformability at low load because the binder is only on the surfaces of the shives,
interconnecting the shives, but it does not create a rigid binding structure.

2. MOC biocomposites with medium strength binder content (A/B 0.71) —
deformations do not increase only in linearly, transition of the elastic
deformations in plastic deformations can be observed as well. This is due to the
fact that the aggregates are coated with several layers of binder.

3. MOC biocomposites with high strength binder content (A/B 0.50) — aggregates
are immersed in the binder, the binder forms a stiff grid. Its collapse can be
clearly observed applying compressive strength perpendicularly to the laying
direction.
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Fig. 4.1. The compression curves characteristic for the MOC materials (parallel and
perpendicular to the direction of compaction).

By increasing the aggregate / binder ratio from 0.50 to 0.71, the MOC density decreases by
14 %, mechanical strength — by 48 % (Table 4.4). By increasing the aggregate / binder ratio
from 0.71 to 1.50, the MOC density decreases by 40 %, mechanical strength — by 56 %. In
general, the strength depends on the A/B ratio, but this ratio is not proportional (Fig. 4.1).
Mechanical properties of magnesium phosphate and hydraulic lime biocomposites are shown
in Table 4.5.

Specimens for thermal conductivity tests were made analogously to the described guidelines
with dimensions 350 mm x 350 mm x (80-100) mm. After demolding the specimens were aged
in laboratory conditions at a temperature of 20 °C + 2 °C and 40 % + 10 % RH until the mass
stabilization. Specimen preparation formulations used were analogue to those used in Section
4.1, thus the density, thermal conductivity and mechanical strength of specimens can be
compared simultaneously (see Table 4.5).

Table 4.5
Mechanical and physical properties of biocomposites
Binder group Composition Density, kg/m’ Thermal conductivity, Compressive strength,

W/m-K MPa

MPC-1 414.86 0.087 0.823

MPC-2 359.25 0.078 0.409

MPC MPC-3 249.81 0.062 0.157
MPC-4 211.16 0.057 0.098

MOC-1 416.18 0.092 0.709

MOC-2 357.14 0.081 0.367

Moc MOC-3 252.79 0.072 0.200
MOC-4 21434 0.063 0.155

FHL-1 488.63 0.103 0.435

FHL-2 352.54 0.079 0.111

FHL FHL-3 265.81 0.064 0.071
FHL-4 223.35 0.062 0.062

Viewing the results in a graphical form (Fig. 4.2), it can be concluded that in the selected
density range from 250 kg/m> up to 450 kg / m? the density / thermal conductivity ratio is linear.
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Therefore, the research results confirm findings of other authors, such as the Cerezo study [26],
where in the density range from 300 kg/m> up to 520 kg/m? this ratio was linear, also the linear
trend curve equation differs only by 0.0029 (Fig. 4.5):

y =10.0002x +0.0194
y =0.0002x + 0.0230
Doctoral Thesis (Fig. 4.4).

linear trend curve equation in Cerezo study [26];
linear trend curve equation for the research conducted within the
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Fig. 4.3. Density / compressive strength correlation.

Thus, it can be concluded that the thermal conductivity of the obtained natural fiber
biocomposites is appropriate and similar for all binders at a given density. The MOC and MPC
binder biocomposites have an equally high strength; therefore, their compressive strength and
density ratio at 350 kg/m? is about 0.4 MPa, the FHL strength at an equivalent density is about

0.1 MPa (Fig. 4.3).
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4.3. Fire resistance of biocomposites

Fire reaction according to Standards LVS EN ISO 11925 and LVS ISO 5660-1
Several tests were performed to determine the material's reaction to fire and to compare

them with each other. The first series of tests consisted of small-scale tests according to
Standard LVS EN ISO 11925 and Standard LVS ISO 5660-1. The specimens from all three
selected types of biocomposite with MOC-1, MPC-2 and FHL-2 compositions were tested.
First, a test was performed according to Standard LVS EN ISO 11925-2 "Part 2: Single- flame
source test". According to this test classification of all materials correspond to Class B
(according to Standard LVS EN 13501), since none of the three compositions showed fire (Fig
4.7), 150 mm long flame path was not reached, also no smoke or flaming drops were observed.
Therefore, additional tests were performed according to Standard LVS ISO 5660- 1 in order to
compare materials with each other and with other materials.

According to the standard, specimens with dimensions of 100 mm X% 100 mm, thickness up
to 80 mm was prepared. Testing was carried out in a cone calorimeter with a heat output
50 kW/m?. With this test the time of ignition of biocomposites, the maximum heat release rate
reaching time and the maximum heat release rate was determined (Fig. 4.6). The ignition time
was recorded only for FHL at 61 s, ignition was not observed in other specimens. HRR — heat
release rate — reached its maximum for FHL specimens in 95 s, for magnesium specimens this
period of time was 45 %-50 % longer. The maximum capacity for FHL specimens was also
higher — 47.61 kW/m?, MPC — 30.23 kW/m?, and MOC — 24.12 kW/m?.
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Fig. 4.6. Maximum heat release rate and time Fig. 4.7. MOC testing according to
depending on biocomposite binder. Standard LVS EN ISO 11925-2.

In order to show the fire dynamics, Fig. 4.8 shows the instantaneous heat release rate after
60 s, 180 s and 300 s from the start of the test. The graph shows that the heat release rate of
FHL specimens decreases over time, which is similar to the specimens of wood [133]; however,
the power of both magnesium compositions increases with time.

The loss of mass due to thermal radiation is shown in Fig. 4.9. The smallest loss of mass
was recorded for FHL — 2015 g/m?, bigger for MOC — 2822 g/m?, but the biggest for MPCs —
3,017 g/m?, respectively. These results do not meet expectations, because, according to the
measured heat release rate and time, FHL showed the most intense fire but the smallest loss of
mass according to this test.

This fact can be explained by the different chemical structure of various binders. MOC and
MPC biocomposite binders have high amount of chemically bound water being released at
specific temperatures (MPC — from 120 °C to 200 °C [134], MOC — at around 600 °C [98]),
thus reducing the heat release rate and increasing the time necessary to reach maximum
capacity. MOC hardener MgCl; alone was also used as a flame retardant [133], thus chemically
unbound MgCls also reduced the heat release rate. Loss of mass (Fig. 4.9) directly indicated the
decomposition of these magnesium binders — although they account for 45 %50 % lower heat
release rate, their loss of mass is 40 %—50 % higher.
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4.4. Results of microbiological stability tests for biocomposites

Test Series 1

Microbiological stability tests for two types of compositions — MOC-2 and FHL-2 (the
composition is described in Section 4.2) — were carried out in Test series 1. Artificial
inoculation was carried out with 2 types of fungal spores (Cladosporium herbarum and
Alternaria alternata), one type of fungi for each group of specimens. The control group
specimens did not receive artificial inoculation with fungi (K). In addition, half of the specimens
were subjected to artificial aging in the climatic chamber for 30 freeze-thaw cycles and UV
exposure (CH).

Specimens that had been artificially aged showed slightly lower performance — MOC-CH
and FHL-CH showed fouling intensity 2 but other specimens did not show different fouling
intensity. Therefore, it can be concluded that the exposure to freeze-thaw cycles and UV
radiation does not significantly decrease the MOH and FHL microbiological stability.

Comparing the specimens subjected to Test series 1 with low pH (pH <6) building materials
stored in analogous conditions, it can be observed that the low pH building materials reached
the growth rate ranging from 3.5 up to a maximum of 5, thereby indicating that the FHL and
MOC compositions are protected against biological effects.

Test Series 2

In the second series of tests, microbiological stability of five types of materials was tested —
MOC-2, FHL-2 and MPC-3 (composition described in Section 4.2), as well as magnesium
carbonate biocomposite, which was analogous to MOC-2 but without adding MgCl» hardener,
as well as reference material — wood fiber wool. Artificial inoculation was performed with 6
types of fungal spore suspension, for each material the microbiological stability was determined
for inoculated specimens and control specimens. In the second series of tests, the analyzed
specimens were aged in two humidity regimes: RH 75 % and 99 %. The fouling on the
composite materials was visually assessed after 4 months of incubation.
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At 99 % RH, MPC showed fouling level 4, wood fiber wool showed fouling level 3, both
showed macroscopic fouling with fungi, while the remaining specimens showed fouling level
1 or an increase in microscopically detected fungi. Low microbiological stability of wood fiber
wool can be explained by a low pH level of 4.28. Magnesium phosphate cement has a high pH
level of 10.45, but low microbiological stability, which is related to the fact that the potassium
phosphate is used as a hardener of binder. Potassium phosphate can also be used as a
concentrated mineral fertilizer [135], [136], thus the undissolved part of the hardener serves as
a nutrient for fungi growth.

Test Series 3

In the third series of tests, microbiological stability of 8 types of materials was tested —
MOC-2, FHL-2 and MPC-3 (as described in Section 4.2), as well as hydraulic lime binder
biocomposite, hemp and flax shives and reference materials — wood fiber wool and fibrolite.
Three different concentrations of binders — 100 %, 50 % and 20 % — were tested for all
biocomposites.

Artificial inoculation was performed with 6 types of fungal spore suspension, for each
material the microbiological stability was determined for inoculated specimens (marked with
F) and control specimens (marked with K). In the third series of tests, the analyzed specimens
were aged in 99 % RH conditions. The fouling on the composite materials was visually assessed

after 45 days of incubation.
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Fig. 4.10. Test Series 3: fouling depending on binder.

Analyzing the changes in microbiological stability of composites depending on the
concentration of the binder (Fig. 4.10), it can be concluded that the decrease of the amount of
mineral binder also decreases microbiological stability. Assessment of MOC, FHL, and HL
biocomposites at 100 % concentration fouling is 0—1.5, at 50 % concentration it is 1-3, at 20 %
it is 2.5-4, respectively (Fig. 4.10). The decrease of microbiological stability correlates with
the reduction of pH in the specimens. Lime-based binder biocomposites (FHL and HL) show
higher microbiological stability than MOC biocomposites, since on the 100 % binder specimens
fouling was not observed, while on the MOC the fouling corresponded to the levels 1-2. At
50 % and 20 % concentration specimens, this difference disappears. This can be attributed to
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the pH level, which for the lime-based specimens is around 12 at 100 % but for the MOC —
9.76, while the reduction of binder in 50 % and 20 % specimens results in a similar pH and
microbiological stability.

Decrease of the microbiological stability in the MPC biocomposites is less pronounced, as
fouling at 100 % concentration is 2—4, while at 20 % it is 3—4. Such an increased MPC fouling
is similar to the results of Test Series 2 and it can be explained by the impact of the hardener —
potassium phosphate.

Microbiological stability of the biocomposite aggregates — hemp shives — is low,- the fungi
growth rate is 3.2—4. Some literature sources tend to attribute antibacterial properties to the
hemp shives [137] but the experiments show fungi fouling on them. Compared with the
aggregate of similar origin — flax shives — it can be observed that the flax shives are completely
covered with fouling and the fungus growth started much earlier than for the hemp shives.

In the third stage of the experiment it was discovered that fungi belonging to the species
Paecilomyces and Stachybotrys are the most common on the materials included in the research.
In some cases Penicillium, Acremonium, Cladosporium, Aspergillius, Trichoderma and Mucor
were also observed, indicating that the substrates contain sufficient amount of moisture and
nutrients for the fungal development. Most of these fungi feed on cellulose; therefore they can
be found on cellulose-based materials [125], [138]. Stachybotrys also feeds on lignin and for
this reason it is often found on wood and its products [139], also known as black mold [140].
Since hemp shives contain high levels of lignin and cellulose, this type of fungi can be found
on a large number of specimens (Fig. 4.11). The mycotoxins produced by these fungi cause
allergic reactions, they are often associated with various health problems caused by
inappropriate indoor microclimate [141].

The pH levels play an important role regarding spread of fungi in building materials. On
composite materials with the pH level 6 to 8, fungi spread more rapidly than alkaline materials
with the pH levels 12-13-14. The pH levels of lime-based and cement-based materials decrease
to about 9 due to the carbonization process, allowing the growth of microorganisms on the
materials. Similar pH values are achieved by decreasing the amount of binder. Various studies
on mortar carbonization show that their biological susceptibility is significantly increased in

Fig. 4.11. From the left: FHL-100, FHL-50, FHL-20.
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the case of reduced pH [141] levels, the same way as in the performed study on the reduction
of the amount of binder.

4.5. Field tests to determine the thermal conductivity and moisture
migration

Within the framework of this research, natural fiber biocomposites have been tested in field
conditions by measurements in the existing buildings using these materials to analyze their
performance in an average European climate zone. Measurements were made using a specially
designed portable measuring system with temperature, humidity and heat flow sensors, thermal
and technical properties of the material were analysed and compared with those obtained in
laboratory settings, the migration of moisture in biocomposites also has been considered.

The chosen system was designed for installing indoors. The system consists of 14 miniature
temperature and humidity sensors, which are intended for installation in premises and structural
elements of the building, and 1 heat flow sensor in the form of a board. Temperature and
humidity sensors are placed in the protective housing having an opening. Heat flow sensor is
attached to the wall. The system was placed in a closed housing, where sensors were connected
with cables. Access to the measurement data was provided using remote mobile modem.

Hemp panel

/\P\ 200 mm

/ \H1IT1
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a0 |
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@

Fig. 4.12. A-type wall — experimental biocomposite panel.

For the research purposes, in real-life conditions three different types of wall constructions
were measured: 200 mm thick hemp-lime panel without internal and external finishes (Table
4.6. A, Fig. 4.12), 250 mm thick hemp-lime wall and 50 mm thick wool fiber insulation (Table
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4.6. B), and 80 mm hemp-lime blocks used to insulate an existing 200 mm thick pile building
wall (Table 4.6. C).

From the experimental field measurements of the biocomposite, two different U values
were calculated: Uayg and Unum. Uayg can be calculated for a specific time period using the
internal and external surface temperature data and the results of the heat flow by cumulative
method. For the measurements of biocomposite blocks (Table 4.6. C), the U value for the wall
was determined without prior insulation, and tests with an insulated wall allowed it to be
determined on the basis of an increase in thermal resistance. Utheor values were calculated from
laboratory measurements.
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Fig. 4.13. Comparison of Uayg and Unum values.

However, for a precise use of the cumulative method for the calculation of the U-value,
rapid fluctuations in temperature are not permitted. Experimental data indicated that
fluctuations in the temperature and heat flow affecting the surface inside the wall, usually
caused by different sources of heat, such as heaters or human activities, can be observed. As a

70



result, measurements with heat flow sensors inside the wall showed changes in Uayg value even
by 15 % in one week. These fluctuations are shown in Fig. 4.13, where the green line represents
the values of the measured heat flow.

The U methodology for calculating U was developed in the Laboratory for Mathematical
Modelling of Environmental and Technological Processes of the University of Latvia, allowing
to use the experimental data from short-term measurements [126]. The method is based on a
one-dimensional calculation of heat transfer coefficient using the heat flow density on a warmer
surface and the temperature difference of the surfaces [127]. The method was integrated and
used with the DataProc program [46].

A comparison of the theoretical and numerical U values indicates that the greatest
differences are for the experimental panel (Table 4.6. Type A). This is due to the drying time
of the material, since it was installed shortly after production, and only 2 months of drying the
H4 internal RH sensor was not below 8 0% RH. It can also be seen in the variation of U value
0.3 W/m?-K during this 2-month period of drying.

Table 4.6
Experimental types of walls, their theoretical and measured U-values
Wall type A B C
Hemp panel 200 mm Wood wool He Wooden
) insulation Hemp panel  Wooden b]:mlls beam wall
R — - S50mm . 250 mm addi oc 200 mm
s N > H1 —==n\ .:_clladdmg g0mm 7,
S V===
H7| | He T !
! |
Cross-section of . ‘ yd W I ! —
the wall N f e
o ql | i [ —— T
T AU T
= ! g4 o e e
N ==y O . | m| I I
P L &} |
N I [T T T 1
= o HG -
! Air layer ? ¥ 1|_|_‘_L_‘_I_IT
Total wall
structure 200 300 280
thickness, mm
Biocomposite
X 200 250 80
thickness, mm
Utheor, W/m* K 0.60 0.23 0.30
Une WinPK 1.2 (2016-feb) 0.29 (2016-nov) 0.48 (without biocomposite block)
, W/m?
o 0.9 (2016-apr, oct) 0.34 (spring-2017-apr) 0.23 (with biocomposite block)
1.2 (2016-feb) 0.28 (2016-nov) 0.45 (without biocomposite block)
Unum, W/m?-K

0.9 (2016-apr, oct)

0.29 (2017-apr)

0.20 (with biocomposite block)

The comparison of the two experimental U values shows that in the measurement where the
heat flow sensor is located on the inner surface of the material, the temperature and heat flow
fluctuations affect Uay values. For example, it can be observed in a sequential 7-day
measurement period, where the results can vary by 15 %; however, Unum calculation reduces
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these fluctuations and allows to shorten the measurement time. For measurements with the heat
flow sensor located in the middle layer, the difference between Uayg and Unum values is only
0.03 W/m?-K, or no more than 6.7 %, thus, if the heat flow sensor is in stable conditions, then
using the cumulative method can result in sufficiently accurate results.

The results of the heat flow and relative humidity sensors indicate the need to dry the
appropriate biocomposite material, as it has retained a significant amount of water during the
production process. This excess water has a negative effect on the U value. Namely, it is by
25% to 33% higher than the dried panel. This moisture locking between the finishing layers
should be avoided, as it prevents drying and can create favorable conditions for fungi growth.

Looking at the changes in the temperature schedule, the thermal inertia phase shift can also
be determined graphically. Temperature sensor T6 reaches its peak during the day, sensor T4
located 50 mm deeper reaches its peak after 3 hours, T3 — after 4 hours, and T2, which is located
50 mm from the inner surface, after 6 hours in average. Consequently, the thermal inertia phase
shift for a 200 mm thick biocomposite panel between its internal and external surfaces is 6—8
hours. This phase shift is also obtained by calculating Unum with DataProc.

For a wall type B, it can be observed that sensor T2 reaches the peak in 9-10 hours after the
surface sensor T4 has reached its maximum, which means that thermal inertia phase shift for a
250 mm biocomposite wall with a 50 mm wooden fiber insulation is 10—12 hours, which is
considered optimal in order to maximize thermal inertia and passive cooling capacity in
buildings.

Looking at the data from type B wall humidity sensor, high moisture buffering capacity of
hemp can be observed. The relative humidity indoors ranged from 23 % to 50 % during the
period considered, but it was from 50 % to 60 % at a depth of 50 mm inside the wall. This
change occurs without phase shift over time. This indicates that the hemp biocomposite wall is
actively regulating the indoor microclimate, as only 20 % of the period under consideration the
indoor humidity was below 40 %, which is considered to be a threshold for indoor microclimate
favorable for human health [141].

The results of humidity measurements indicate high permeability and biocomposite
buffering capacity, as it responds to internal and external humidity fluctuations by absorbing
and desorbing water vapor. This, on the one hand, reduces the thermal resistance of the material,
but on the other hand allows for higher indoor thermal comfort, as the relative humidity
fluctuations decrease.
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S. LIFE CYCLE ANALYSIS OF NATURAL FIBER
BIOCOMPOSITES

5.1. Defining of the target and scope

5.1.1. LCA method for biocomposites
In order to evaluate different biocomposites produced for the research purposes and to

compare them with alternative materials, a uniform method for calculating their impact was
necessary and consequently was developed within this Doctoral Thesis.

250 mm 500 mm 250 mm

50 mm
A Te—— e ———

Variable

150 mm

—

Structural wooden frame

Hempcrete infill

1000 mm

Fig. 5.1. Section of a functional unit of a part of the wall.

As the main application of natural fiber biocomposites is using them as wall insulation
materials, LCA functional units are described as 1 m? wide wall area with U = 0.18 W/m?-K,
which, according to the Latvian Construction Standard LBN 002-15 "Thermal engineering of
building envelope structures", is the U value of the normative walls for residential buildings. A
wall segment with variable thickness was filled with a hemp biocomposite, except for a
supporting part consisting of two 150 mm x 50 mm wooden stacks located 500 mm apart and
in the middle of the wall section (Fig. 5.1).

Biocomposite strength is defined by two limit values, based on previous studies [147] — the
first is 0.15 MPa, which characterizes the method of the traditional hemp biocomposite
application in the formwork on the construction site, the second — 0.5 MPa describes the
application as a self-supporting thermal insulation block material.

In order to obtain the thickness of the functional unit and the amount of materials used, it
is necessary to collect the thermal conductivity, strength and density data from the experimental
part to determine the values at the given limit values. Since the thermal conductivity at the
required strength had been determined during the experimental phase, the thickness was
specified to achieve the required normative U value (see the summary in Table 5.1).
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The highest consumption of materials was for the lime-based formulations (Table 5.1),
because they have lower strength and thus require higher amount of binder to reach the
functional unit limit values. The lowest consumption of materials for achieving a certain U
value was for the magnesium oxychloride and orthophosphate binder specimens because they
have low strength / thermal conductivity ratios.

Table 5.1

Functional unit properties and dimensions

Thickness FUatU=

Binder Shives, Water, Binder, Compr. Thermal Density, atU= 0.18 W/m*K,
type Name ke ke ke strength  conduct., ke/m® 0.18, relative
»MPa Wim'K W/m*K thickness, m
MPC (0.15) 125.6 205.2 108.5 0.15 0.062 2452 0.344 ==
MPC MPC (0.50) 125.6 268.5 239.7 0.50 0.080 371.5 0.446 ]
o MOC (0.15 1256 1570 988 015 0.062 210.1 0344 om—
MOC (050) 1256 1570 2564 050 0.085 380.1 0474
FHL FHL (0.15) 125.6 286.4 258.7 0.15 0.082 368.9 0.453 I——|
FHL (0.50) 125.6 320.3 326.5 0.50 0.108 5159 0.600 e
HL HL (0.15) 125.6 248.3 182.7 0.15 0.075 322.6 0.415 I=———— =
HL (0.50) 125.6 308.0 302.0 0.50 0.097 446.6 0.541 ——————]

Since identical values of U were defined in a functional unit, no differences could be
obtained in terms of thermal conductivity during the material use phase. In order to take into
account the biological accumulation of CO: content of such materials, it was necessary to use
"cradle-to-gate" system (Fig. 5.2) [148].

In this case, LCA study required "impact allocation" (the environmental impact was divided
between several products of the same process with regard to the mass or economic distribution)
for the hemp shives and metakaolin, because they were both waste products whose primary
products weigh significantly less but account for 75 %-95 % of the revenues. In such cases, an
economic breakdown is used [149], which is also used in the Doctoral Thesis.

In order to be able to compare the lifecycle of hemp biocomposites with other materials, it
was necessary to create alternative material functional units with comparable properties;
therefore, functional units were adopted with an analogue U value of 0.18 W/m?-K. 500 mm
and 300 kg/m® aerated concrete blocks without additional insulation, 300 mm and 375 kg/m®
aero concrete blocks with 100 mm and 120 kg/m? stone wool insulation and a structural wooden
frame with a 200 mm mineral wool layer and a gypsum plasterboard from the inside were
selected as alternative materials. The transport distance for all materials was assumed to be 100
km.
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Fig. 5.2. Flow chart of system boundaries.

5.2. Inventory analysis

The data used in the Doctoral Thesis for the LCA purposes was derived from a variety of
sources. Primarily, the Ecoinvent database was used, where possible. It was the only database
that was used to provide a consistent interpretation of the data. If no data was available, similar
studies, summaries, descriptions, or personal communication was used. The main data on the
cultivation and processing of hemp are taken from research conducted in Latvia, mainly by
V. Stramkale from "Latgales lauksaimniecibas zinatnes centrs" [150-152], as well as from
personal communication with experts involved in the growing and processing process.

5.3.  Analysis and interpretation of results

5.3.1. Comparison of functional units
Results of CML 2 Baseline analysis method for both functional units are shown in Fig. 5.3.

Separate impact assessment for each 0.15 MPa functional unit binder is shown in Fig. 5.4.
MPC has the highest impact in almost all categories (Fig. 5.3), with an exception of the

ozone layer depletion and freshwater ecotoxicity, but also in these categories the impact is quite

high. It is also the single binder for which the functional unit has a positive CO> emission, all
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others present COz collection (negative emissions). In impact categories, such as acidification
or eutrophication, the MPC shows 5 to 10 times higher effect than other binders, in the
remaining categories it is 2 to 3 times higher. These results, together with the impact in
individual categories (see Fig. 5.4), lead to the conclusion that mono-potassium phosphate has
the highest impact, since it is the most significant in all categories, especially in the formation
of acidification and eutrophication potential. Upon closer examination, it is evident that most
of the environmental impact is due to the mono-potassium phosphate produced via the classical
wet phosphoric acid process.

Taking into account that 30 % -50 % of biocomposites contain hemp shives, they produce
a significant effect with a small amount of binder (Fig. 5.4), the main impact coming from the
use of mineral fertilizers and diesel fuel. In addition, it should be noted that not only by
emissions, but also by absorbed CO, impact of hemp shives is attributed (Section 5.1), taking
into account the economic distribution, that is, only 27 % of the observed CO>. If mass
distribution were used, then 54 % of the absorbed CO; would be allocated to the hemp shives,
thus creating higher impact in other categories. This difference should be taken into account
when the study data is used in a situation with a different fiber / shive ratio. Namely, if the ratio
changes, the impact of hemp shives on the environment also changes.

Comparing HL and FHL emissions (Fig. 5.3), it can be concluded that in most categories
they do not differ by more than 10 %, except for the GWP, since both binders are based on
hydrated lime. GWP 100 in the FHL category shows by 30 % better results, which is related to
the low emissions from the production of metakaolin as a waste product. If metakaolin or other
admixture were produced specifically for this purpose, the effects of FHL would be
significantly higher and its use would not be justified.

An analysis of the MOC results shows that, in comparison with other biocomposites, it
shows lower results at 0.15 MPa strength in most of the impact classes, with the results
becoming slightly closer at 0.5 MPa due to higher amount of MgO. The low impact of MOC is
ensured by its high strength / density ratio, as well as the low impact of magnesium chloride
compared to potassium phosphate.

The obtained results (Table 5.2) are consistent with previous LCA studies on LHC materials
that show CO2 absorption from 36.08 kg to 1.6 kg COz equiv. / FU because FUs differ among
the studies [19], [20], [22], [158]. The GWP factor for lime-based binders used in this study is
similar to that in other studies, ranging from 30.91 kg to 4.88 kg CO» equiv. / FU. Most of this
absorption is done by hemp shives (Fig. 5.4), as the results show also in all other studies (Table
5.2). One of the major differences from other studies is the assumptions about the absorption
of COz of the lime-based binding agent. Boutin [158], Ip [20] and Pretot [19] assume complete
carbonization of binders, the same as in this study, Arrigoni [22] assumes partial carbonization,
which has taken place after 240 days, based on the experimental results. If the Arrigoni study
had assumed complete carbonization, then the total balance would have been 26.01 kg CO>
equiv./ FU, but only partial carbonization was assumed resulting in a balance of 12.09 kg CO»
equiv./ FU. Using this partial carbonization method, this study would produce significantly
different results and would be more beneficial for the use of the MgO binder.
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MgO binders, due to the lower magnesium calcination temperature [89], as well as the
MgO's ability to carbonize, thus absorbing CO» [159], are considered to be superior to their
small environmental impact, compared with lime and cement binders. However, some studies
focusing mainly on MgO's production LCA have revealed that, comparing only by the binder
mass, MgO has higher CO> emissions than the same amount of lime or cement [160], [161].
This is due to the fact that the decomposition of magnesite results in the release of 1.10t/ t
CO., while limestone decomposition results in only 0.78-0.83 t/t CO,, regardless of lower
calcination temperatures [151]. It directly affects the potential of GWP (Fig. 5.4), since
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Fig. 5.3. CML2 Baseline results for each impact category.
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magnesium-based binders contribute to GWP more than the lime-based binders, although this
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5.3. table

Comparison of GWP results with other studies on hemp-lime concrete

CO,
GWP
. . Thermal . . absorbed,
Shives,  Water, Binder, nduct. Density, Thick., U-value, ke CO balance,
Authors ke ke ke co! ) ke/m? m W/m-K 4 2 kg CO;
W/m'K eq/kg
. eq/FU
shives
B"‘ﬁigge]‘ al 24.8 372 54.5 0.109 330.0 0.260 0.42 2.11 -35.53
Ip a“[‘;(’)\;““er 300 75.0 50.0 0.057 2750 0.300 0.19 153 36.08
Pfe‘ﬁ‘;]t al 204 67.0 450 0.086 390-460  0.240 036 1.70 -1,60
Arrigoni et al. [22] 31.4 58.6 44.5 0.067 330.0 0.250 0.27 1.84 -12.09
MPC (0.15) 432 70.6 37.3 0.062 2452 0.344 0.18 1.84 26.49
. MPC (0.50) 56.0 119.8 106.9 0.080 3715 0.446 0.18 1.84 147.76
=
=
= MOC (0.15) 432 54.0 34.0 0.062 210.1 0.344 0.18 1.84 -12.68
=
@
£ MOC (0.50) 59.5 74.4 1215 0.085 380.1 0.474 0.18 1.84 54.29
<
£ FHL (0.15) 56.9 129.7 1172 0.082 368.9 0.453 0.18 1.84 -30.91
St
=
2 FHL (0.50) 75.4 1922 195.9 0.108 515.9 0.600 0.18 1.84 2933
=
& HL (0.15) 52.1 103.0 75.8 0.075 3226 0.415 0.18 1.84 -19.28
HL (0, 50) 67.9 166.6 163.4 0.097 446.6 0.541 0.18 1.84 488

5.3.2. Comparison of alternative materials
In order to assess the reduced environmental impact of hemp biocomposites, it was

compared with alternative materials having identical thermal conductivity (Fig. 5.5). Aerated
concrete products in average have 4-5 times higher environmental impact than other materials,
which can be explained by the high amount of energy consumed in the production of cement
(the main component of aerated concrete) and during the autoclaving process of aerated
concrete. The adhesive for aerated concrete is also energy-intensive. Looking at the GWP
factor, it can be seen that the amount of CO> emissions from the aerated concrete is on average
4 times bigger than the hemp-lime functional unit is capable to absorb.

In addition, the insulated aerated concrete wall emission factors are even higher than for a
wall made of 500 mm aerated concrete alone. This is due to the fact that for identical weight
rock wool generates higher emissions than aerated concrete. This is related to higher energy
consumption level during the production process. The wooden stud wall, which is packed with
mineral wool, has similar emissions as hemp-lime material (Fig. 5.5). The majority of all factor
emissions (60 %—70 %) come directly from the mineral wool. Regarding the GWP factor, the
functional unit of wooden stud accounts only for 0.48 kg of CO2 emissions, which makes this
material almost CO2 neutral.

In general, the developed method for analyzing the life cycle of natural fiber materials
makes it possible to calculate the environmental impact of materials, by using experimentally
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obtained strength properties, physical properties and thermal conductivity properties, and to
compare them with conventional building materials.

Lime-based binders have shown a good overall performance of LCA as their impact on
GWP was the lowest due to the carbonation of lime-based binders. Comparing the lime-based
binder, it can be concluded that the experimental binder has 12 %28 % lower impact for all
factors than the commercial hydraulic lime binder. Under the influence of the GWP factor,
hydraulic lime accounts for 55 % of the amount of CO absorbed by the alternative binder. It
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Fig. 5.5. Environmental impact of alternative building materials.

proves that fully or partially substituting the binder with waste products that results in lower
emission levels produces the desired effect and reduces total hemp-lime emissions according
to all factors.

Magnesium binders showed various results regarding LCA. MPC had the greatest impact
in almost all categories, and, despite its high strength and density ratio, the environmental
impact of 0.5 MPa FU was even relatively higher. This is due to its hardener — potassium
phosphate, whose production processes have high energy and resource capacity.

MOC had the lowest density of 0.15 MPa FU; therefore, low consumption of material was
one of the reasons why this biocomposite had the lowest impact in most of the categories. It
was also caused by the low environmental impact of the MgCl,-MOC hardener. Although the
binder did not absorb CO; in the curing process, the effect of GWP was only 6.60 kg CO; equiv.
/ FU bigger than for 0.15 MPa wall HL binder. For denser materials this difference is bigger
because the amount of hemp fiber remains unchanged. The overall MOC performance shows
that it has the greatest potential for being used in industrial biocomposite production, since
MOC biocomposites have showed the best strength / thermal conductivity / environmental

impact ratio.
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Compared to alternative materials (aerated concrete, aerated concrete + stone wool, wooden
stud frame + mineral wool), the lime-hemp biocomposite accounts for 2—4 times lower
emissions and is the only CO> neutral material, which proves that this material has properties,
which can be considered as highly environmentally friendly.
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CONCLUSIONS

1. It has been proven that by using waste products (waste metakaolin as well as crushed
lamp glass containing borosilicate and lead) as active hydraulic additives it is
possible to increase the mechanical properties of hydrated lime to achieve a
compressive strength of at least 5 MPa, which is required for the development of
natural fiber biocomposites. The highest increase in compressive strength — from
1.18 MPa to 12.30 MPa — can be obtained by replacing the CL90 hydrated lime with
40 % metakaolin additive.

2. Two types of magnesium-based binders have been obtained, which show
significantly higher mechanical strength than lime-based binders:

a. Magnesium oxychloride cement is made by bonding caustic magnesium
oxide and magnesium chloride salts. The highest compressive strength
(60.9 MPa) can be obtained by using MgClo/MgO ratio of 0.34 and
water/binder ratio of 0.25.

b. Magnesium phosphate cement is made from burnt magnesium oxide and
potassium orthophosphate. The highest compressive strength (52.1 MPa)
can be obtained by using KH2PO4/MgO ratio of 0.80 and water/binder ratio
of 0.28.

3. Three natural fiber biocomposites with different binders and different physical and
mechanical properties have been developed:

a. Hydraulic lime binder with metakaolin additive biocomposites (FHL) with
a density from 233 kg/m> up to 489 kg/m®, compressive strength 0.06 MPa
—0.44 MPa, thermal conductivity 0,062 W/m-K—0.103 W/m-K.

b. Magnesium oxychloride cement biocomposites (MOC) with a density from
214 kg/m® to 416 kg/m® and at least 60 % higher strength than the
biocomposites with lime binders — from 0.16 to 0.71 MPa — and thermal
conductivity 0.063 W/m-K-0.092 W/m-K.

c. Magnesium phosphate cement biocomposites (MPC) with a density from
211 kg/m® up to 415 kg/m?, compressive strength 0.10 MPa—0.82 MPa,
thermal conductivity 0.057 W/m-K—0.087 W/m-K.

4. According to their fire reaction, magnesium-based biocomposites MOC and MPC
can be classified as Class B sl, dO, lime-based biocomposites FHL — between
Classes B and C. MOC shows the lowest heat release rate of 24.12 kW/m?, MPC —
is 30.23 kW/m? that is by 25 % higher, FHL releases 47.61 kW/m?. The mass loss
for magnesium-based biocomposites in their turn is higher in MOC it is 2822 g/m?
and in MPC it is 3017 g/m?, FHL is 2015 g/m?. It is linked to the fact that the
magnesium-based biocomposites have chemically bound water, which is released
under the impact of elevated temperatures.

5. In the biological stability tests, the lime-based binder biocomposites have had the
highest results, as they did not show any fungi growth even on a microscopic level
at 100 % use of the binder. In the MOC biocomposites, with a microscope fungi
growth has been detected due to its lower pH level (MOC pH 9.76, FHL pH 11.99).
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10.

MPC binder biocomposites showed the lowest results with more than 80 % fungal
fouling, which was related to the binder hardener used. Potassium orthophosphate
is also used as a mineral fertilizer.

Within the framework of the Doctoral Thesis, a high-precision measuring device
has been developed that allows to measure simultaneously humidity and
temperature distribution in the cross section of the wall, as well as to measure the
heat flow. The obtained data has been used to compare the theoretical and real values
of U and to determine the moisture migration.

The developed method for the life cycle calculation allows the use of experimentally
obtained results regarding thermal conductivity and strength of biocomposites to
create a model for assessing the environmental impact of the functional units of
natural fiber biocomposites and to compare it with those of the conventional
building materials.

By comparing the environmental effects of lime-based binder, it can be concluded
that the hydrated lime binder with metakaolin (FHL) for all factors has by 12 %—
55% lower impact than the commercial hydraulic lime binder. Among the
magnesium-based binder biocomposites, MOC has a significantly lower
environmental impact than MPC, despite the high strength and density ratio of MPC
associated with its hardener — potassium phosphate, which is highly energy and
resource-intensive.

Compared to other materials (aerated concrete, aerated concrete + stone wool,
wooden stud frame + mineral wool), the developed natural fiber biocomposites have
showed 2—4 times lower emissions and therefore are the only CO» neutral materials
that demonstrate their reduced environmental impact.

During the research process, biocomposites with three different binders have been
developed and their properties have been determined. In general, the following
conclusions can be drawn from the obtained results on the biocomposite application:

a. Lime-based biocomposites have low mechanical strength, average fire
reaction, high biological stability and the lowest environmental impact
among all biocomposites. They can be used in low-rise buildings, using
conventional application in the construction site along with a structural
wooden frame.

b. Magnesium phosphate cement biocomposites have high mechanical strength
but low biological stability and relatively higher environmental impact. They
can be used when high early strength is necessary.

c. The results of the magnesium oxychloride biocomposites have proved that
they have the greatest potential for the industrial biocomposite production
because they have showed the best ratio of strength / thermal conductivity /
environmental impact.
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