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SxicTh armMocepHOro MOBITPS € KPUTHYHO BAKIUBUM JETEPMIHAHTOM
3I0pOB'S JIIOAMHU, OCKUIBKM BOHO O€3MOCEpeHbO 3a3HA€ BIUIMBY KOHTaMiHAIlii
pi3HOMaHITHUMH 3a0pyaHtoBadamu. i 3a0pynHIoBayi, M0 HAAXOJATh BHACIIIOK
AHTPOINIOTEHHUX €MICii a00 yTBOPIOIOTHCS B HABKOJHUIITHBLOMY CEPEIOBHIII 32
paxyHOK TIEPEBUIICHHS TPAHUYHO JOMYCTUMUX KOHIEHTPAIl MPUPOTHUX
KOMITOHEHTIB, BKJIIOYAIOTh XapakTepHl (i3WuHi areHTH, XIMi4HI CIIOJIyKH Ta
O1oJoriyH1 00'€KTH (MIKPOOPTAHI3MH).

KinbkicTh 3a0pyHIOBAYIB B MOBITP1 Y 3BaXKEHOMY CTaHI MOYKE 3MIHIOBATUCS
MpoTITOoM J00U Bij Oe3meyHoro 10 HeOe3meyHOro piBHIB KOHIGHTpaiii. Jleski
BU/IM 1 piBHI KOHIIEHTpaIlii 3a0pyIHIOBaYiB IIPH TPUBAJIOMY iX BIUIMBI HA JIFOJUHY,
MOXXYTh BaroMoO He BIUIMBAaTH Ha 370pOB’S, aje JesAKl BXKe 4epe3 HaKOpOTIIHi
MPOMDKOK 4Yacy CYTTE€BO MIKOIATH. [loBiTpsiHE cepenoBuine YKpaiHW TpPOTATOM
2014-2024 pokiB [I0AaTKOBO TepeOyBa€ ImiJl BIUIMBOM 3a0pyaHIOBAdYiB, SKi
BUHUKAIOTh Yy pe3yibTaTi BIMCHKOBUX MiH ((DIBUYHMX UYMHHUKIB Ta XIMIYHUX
PEYOBHH y PEe3yNbTaTi BUOYXIB Ta TOPIHHS MPOMUCIOBUX 00’ €KTiB, HAQTOra30BUX
CXOBMIII, CKJIQIIB, )KHTJIOBHX Ta COIIAJIBHUX OyaiBEIb) Ta SIKIi HECYTh HEOC3IEKY
310poB’10 JroauHM. HaciigkamMu 1moBHOMAcIITAOHOTO BTOPTHEHHs € moHa; 6689
BHITQ/IKIB IITIKOAW JOBKULTIO B PO3Mipi 2,779 TpUIBHOHIB IPUBEHh — 3 HUX IIKOJIA
CIpUYMHEHA BUKHAAMU B aTMochepy — 784,16 TpuiibiloHIB 3a 1aHUMU O(IilIHHOTO
pecypcy MiHicTepcTBa 3aXUCTy JOBKUUIS Ta NPUPOJHUX pPeECypciB YKpaiHu

«Exo3arpo3za» cranom Ha smctonan 2024 poky (https://ecozagroza.gov.ua/). Mo



HeOEe3MEeYHUX PEYOBHUH Il YaC BOEHHHMX I MEPIOJAUYHO JOMAIOTHCS 1 HACTIIKHU
3a0pyAHEHHSI TOBITPSHOI'O CEPEJOBHUINA uepe3 MEepPEeMIIICHHs MUJIOBUX Mac 3
nycteni Caxapa, siki y 6epe3Hi-kBiTHI 2024 poky Oynu ctanumiu. [lommpeHss nury
y TOBITPSIHOMY IpOCTOpi YKpainu B KBiTHI 2024 COPUUMHUIIO MOTIPIIEHHS SIKOCTI
MOBITPS Yepe3 MiABUILIEHHA KOHIEHTpAL1l ApIOHOAUCIIEPCHUX YaCTOK — TaK 3BAHOTO
“muny” 3 Caxapu. Takuil nun npeacTasisie cOO0I0 MIKPOCKOMIIYHI TBEP/I1 YACTOUKH
(anrmn. Particulate matter, PM) 3 MiHepanbHHX CHONYK, OUTBIIICTD 3 SKUX CUJIIKATH
(MYCKOBIT, KBap1l, KaoJliH Ta iHIl1) Ta KapOoHATH (KalbLUT, 1ojoMiT). Cami o co0i
Il CIIOJIYKH HE IIKIIJIMB1 JIJIs JTFOJIMHU, aJie Y BUTJISAA1 IpIOHOAUCTIEPCHUX YACTUHOK,
10 3HAXOAATHCS B 3BAXKEHOMY CTaHi B MoBiTp1, PM25Ta PM1g (dhpakuii B qiamerpi
MmeHie 2,5 ta 10 MIKpOH BIANOBIHO) 1 € HAWOLIBIT HEOE3MEYHUMHU 3a JaHUMH
BcecBiTHhO1 opranizanii oxoponu 31n0poB's (BOO3). Uepe3 HeBenukuii po3mip
gacTo4ok PM, feski 3 HUX 4epe3 CUCTEMY JTUXaHHS MOXKYTh MOTPAILISATH B KPOB i 3
HEI0 TPAHCIOPTYBATUCS O YChOMY TLUIy, OCIIal0YM B Ceplli, MO3KY Ta IHIINX
oprasax.

HpidbnoaucnepcHi yactoukn PMazs Ta PMig B BENUMKMX KOHIEHTpAIisIX
3HAYHO TOTIPIIYIOTh SKICTh TMOBITPS, SIKA OIIHIOETHCS 1HJACKCOM SIKOCTI MOBITPS
(anrm. Air quality index, AQI). BcecBiTHs oprani3zaliisi OXOpOHHU 370pOB'S 3MiHMJIA
pekoMeHaaIii moao AkocTi moBiTps 22 BepecHs 2021 poky, MO CTano MEepUIAM
BEJIMKMM OHOBJICHHSIM CTaHJApTIB BcTaHOBJIEHUX 3 2005 poKy. 3MiHU MOKPAIIYIOTh
CTaHapTH SKOCTI MOBITPS 32 OCHOBHUMH 3a0pyaHioBadamMu: PMy s - 030HOM, PM1g
- TIOKCUJIOM a30TY, CIPUUCTUM Ta30M Ta MOHOOKCHIOM BYTJIEITIO.

B Vkpaini piBenb PMys He mWKIiUMBUA sl 3M0pOB’S  SKIIO BiH HE
nepesuntye 5 Mkr/m3. YV Gepesni 2024 poky, 1ij Yac MOIIMPEHHS IUIOBHX MAac 3
Caxapu, Oymu 3adikcoBani 3HadeHHS PMys no 1000 wmxr/m3. Hacenensro
pPEKOMEHyBaIM OOMEKHWTH TMepeOyBaHHS 330BHI Ta HE BIAKPUBATH BIKHA IS
MPOBITPIOBaHHA. 3arajbHi TPOOJEeMH 31 3J0pOB'SIM Ta 3aXBOPIOBAHHS, IO
BUKIMKAIOThCS PM3s Ta PM1o, BKITIOUAIOTH XBOPOOW cepls Ta JEreHb, OPOHXIT,

eM@dizema, acTMa Ta OUIbII IHTEHCUBHI 3arOCTPEHHS, ePeI4acCHa CMEPTh.



VYei i moaii, Ha gomady A0 JocBiny OopotrhOu 3 manaemiero COVID,
GbopMyIOTh HOBI BUMOTH JI0 Oprasizaiiii 0€3meyHoro moBITPSHOTO CEPEeJOBHINA B
MICIISIX TUMYacoBOro abo TmocTiiHOro mepeOyBaHHs Joaeil. (OCHOBHUMU
3a0pyHIOBaYaMH MOBITPS B MPUMILIEHHI € JIETKI OpPraHiuHi CIOJYKH 1 TBEpAl
JacToukd. [[epenaMu TBepAUX YaCTOYOK € TAKOXK SBHIIA KyPiHHS, TIPUTOTYBaHHS
1, onajeHHs, MaJiHHS CBIYOK Ta BUKOPUCTAHHS 1HCEKTUIIM/IIB, JOMAIIIHI TBAPUHH,
XaTHsS poOOTa Ta, HaBITh, IEPECYBAHHS 1O MPUMIIICHHIO JTtoAcH. OUiKy€EThCS, 110
4yepe3 MOCTIHHE €KOHOMIYHE 3pOCTaHHs Ta 30UIbIICHHS HAceleHHS B 0ararbox
perioHax cBITY, piBeHb 3a0pyJHEHHS aTMOC(EPHOTO MOBITPS 3pOCTE, IO MPU3BEAE
710 30UTBIIEHHS KUTBKOCT1 PECHIPATOPHUX 3aXBOPIOBAHb.

VY 3B'I3Ky i3 IIUM 3pOCTAIOTh TEXHOJIOTIYHI BUMOTH JIO CUCTEM BEHTHIIALIIT 3
(GUIBTpYBaHHAM TOBITPS 1 MIABUIICHHSAM €(QEKTUBHOCTI OUMILEHHS Ta HAJIMHOCTI
3a0e3MeYeHHs] TEXHOJOTIYHIX BHMOT TPOTITOM 3aJaHOTO 4Yacy eKCIuTyaTamii Ta
nepeOyBaHHS JIOAVMHU Yy NPUMIIIEHH] PI3HOrO MpU3HAa4YeHHs. BaxxnuBuMm eTamom
HAyKOBHX JIOCHIDKEHb € TEXHIKO-€KOHOMIUYHE OOIPYHTYBaHHS JOILIBHOCTI
0OJIaIITyBaHHS TAKUX CUCTEM.

B nanuii yac s OYMINEHHS TOBITPS, IIO TMOJAETHCS B NPHUMIIICHHSA 3a
JIOTIOMOTOI0 BEHTHJIAIIMHUX CHCTEM BHUKOPHCTOBYIOTHCS, B OUIBIIOCTI BUIAIKIB,
butbTpu Tpy60i ounctku G4-F9, mo MarTh HM3BKY €dEeKTHBHICTH (GLIbTpaIlii.
HaiiBumy edeKkTHUBHICTh OYMINEHHS IMOBITPS JO SIKOCTI, pekoMeHmoBaHoi BOO3
MOKa3ald KOMIIOHYBaHHS METOAY MeXaHI4Hoi (imbTparmii 3a JOMOMOTO0
BucokoeektuBHuX ¢GinbTpiB (anra. High Efficiency Particulate Air, HEPA).
BucokoedextuBni ¢pinetpu iy HEPA H11-H14, mMaioTh BHCOKY €(pEKTUBHICTH
OUHUIIEHHS BiA APIOHOAMCIIEPCHUX dYacTOuoK PM Ta BHUKOPUCTOBYIOTHCA IS
KIHIICBOTO OYHIICHHS TOBITPS B CHUCTEMax TMPUINIUBHOI BEHTWJIAIII 7O PIBHA
CTepUJILHOCTI B  YHCTHUX  30HAaX  MIKPOEIEKTPOHHOI,  MIKpOOi1OJIOTI4HOI,
dapmaneBTHYHOI, MEOWYHOi, Xap4yoBOi Tamy3eid. Ause, 3a3BUYal  HE
BUKOPHUCTOBYIOTHCSI B JKUTIOBUX YU O(MICHUX MpUMIMIEHHSAX. Takl QuibTpu
XapaKTepU3YIOThCS 3HAYHUM aepOAMHAMIYHUM OMOPOM, MO0 KOMIICHCYETHCS

3aCTOCYBAHHAM BCHTI/IJ'UITOpiB 13 3HAYHUM CHCPIOCIIOKNBAHHAM.



BpaxoByroun BHILIEBKa3aHE 1 CUTYyal[ll0 BCECBITHBOI MaHAEMIi, OB’ A3aHOI 3
MOIIUPEHHSM BIPYCIB Ta MOCTIIHE NOPOXKYAHHS €HEPreTHUHUX PECYpCIB, MOCTAE
3aBIaHHS O[O0  BJOCKOHAJIEHHS  ICHYIOUMX Ta  CTBOPEHHS  HOBHX
BHUCOKOC(DEKTUBHUX KOMIAKTHUX Ta EKOHOMIYHHMX amnapariB Uig OYUIICHHS
MOBITPSIHOTO CEPEAOBHILA BiJ 3a0py/JIHEHb, a TAKOXK 3py4YHE YINpPaBIiHHSA HUMHU B
3aJIeKHOCT1 BiJ aHali3y (HakTOpIiB 30BHILIHBOIO CEpe/loBUIIA Ta MapaMeTpiB
MIKpOKJIIMaTy nepeOyBaHHS JIIOJIMHA 3 METOI CTBOPEHHS HEOOXITHUX YMOB Ha
po0oYMX MiICUAX Ta MIATPUMKHU O€3MEYHOI0 CEpEOBUINA B MOOYTI.

Huceprariiiine JOCHIPKEHHS] TMPUCBSIYEHE PO3POOJICHHIO KOHCTPYKIIT
OpUCTPOIO Ui 3a0e3leyeHHsT HEeoOXITHOI SIKOCTI TOBITPS Ha  OCHOBI
B3a€MOTIOB’I3aHUX  palliOHAIBHUX 3HAYCHb TPHOX TApaMeTpiB: KPaTHICTH
NOBITPOOOMIHY; SKICTh (UIBTpalli BHYTPIIIHBOTO TMOBITPS BiJl MIKPOCKOIIYHHUX
TBEPAMX YACTOYOK 13 3a0€3MEUEHHSIM CaHITapHOI HOPMHU KUTBKOCT1 CBIXKOTO MOBITPS
JUIS. TUXaHHS JIIOJUHM, €(EKTUBHE CIOXKHMBAHHSA €HEprii IJis MIIirpiBy IbOTO
MOBITPAI.

Po3pobiena KOHCTPYKIlS MOBITPOOYHCHUKA ((PUIBTP-TEINIOOOMIHHHK) 3
bireTpyrodoro BcraBkoro HEPA H11 Ta momatkoBoro penupKyJIAIiiHOO CEKITIE
13 peKynepaTUBHUM TEIJIOOOMIHHUKOM “TIOBITPS-TIOBITPs” B HiM ST  MiTIrpiBY
30BHIITHBOTO TIOBITPS 3a pPaxXyHOK TEIUIOTH BiAmparboBaHOro moBiTps. JlaHe
JOCJTIJDKEHHSI TIPUCBSIYCHE BCTAHOBIICHHIO MPAKTUYHOI I[IHHOCTI 3aIlpONIOHOBAHO1
KOHCTPYKIii (hUThTpa-TemIooOMIHHIKAa HAa OCHOBI (uibTpyrouoi BctaBku HEPA
HI11 3 nomaTkoBOIO CEKIE€IO IMiMIrpiBy 30BHIIIHBOTO IOBITPS 10 JOCSITHCHHS
BIJIMOBITHOCTI CaHITAPHUM HOpPMaM SIKOCT1 3arajbHOi KUIBKOCTI TOBITPS Yy
npuMimieHHi. JloJaTkoBa CEKIlis MiAIrpiBy 30BHIIIHBOTO IOBITPS PO3MillleHA B
CeperHI KOHCTPYKIIT peUPKYISIIHHOT YaCTUHU OYHuITyBada moBiTps. Ha ocHOBI
aHami3y JITepaTypHUX JDKEPENT Ta TOIMEpPEeaHIX OCHTIKEHb BCTaHOBIEHO 10 20
YaCTHH BIIMPAIbOBAHOTO, PEHUPKYIAIIHHOTO, TOBITPS CIPOMOXKHI dYepe3
TEIJIOOOMIHHUK MIAIrPITHU OAHY YACTHUHY CBIKOTO XOJOJHOTO MOBITPS 1 Micis iX
3MIIIYBaHHS 3arajibHa KUJIbKICTh BEHTHJIbOBAHOTO MOBITPS 3/1aTHA 3aJ0BOJIBHUTH

HOPMOBAaHI1 OKa3HUKHU YMCTOTU Ta TeMIEpaTypu, 0€3 A0JIaTKOBOTO BUKOPUCTAHHS



moboro 13 BuAiB eHeprii. Ilpu npomy TemmepaTypa Trapsdoro TEMJIOHOCIA
(BiAmpaIbOBaHOTO MOBITPsI) MOXKe 3HUZUTHUCH 10 2°C. Takum 4yuHOM, po3pobIieHa
KOHCTPYKII[iSl MOBITPOOYMCHUKA 3  JOJATKOBOKO PELMPKYJSLIHHOI CEKLIE 13
pPEKyNEPATUBHUM TEIUIOOOMIHHUKOM “MOBITPS-NIOBITPS” B HIA Uil MIAITPIBY
30BHILIHBOTO MOBITPS 32 PaXyHOK TEIJIOTH BIANPALbOBAHOTO MOBITPS J103BOJIUTH
3eKOHOMUTH Onu3bko 50 BT enekTpoeHeprii Ha OJMH METp KyOIYHHMI MOBITpS Ha
TOJUHY JUIsl TIOBITPA, sIKe BEeHTUIIOEThCs. [lpu 1ipoMy 3abe3meuyeTbesi caHiTapHa
HOpMa TOAa4l KUIBKOCTI CBIKOTO TMOBITPSI JUIsl JUXaHHS OJHIET JIOAUHU 3
KOMIIEHCAIll€l0 PIBHIB BUKHUIIB Hewo KuibkocTi COz. B nmanoMy Bumajaky,
BUKOpUCTaHHS (PuibTpyBanbHOI BctaBku Tuity HEPA H11 B moegHanH1 3 BUCOKOIO
KPaTHICTIO TMOBITPOOOMIHY, [03BOJSIE OTPUMATH MaKCUMalbHY €()EKTUBHICTD
OUHUILICHHSI TIOBITPS B MNpuUMIilIeHHS 10 95% Big MOYATKOBOTO 3a0pyaHEHHS
yacTouykaMu. Bu3HaueHO HEOOXigHI TEIUIOTEXHIYHI mapameTpu  QuibTpa-
TEIJI0OOOMIHHMKA Ta reoMeTpuyHi po3Mipu. PobGora mpmiamy pos3paxoBaHa Ha
NEepiOINYHY Jif0: TPU 3HAXOJKEHH1 JIOJAWHM B KIMHATH, MPU HEOOXITHOCTI
IPOBITPIOBAHHS YW KOMIIEHCAIIT BUTSDKHOTO TIOBITPS BiZl pOOOTH IHIIUX BUTSKHUX
CUCTEM HEBEJIMKOI MOTYKHOCTI. BCl TeopeTuyH1 po3paxyHKu NPONIUIA TEPEBIPKY
B HATypHUX YMOBaX.

VY Berymi auceprarii oOrpyHTOBaHO aKTyalbHICTh TeMH, CHOPMYIHOBAHO
METy, 3aBJaHHs, IpeaMeT 1 00’e€KT JochikeHHs. BkazaHi MOJOXEHHS, IO
BU3HAYAIOTh HAYKOBY HOBU3HY 1 MPAKTUYHY IIHHICTh OTPUMAaHHUX PE3YJIbTATIB,
ocoOucTHil BHECOK 3700yBava 1 HajaHO 1H(POPMAIIiI0 MPO anpoOaIiro pe3yabTaTiB
JIOCIIKEHHS.

B mnepmomy po3aini mpoaHani3oBaHO JITEpaTypHI JKepena  CHocoOiB
3a0e3nedeHHs 0€3MeYHOT0 MOBITPSTHOTO MPOCTOpY NiepeOyBanHs moauHu. OnucaHi
OCHOBHI 3a0pyaHIOBaui aTMOC(HEpPHOTO TOBITPS Ta HACHIIKH 3a0pyAHEHHS IS
monuau. HaBeneni 3axou 110,10 3armo0iranHs Ta 3HWKEHHS 3a0pyTHEHHS MTOBITPS
Ha OCHOBI BITYM3HSIHOI Ta MIXKHAPOJHOI HOPMATUBHOI Ta TEXHIYHOI JOKYMEHTAIIIi.
OnucaHo MeToau Ta CHocoOM OYHMIIEHHS TMOBITPA BiA 3a0pyIHEHb: MIPOLIECH,

kiacudikamii @QUIBTPIB Ta ICHYIOUl YCTAaHOBKM JJii OYHUIIEHHS MOBITPS.



[IpoananizoBaHo cucteMu QUIBTpALil MOBITPS PI3HOI KOHCTPYKIIi Ta BHIIB,
napaMeTpu migdopy OYMCHOro oO0JiaJHaHHS Ta iX €(DEKTUBHICTH JJISI OUUIIECHHS Bijl
pI3HMX BHJIB 3a0pyJHEHHA Ta CHOCOOM MIABUIIEHHSA iX €(EeKTUBHOCTI.
BceranoBneHo, 1o HalAieBIIMM CIOCOOOM OYMUIIEHHS MOBITPsA BiJ (PI3UYHUX,
XIMIYHUX Ta O10JIOTTYHMX 3a0pyAHIOBadiB € (i3MYHE BUAAICHHS 3a0pyJHUKa, a
Halle(DEeKTUBHIIIUM 3acO00M € BHUTSKHA BEHTWIALIS Ta MeXaHI4Ha (QuIbTparis
noBiTpst 3 KomOiHamiero (uIbTpiB. PO3rasiHyTO MNpUKIAagd BUKOPUCTAHHS
IHAUBINYaJTbHUX TOBITPOOUMCHUX CHCTEM SIK IUIAXH MOJEpPHI3allli CcucteMm
BEHTWJISIIT 3 METOI CKOPOUYCHHS CIIO)KMBAHHS €Heprii. Bu3HaueHo Halkparri
napaMeTpu TIOBITPSHOTO CEPeOBHINA JJsi MOCTIHHOrO mepedyBaHHS IOJCH B
NPUMIIIEHHSIX 00J1aJHAHUX MOBITPOOUUCHUMU 1HXKEHEPHUMHU Mepexxamu. O3HaveHi
BapiaHTH BUKOPUCTAHHS BOYIOBAaHUX €JIEMEHTIB B MOBITPOOUYHCHI YCTAaHOBKH, IO
B OUTBIIIOCTI BUIMAJIKIB MalOTh HU3bKY €(peKTUBHICTh. [IpoaHanizoBaHo METOIU Ta
METOJIMKM BU3HAYEHO OINTHUMAaJbHI YMOBH [JIi OYMILNEHHS MOBITPS: ONTHUMI3AIII0
KpPaTHOCTI TOBITPOOOMIHY IIISXOM BHKOPUCTAaHHS JCIEHTPATi30BAHUX CHUCTEM
OYMILICHHS TOBITPs, BUKOpPUCTaHHs BUcOKoedekTuBHUX (iabTpiB HEPA abo ix
KOMOIHaIIii, a TAKOX HAJaHHS B IPUMIIICHHS CaHITAPHOT HOPMH TOBITPSI.

B apyromy po3aiji po3paxoBaHO KOHCTPYKTHUB (LIBTP-TEIIIOO0OMIHHHUKA.

[IpencraBneHo ¢izMKo-MaTeMaTUIHy MOJIEIb MPOIECY TEIUIOBiAaadl uepes
KOHCTPYKIIIIO TIJIOCKOI CTIHKH BiJl MOTOKY, IO 1i oMHBae. BUKIageHO METOIUKY
TEOPETUYHOTO  JIOCTI/DKEHHS 3  BUKOPUCTAHHSIM  METOJMIIB  TEOPETHYHOT
TEIJIOTEXHIKA, aHATITHYHOI MaTeMaTHKH, METOJIB MOJCIIOBAHHS IPOIECIB 1
TEXHIYHUX CUCTEM. B po3aiii BUPIIIEHO TaKl HAYKOBI 3a/1a4i: BU3HAYEHO KUIbKICTh
PEIUPKYIISALINHOTO MOBITPS 3 PO3PaxyHKY TEIUIOBOTO MOTEHIIANY JUIsl MiAITpiBY
30BHIITHBOTO (CBI’KOTO) TOBITPSI — TapsS4YMil TEIJIOHOCIH; BU3HAYEHO HEOOXITHY
KUTBKICTB ITOBITPS JJIS TIOJIABAHHS CaHITAPHOT HOPMU TOBITPS JJIsT JUXAHHS JIFOTMHU
B TIPUMIIICHHS — XOJIOJHUHN TEIIOHOCIH;, CKJIaJCHO PIBHSIHHS TETUIOBOTO OallaHCy
TEIJIOOOMIHHUKA «IMOBITPSI-MIOBITPS»; BHU3HAYEHO TEMIIEPATYpHUN THUCK MIXK
TEIJIOHOCISIMU Ta AINCHY MIBUAKICTH PYyXYy TEIUIOHOCIIB; BH3HAYE€HO KOE(DIIIEHT

TEIJIOBIaul Ta TEIJIoNepeaaydl; BU3HAYUTH HEOOXIAHY MIIONIA MMOBEPXHI HArpiBy



TeII000MiHHMKAa. Ha OCHOBI OTpUMaHUX JaHUX 3MOJEIBbOBAHO KOHCTPYKIIIIO
GUIBTP-TEIUIOOOMIHHMKA 3 TEIUIOOOMIHHOIO ~ YacTUHOK  BOYJOBaHOIO B
MOBITPOOYHCHHUK.

B Tperbomy po3aini npoBeaeH1 eKCIepUMEHTANIbHI TOCIIKEHHS B (PUIBTP-
TeTI000OMIHHUKY. HaBeaeHO Omuc eKCImepuMEHTATILHOTO CTEHAY Ta METOAH
MPOBEJCHHS EKCIEPUMEHTAIBHUX JOCTIIKeHb. Bu3HaueHi ONTHMalbHI yMOBHU
BUKOpHUCTAaHHS (ITBTPYBaJbHUX EJIEMEHTIB Ta MapaMeTpiB CamMoro OYHCHHKA.
JloBe1IeHO eKCIIepUMEHTAIbHO TEOPETHYHI JIaHi MI0J0 KPATHOCTI MOBITPOOOMIHY
is  3a0e3nedeHHs eQEKTUBHOTO OYHWIINCHHS TOBITpsA. Bu3HaueHO ouncHY
HNOTYXHICTh QLIbTp-Kanopudepa s BUAAICHHs pI3HUX P1BHIB 3a0pyaHeHHs PMa s
pH 3MiHI IESIKUX TapaMeTpiB BHYTPIIIHBOTO MOBITPSHOIO cepeoBuIla (BiAHOCHA
BOJIOTICTh, KpPATHICTh MOBITPOOOMIHY) 3a OJMHHMIIO 4Yacy. Bu3zHaueHa
excriepuMeHTanbHO BenudnHa CADR moBiTpoouunmyBaya uiss TpOTHO30BaHOT
TPUBAJIOCTI OUHUIIeHHS He Outbie 1 rogunu. Menma Bennunna CADR npusseze no
MOCTYIIOBOTO  HAaKOMWYEHHs  3a0pynHIOBadiB, 110  HIBeNOE  pobOOTy
noBiTpoouuiyBaya. JlaHux sSKi OTpUMaid B JOCHIAI, JOBOJSATH, IO IIPOIIEC
IPUPOJIHBOTO OCAKEHHS Ta BETMYMHA 30BHIITHHOTO 3a0pyIHEHHS HE J103BOJISIOTh
OYHUCTHUTH TOBITpsI 0€3 BUKOPUCTAHHS MeXaHIYHOi (inbTpallii npu Oyap SKOMy 3
BKa3aHUX B JIOCIIIHPKCHHI 3a0pyIHECHb. TepMiH OUHWIIEHHS B MOBITPOYMIIYBadi
JAaHOTO TUITy Oyjae 3MeHITyBaTHUCS Ha 20XBUJIWMH TMPU ITABUIIECHHI KPaTHOCTI
MOBITPOOOMIHY Ha | KpaT MpH HU3BKUX PIBHAX 3a0pyaHEHHS , Ta HA | TOAUHY mpU
3HaYHUX. AJIe KpPaTHICTh MOBITPOOOMIHY JIsi OYHMINECHHS HE MOXXE OyTH MEHIIe
nBOX. Bu3HaueHo piBHSHHS 3a SKUM OyJie BU3HAYCHO Yac OYMIICHHS MPU BITOMHUX
BXITHUX JaHuX (piBHI 3a0pyIHEHHS, BIIHOCHA BOJIOTICTh, TMOTYXKHICTh
noBiTpoounieHHs ). OQHOYACHO TOCHIIKYBAIKCS TMPOIECH TEIIOMAacOoOOMIHY B
TETUTOOOMIHHIN cekIlii GpuIbTp-Kanopudepa. BusHaueHO KpUTEpiaabHOTO PIBHIHHS
Nu a1t 1TaHOTO KOHKPETHOTO BUTIAKY.

B d4erBepTOMYy pO3aiJi HaBEIEHO TEXHIKO-€KOHOMIYHE OOTPYHTYBaHHS
BHOOpPY cucCTeMH (QUIBTP-TEIUIOOOMIHHUK SIK CHUCTEMH OYHIIEHHS TOBITPSA 3

TOJATKOBUM €KOHOMIYHHUM edekToM. BuszHaueHa eKOHOMIYHA JOIIBHICTH



BIIPOBAXKEHHS (DUIBTP-TEINIOOOMIHHMKA B MOPIBHSAHHI 3 1HIIMMH 1HXE€HEPHUMU
CUCTEMaMH, IO BHUKOHYIOTb CXOX1 (YHKIII MpH MOPIBHSAHHSA KaMiTAJIbHUX Ta
eKCIUTyaTalllIiHUX BUTPAT BapiaHTIB KOMIIOHYBAaHHsS OOJIaJHAHHSA, IO BUKOHYE
YMOBY 3a0€3I€UeHHs NpPUMILIEHHS CBDKUM IOBiTpsAM B 00’emi 41m3/rom, Ta
MOMJIMBICTIO ounmieHHs 800M3/rom mHoBiTps 10 PpiBHI SAKOCTI  MOBIiTpS
pekomenaoBanux BOO3. Hasemena MeTO0yiOTisE BH3HAYEHHS E€KOHOMIYHOI
e(eKTUBHOCTI Ta METOAMKA OILIHKM E€KOHOMIYHOI e(eKTHUBHOCTI (UIbTpP-
TEIUI0O0OMIHHUKA. BapTicTh (QUIbTp-TemIOOOMIHHMKA Ma€ HIKY1 KamliTaldbHI Ta
excruryartamiiai Butpatu. | moxe 3aomanutu Big 0,42 mo 0,582 kBt Temnopoi
€Heprii 3a roAMHY HeOOX1IHOT I HAarpiBy 30BHIIIHBOTO MOBITPS B 3MMOBUIA NIEPi0]
( 3rigno Tabmumi 10897,92rpu 3a onamtoBanbHui mepion). Jloxin cTBopeHwmit
EKOHOMIEI0 BUTPAT B TEPHIMHA K€ PIK JO3BOJHMTH MEPEKPUTH EKCIUTyaTalliifHi
BUTPATH HA PYHKI[IOHYBaHHS (LIBTP-TEINIOOOMIHHHKA.

Y  aucepTramiiHOMy JOCHIPKEHHI TEOPETUYHO 1 EKCIePUMEHTAIBHO
OOTpYHTOBAHO BHWKOPUCTAHHS IOBITPOOYMCHHUKIB TOBITPSI Il MPUMIIICHb
moOyTOBOTO NMPU3HAYEHHS, JOBEJAEHHSA 1X €(DEKTUBHOCTI MPU OYHUIIICHH] TOBITPS Bij
bi3UYHNX, XIMIYHUX Ta  OIOJIOTIYHMX  3a0pyJHIOBadiB Ta  MOXJIMBOCTI
YIOCKOHAJICHHS 1X eHeproe(eKTUBHOCTI NMPHU BUKOPUCTAHHI B PEHUPKYJIAIINHINA
YaCTHUHI TEIUIOOOMIHHHMKA THIy «IOBITPSA-TIOBITPS» , IO JO3BOJIMTH OTPUMATH
CaHITapHy HOPMY MOBITPS IS JUXaHHS JIFOJIUHA 3 PO3PaXyHKY p0O30aBIICHHS PIBHIB
CO2 Ta HE BUKOPUCTOBYBATH Oy/Ib SIKi JKepelia €HEPrii Ha HArpiB IIbOTO MOBITPAI.

KarouoBi caoBa: ounmmiyBad  moBITpsA,  (QUIBTP-TEIIOOOMIHHUK,
pEeKyInepaTuBHUN TEMII000MIHHUK, pekymneparris TeIa, OUYHCHUK
PEIUPKYIISAMINHOTO TIOBITPSI TEPCOHANI30BaHA BEHTWJIAIISA, SIKICTh TOBITPS B
npumimendi  (IAQ),  eHeproe@ekTuBHICTh,  €(PEKTUBHICTH  BEHTHIIAILII,
eHepropecypco30epexeHHsl, BEHTWISLIHHUNA KOHTPOJb MOBITPSHO-KpPANeIbHOT
iHGeKI[li, OYUCHUKH TOBITPS B MPHUMINIEHHI, CHUCTEMH OYHUIICHHS TMOBITPS,
noBitpsaHi ¢ubTpu, GuibTp HEPA, wMexaHiuHa QuibTpaiis HOBITps, OUMIICHHS
MOBITPsA, OOpPOOJIEHHS MOBITPS, MOPTATUBHUNM OUMINYBad IMOBITPS; BUIATICHHS

yacTok PMy5; MOBITpOOOMIH; pelMpKYJAIiiiHA YCTAaHOBKA; OYMINYBad MOBITPS,



BIAMOBITAIbHE  OONafHaHHS, KOeQIIEHT Teronepeaayi, TEMIO00OMIH
TEIUIOMAacOOOMIH, YHCCIBHHM METOJ[, MaTeMaTHYHE MOJCIIOBAHHS, YHCCILHUM

METOJ AOCIIIXKEHHS, PIBHSHHSI perpecii.
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SUMMARY

Makarenko L.l. Energy-efficient air ventilation with combined cleaning of
physical, chemical and biological pollutants. - Qualifying scientific work as a

manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 192
"Construction and Civil Engineering.” - Kyiv National University of Construction
and Architecture, Kyiv, 2025.

Air quality is a critical determinant of human health because it is directly
exposed to contamination by a variety of pollutants. These pollutants, coming from
anthropogenic emissions or formed in the environment due to exceeding the
maximum permissible concentrations of natural components, include characteristic
physical agents, chemical compounds and biological objects (microorganisms).

The amount of pollutants in the air in a suspended state can change during the
day from safe to dangerous levels of concentrations. Some types and levels of
concentrations of pollutants with their prolonged exposure to humans may not
significantly affect health, but some after the shortest period of time significantly
harm. The air environment of Ukraine during 2014-2024 is additionally under the
influence of pollutants that arise as a result of military operations (physical factors
and chemicals as a result of explosions and burning of industrial facilities, oil and
gas storage facilities, warehouses, residential and social buildings) and which pose
a danger to human health. The consequences of the full-scale invasion are more than
6,689 cases of environmental damage in the amount of 2.779 trillion hryvnias - of

which the damage is caused by emissions into the atmosphere - 784.16 trillion



hryvnias, according to the official resource of the Ministry of Environmental
Protection and Natural Resources of Ukraine "Ecozagroza" as of November 2024
(https://ecozagroza.gov.ua/). Hazardous substances that enter the air during the
hostilities of 2022-2024 were also added to the consequences of air pollution due to
the movement of dust masses from the Sahara, which in March-April 2024 became
permanent. In April 2024 in Kyiv and the Kyiv region there was a deterioration in
air quality due to an increase in the concentration of fine particles - the so-called
"dust” from the Sahara. This dust consists of mineral compounds, most of which are
silicates (muscovite, quartz, kaolin, etc.) and carbonates (calcite, dolomite). By
themselves, these compounds are not harmful to humans, but in the form of fine
particles that are suspended in the air, such as PMzsand PMyq (fractions in diameter
less than 2.5 and 10 microns, respectively) - they are the most dangerous, according
to the World Health Organization (WHQO). Because of their tiny size, they can
penetrate the lungs when breathing, enter the circulation and damage internal organs.

Fine PM2sand PMjg particles in large concentrations significantly worsen air
quality (AQI). The World Health Organization (WHQO) changed its air quality
guidelines on September 22, 2021, the first major update to the standards established
in 2005. The changes improve air quality standards for the main pollutants: PM;s,
ozone, PMyy, nitrogen dioxide, sulfur dioxide and carbon monoxide.

In Ukraine, the level of PM25s is not harmful to health if it does not exceed
Sug/m3. In March 2024, during the spread of dust masses from the Sahara, values
up to 1000pug/m? were recorded. The local population was advised to limit their time
outside and not to open windows for ventilation, as the dust could be harmful to
people with respiratory diseases, the elderly, pregnant women and children.
Common health problems and diseases caused by PM2sand PMyg include: heart and
lung disease, bronchitis, emphysema, asthma and more severe exacerbations,
premature death.

All these events, in addition to the experience of fighting the COVID
pandemic, form new requirements for the organization of a safe air environment in

places where people stay, or places with their permanent presence. The main indoor



air pollutants are volatile organic compounds and solid particles. Sources of
particulate matter include smoking, cooking, heating, candles and insecticides, pets,
housework, and even the movement of people indoors. It is expected that due to the
continuous economic growth and population increase in many regions of the world,
the level of atmospheric air pollution will increase, which will lead to an increase in
the number of respiratory diseases.

In this regard, the requirements for air purification systems are increasing,
which must be reliable and efficient, at the same time mobile and universal,
contribute to the improvement of sanitary and hygienic conditions and recreation,
and provide a comfortable and safe air environment in places where people stay.
Also, it is important to take into account the costs of raw materials and energy
resources, which are necessary for the creation and operation of such systems.

Currently, in most cases, coarse filters G4-F9, which have a low filtration
efficiency, are used to clean the air supplied to the room by means of ventilation
systems. The highest efficiency of air purification to the quality recommended by
the WHO was shown by the layout of the mechanical filtration method with the help
of highly efficient filters of the NEPA type and ensuring the multiplicity of air
exchange above two. Highly efficient filters of the HEPA H11-H14 type are highly
effective for cleaning PM particles and are used for final air purification in supply
ventilation systems to the level of sterility in clean areas of the microelectronics,
microbiological, pharmaceutical, medical, and food industries. But, they are usually
not used in residential or office premises. Such filters are characterized by significant
aerodynamic resistance, which is compensated by the use of fans with significant
energy consumption.

Taking into account all of the above, and the situation of a global pandemic
associated with the spread of viruses and the constant increase in the cost of energy
resources, the task of improving existing and creating new highly efficient compact
and economical devices for cleaning the air environment from pollution, as well as
their convenient management depending on the analysis, arises factors of the

external environment and the parameters of the people's environment in order to



create the necessary conditions at workplaces and maintain a safe environment in
every home.

The research proposes a device for consideration that will ensure the
necessary air quality by combining three components: a high air exchange rate,
mechanical filtration and ensuring the necessary sanitary standards of fresh air for
human breathing, at the same time, no additional energy will be used to heat this air.

The design of the air cleaner (filter-heat exchanger) with filtering insert HEPA
H11 and additional recirculation section with recuperative heat exchanger "air-air"
in it for heating the outside air due to the heat of the exhaust air has been developed.
This study is devoted to establishing the practical value of the proposed design of
the filter-heat exchanger based on the filter insert HEPA H11 with an additional
section of outdoor air heating to achieve compliance with the sanitary standards for
the quality of the total amount of air in the room. An additional outdoor air heating
section is located in the middle of the recirculation part of the air purifier. On the
basis of the analysis of literature sources and previous studies, it was found that 20
parts of spent, recirculating, air are capable of heating one part of fresh cold air
through a heat exchanger, and, after mixing them, the total amount of ventilated air
is able to satisfy the standardized indicators of purity and temperature, without
additional use of any of the types of energy. In this case, the temperature of the hot
coolant (exhaust air) can drop to 2 ° C. Thus, the design of the air cleaner with an
additional recirculation section with a recuperative air-to-air heat exchanger in it for
heating the outside air due to the heat of the exhaust air will save about 50 watts of
electricity per one meter of cubic air per hour for the air that is ventilated. At the
same time, the sanitary norm of providing the amount of fresh air for breathing of
one person with compensation of the level of its CO, emissions is ensured. In this
case, the use of a HEPA H11 type filtration unit in combination with a high air
exchange rate made it possible to achieve maximum efficiency of indoor air
purification up to 95% of the initial pollution by frequencies. The provision of
thermal parameters of the filter-heat exchanger and geometric dimensions has been

determined. The operation of the device is calculated for the duration of operation:



when a person is in the room, when ventilation is necessary or exhaust air
compensation from the operation of other low-power exhaust systems. All
theoretical calculations have been verified in natural conditions.

The introduction of the dissertation justifies the relevance of the topic,
formulates the goal, objectives, subject and object of the research. The provisions
that determine the scientific novelty and practical value of the obtained results, the
personal contribution of the applicant are indicated, and information on the testing
of the research results is provided.

The first section analyzes literary sources on ways to ensure a safe air space
for humans. The main pollutants of atmospheric air and the consequences of
pollution for humans are described. Measures to prevent and reduce air pollution are
presented based on domestic and international regulatory and technical
documentation. Methods and means of cleaning air from pollutants are described:
processes, filter classifications and existing air purification installations. Air
filtration systems of various designs and types, parameters for selecting purification
equipment and their effectiveness for cleaning from various types of pollution and
ways to increase their effectiveness are analyzed.

It has been established that the most effective way to purify air from physical,
chemical and biological pollutants is the physical removal of the pollutant, and the
most effective means is exhaust ventilation and mechanical air filtration with a
combination of filters. Examples of the use of individual air purification systems as
a way to modernize ventilation systems in order to reduce energy consumption are
considered.

The best parameters of the air environment for permanent residence of people
in premises equipped with air purification engineering networks have been
determined. Variants of using built-in elements in air purification installations,
which in most cases have low efficiency, have been identified.

Methods and techniques were analyzed and optimal conditions for air

purification were determined: optimization of the air exchange rate through the use



of decentralized air purification systems, the use of high-efficiency HEPA filters or
their combination, as well as providing sanitary air standards in the premises.

In the second section, the design of the filter-heat exchanger is calculated.

A physical and mathematical model of the heat transfer process is presented
through the design of a flat wall from the flow washing it. The method of theoretical
research using methods of theoretical heat engineering, analytical mathematics,
methods of modeling processes and technical systems is presented.

The following scientific tasks are solved in the section: the amount of
recirculating air is determined based on the calculation of the thermal potential for
heating external (fresh) air - hot coolant; the required amount of air for supplying
the sanitary norm of air for human breathing to the room is determined - cold
coolant; an air-to-air heat exchanger heat balance equation is drawn up; temperature
pressure between heat carriers and actual speed of heat carriers movement are
determined; the coefficient of heat transfer and heat transfer is determined,;
determine the required heating surface area of the heat exchanger. Based on the
obtained data, the design of the filter-heat exchanger with the heat exchange part
built into the air cleaner is modeled.

In the third section conducted experimental studies in the filter-heat
exchanger. The description of the experimental stand and methods of experimental
research are given. The optimal conditions for the use of filter elements and the
parameters of the cleaner itself are determined. Proved experimentally theoretical
data on the multiplicity of air exchange to ensure effective air purification. The
cleaning capacity of the filter-heat exchanger for the removal of various levels of
PM_ s pollution with the change of some parameters of the internal air environment
(relative humidity, air exchange rate) per unit time is determined. Experimentally
determined value of air cleaner CADR for the predicted cleaning duration is not
more than 1 hour. A smaller CADR will lead to a gradual accumulation of pollutants,
which eliminates the operation of the air cleaner. The data obtained in the experiment
prove that the process of natural deposition and the amount of external pollution do

not allow to clean the air without using mechanical filtration in any of the



contaminants indicated in the study. The cleaning period in this type of air purifier
will be reduced by 20 minutes with an increase in the multiplicity of air exchange
by 1 turn at low pollution levels, and by 1 hour at significant. But the air exchange
rate for cleaning cannot be less than two. The equation by which the cleaning time
will be determined with known input data (pollution levels, relative humidity, air
cleaning capacity) is determined. At the same time, heat and mass exchange
processes in the heat exchange section of the filter-heat exchanger were studied. The
criterion equation Nu is defined for this particular case.

The fourth section provides a feasibility study for choosing a filter-heat
exchanger system as an air purification system with an additional economic effect.
The economic feasibility of introducing a filter-heat exchanger was determined in
comparison with other engineering systems that perform similar functions when
comparing the capital and operating costs of equipment layout options that fulfill the
condition of providing the room with fresh air in a volume of 41 m®hour, and the
possibility of cleaning 800 m3/hour of air to the level of air quality recommended by
WHO. The methodology for determining the economic efficiency and the
methodology for evaluating the economic efficiency of the filter-heat exchanger are
presented. The cost of the filter-heat exchanger has lower capital and operating costs.
And it can save from 0.42 to 0.582 kW of thermal energy per hour required for
heating outdoor air in winter (according to Table 10897.92 UAH for the heating
period). Income created by cost savings in the first year will cover the operating
costs of the filter-heat exchanger.

The dissertation study theoretically and experimentally substantiates the use
of air cleaners for household premises, proving their effectiveness in cleaning air
from physical, chemical and biological pollutants and the possibility of improving
their energy efficiency when used in the recirculation part of an air-to-air heat
exchanger, that will allow you to get a sanitary rate of air for human breathing based

on the dilution of CO; levels and not use any energy sources to heat this air.
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