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Makapenko JI.I. EneproedekTBHE BEHTHIIFOBAHHS MTOBITPS 3 KOMOIHOBAaHUM
OUHUIIEHHSAM Bi (PI3UYHUX, XIMIYHUX Ta OIOJNOTIYHMX 3a0pyaHIOBAYIB. -

Kgamidikaiiitna HaykoBa mpartis Ha IIpaBax PyKOIHUCY.

Hucepramiss Ha 3100yTTS HAYKOBOTO CTYIEHs JOKTOpa dinocodii 3a
cnemiaibHicTIO 192 «byniBHUITBO Ta NMBUIbHA 1HXEHepis». - KuiBcbkui

HaIllOHABHUI YHIBEpCUTET OyMiBHUIITBA 1 apXiTekTypu, Kuis, 2025.

AkicTe aTMochepHOTro TMOBITPS € KPUTUYHO BAXIJIMBUM JACTEPMIHAHTOM
3JI0pOB'Sl JIIOJUHH, OCKUIBKM BOHO O€3MOcCepeNHbO 3a3HAa€ BIUIMBY KOHTaMiHALi
pI3HOMaHITHUMU 3a0pyaHioBadamu. L1 3a0pyaHioBayl, 1m0 HaAXOJAATh BHACHIIOK
AHTPOMOTEHHUX €MiCiii a00 YTBOPIOIOTHCA B HABKOJMIIHBOMY CEpPEIOBHIII 3a
paxyHOK TIEPEBUIIEHHS TPAaHUYHO JOMYCTHMHUX KOHIICHTpAIId TPUPOTHUX
KOMIIOHEHTIB, BKJIIOUAIOTh XapaKTepHI (I3UYHI areHTH, XIMIYHI CIIOJyKHd Ta
010710r14HI 00'€KTH (MIKPOOPTaHI3MH).

KinbkicTh 3a0py/IHIOBAYIB B TTOBITP1 Y 3BaKEHOMY CTaH1 MOYKE 3MIHIOBATHUCS
OpOTATOM J00W BiA Oe3meyHOro 10 HeOE3MeuyHOro pPiBHIB KoHIeHTpamii. [leski
BU/M 1 pIBHI KOHIIEHTpAIiil 3a0pyJHIOBAaYiB IIPU TPUBAJIOMY iX BIUIMBI HA JIIOJUHY,
MOKYyTh BaroMo HE BIUIMBATH Ha 3/0pPOB’s, alie JEAKi BXKe depe3 HaAWKOPOTIIHA
IPOMDKOK 4acy CYTT€BO IIKOIATh. [loBiTpsiHe cepenoBuilne YKpaiHH HPOTATOM
2014-2024 pokiB nomaTkoBO IepeOyBae I BIUIMBOM 3a0pyJHIOBAYiB, SIKI
BUHHUKAIOTh Yy pe3yibTaTli BIACBKOBUX i ((I3MYHUX YWUHHUKIB Ta XIMIYHHX
PEUOBUH y pe3ysbTaTi BUOYXIB Ta TOPIHHS IPOMHUCIOBUX 00’ €KTIB, HAPTOra30BUX
CXOBHII, CKJAIiB, KUTJIOBUX Ta COIllaJbHUX OyIIBENb) Ta SIKI HECYTh HeOE3IeKy
3I0pOB 10 MoauHU. HaciigkamMu moBHOMACIITAOHOTO BTOPTHEHHS € moHan 6689
BUIMAJKIB IIKOAU JOBKIJUTIO B po3Mipi 2,779 TpuibilOHIB IPUBEHb — 3 HUX LIKOJA
CIIpUYMHEHA BUKUAaMU B aTMochepy — 784,16 TpuibiioH1B 3a TaHUMHU ODIIIHHOTO
pecypcy MinicTepcTBa 3axUCTy AOBKULIS Ta NPUPOIHHUX pecypciB YKpaiHu

«Exo3arpo3a» cranom Ha smctonan 2024 poky (https://ecozagroza.gov.ua/). Jlo



HeOe3NMeYHUX PEUOBUH I1iJT YaC BOEHHUX JIIM MEPIOJUYHO JIOAAIOTHCS 1 HACHIAKU
3a0pyIHEHHsSI TOBITPSHOTO CEPEAOBHINA Yepe3 MEePeMIllleHHS NWIOBHX Mac 3
nycreni Caxapa, ki y 6epe3ni-kBiTHI 2024 poky Oynu ctanumu. [lomupenns nuty
y MOBITPSHOMY MpocTOpi YKpainu B KBITHI 2024 CIIPUYUHUIIO MOTIPIICHHS SKOCTI
MOBITPSA Uuepe3 MiABUIICHHS KOHIIEHTpaIii ApiOHOANCTIEPCHUX YACTOK — TaK 3BaHOTO
“muny” 3 Caxapu. Takuii nun npeacTasiisie COO00 MIKPOCKOIIYHI TBEP/l YaCTOUKU
(anri. Particulate matter, PM) 3 MiHepalbHUX CHOJIYK, OUIBIIICTh 3 SIKUX CHIIIKATH
(MyCKOBIT, KBapll, KaOJiH Ta 1HIII1) Ta KapOOHATH (KaJIbLUT, 10J10MiIT). CaMmi 1o coO1
111 CIIOJTYKH HE IIK1UTUBI JJ1s1 JIFOAMHH, aJie Y BUTJIAI JPIOHOIUCTIEPCHUX YACTHHOK,
10 3HaXOJSATHCS B 3BAXKEHOMY CTaHi B MoBITp1, PM, s Ta PM( (bpakuii B giamerpi
MmeHmie 2,5 ta 10 MIKpOH BIJMTOBITHO) 1 € HAWOLIBIIT HEOE3NEYHUMU 33 JAaHUMU
BceciTHhO1 opranizaiiii oxoponu 3a0poB's (BOO3). Uepes HeBenMKUA poO3MIp
gacTouok PM, nesiki 3 HUX 4epe3 cucTeMy AUXaHHS MOXKYTh TOTPAIUISITH B KPOB 1 3
HEI0 TPAHCIOPTYBATUCSA IO YChOMY TUTy, OCIIJal0ud B CEPIli, MO3KY Ta IHIIHMX
opraHax.

HpibnogucnepcHi vactrouku PM,s ta PMjy B BeTMKHX KOHIICHTPAIIISIX
3HAQYHO TOTIPIIYIOTh SIKICTh TOBITPS, SIKA OILIHIOETHCS 1HJIEKCOM SIKOCTI TOBITPS
(anrn. Air quality index, AQI). BcecBiTHsl opranizaiiisi OXOPOHH 37J0pOB'Sl 3MiHMJIA
pexoMeHali moao AKocTi moBiTps 22 BepecHs 2021 poky, IO CTalo MEPIINM
BEJIMKUM OHOBJICHHSIM CTaHAAPTIB BCTAaHOBIEHUX 3 2005 poky. 3MiHU MOKPAILYIOTh
CTaHapTH SIKOCTI MOBITPs 32 OCHOBHUMHU 3a0pyaHioBayamu: PM; s - 030HOM, PM;
- IIOKCHUJIOM a30TY, CIPYMCTUM T'a30M Ta MOHOOKCH/IOM BYTJICIIIO.

B Vkpaini piBenb PM,s He WKIAIMBUANA 1JIs 370pOB’Sl  SKIIO BIH HE
nepesuinye 5 MKr/M>. Y Gepesni 2024 poKy, I Yac MOMIMPEHHS MUMIOBUX Mac 3
Caxapu, Oymm 3adikcoBani 3HaueHHs PM,s mo 1000 wmxr/m®. Hacenennio
pPEKOMEHIyBaIl OOMEXHTU TepeOyBaHHS 330BHI Ta HE BIJIKPUBATU BIKHA JUIS
NPOBITPIOBaHHA. 3arajbHl MpoOJeMH 31 3I0pOB'AM Ta 3aXBOPIOBAHHA, MIO
BUKJIUKalOThCsT PMys Ta PMj(, BKiIIOUaOTh XBOpPOOU ceplis Ta JiereHb, OpPOHXIT,

emdizema, acTMa Ta OUIbII IHTEHCHUBHI 3arOCTPEHHS, epeadacHa CMEPTh.



Yei mi moxli, Ha mojgady 10 JaocBigy OopotbOu 3 manupemiero COVID,
GbopMyIOTh HOBI BUMOTH /IO OpraHizallii 0e3Me4YHOoro MoBITPSIHOTO CEPEIOBUINA B
MICIIIX TUMYacoBoro abo mocTiiiHoro mepeOyBanHs mogaed. OCHOBHUMU
3a0pyIHIOBaYaMU TOBITPS B MPUMIIIECHHI € JIETKI OpraHiuyHi CHOJYKH 1 TBEpi
4acToukH. J[>KepenamMu TBEpIUX YaCTOUOK € TAKOXK SBUINA KYPIHHS, IPUTOTYBAHHS
XK1, OMasieHHs, TATIHHS CBIYOK Ta BUKOPUCTAHHS 1HCEKTUITUIIB, TOMAIITHI TBAPUHH,
XaTHs1 poOOTa Ta, HaBITh, NIEPECYBAHHS O MPUMIIIEHHIO JTtoJiel. OUIKy€eThCs, 110
yepe3 MOCTIHE e€KOHOMIUHE 3pOCTaHHS Ta 30UIbIIEHHS HaceleHHS B 0ararbox
perioHax cBiTy, piBeHb 3a0pyHEHHS aTMOC(HEPHOTO MOBITPS 3pOCTe, 110 MPU3BEIC
710 301JIBIIIEHHS KIJIBKOCTI peCIipaTOPHUX 3aXBOPIOBAHb.

VY 3B'SI3Ky 13 IUM 3pOCTAIOTh TEXHOJIOTIYHI BUMOTH JIO CUCTEM BEHTHJIAIT 3
GUIBTpYBaHHAM TOBITPS 1 MIABUIIEHHIM €(PEKTUBHOCTI OYMIIEHHS Ta HAJIAHOCTI
3a0e3MeYeHHs] TEXHOJIOTIYHUX BUMOT MPOTSATOM 3a/JaHOTO Yacy eKCIUTyartalii Ta
nepeOyBaHHs JIIOJIMHUA y MPUMINIEHH] Pi3HOTO MpU3HA4YeHHS. BakimBuMm eramom
HAyKOBUX JOCJIDKEHh € TEXHIKO-€KOHOMIUYHE OOTPYHTYBaHHS JIOIIJILHOCTI
o0JaImTyBaHHS TAaKUX CUCTEM.

B nanuii yac s OYMIIEHHS MOBITPS, IO MOAAETHCS B MPUMILIEHHS 32
JIOTIOMOTOI0 BEHTHISALIMHUX CHCTEM BUKOPUCTOBYIOTHCS, B OUIBIIOCTI BHIIA[IKIB,
¢inbTpu rpy6oi ounctku G4-F9, mo maooTh HU3bKY €(EeKTHBHICTH (LIbTpalii.
HaiiBunry eheKTUBHICTh OYHIIEHHS MOBITPS 0 SKOCTI, pekoMeHaoBaHoi BOO3
MOKa3ajl KOMIIOHYBaHHA METOJy MEXaHI4HOi ¢inbTpamii 3a JI0MOMOTOIO
BucokoedektuBHux (inbTpiB (anri. High Efficiency Particulate Air, HEPA).
Bucokoedexturni ¢pinetpu iy HEPA H11-H14, maioTh BUCOKY €(pEKTHBHICTH
OUMIICHHS BiJ APIOHOTUCHEPCHUX YacTO4OK PM Ta BUKOPUCTOBYIOTHCS MJIS
KIHIIEBOI'O OYHIIEHHSI TOBITPS B CHUCTEMax MPUIUIMBHOI BEHTWJIAIIT 10 PIBHS
CTEpWIBHOCTI B  YHMCTUX  30HaX  MIKPOEJIEKTPOHHOI,  MIKpPOO10JIOTIYHO,
dapmaneBTUUHOI, MeIWYHOi, XapuoBoi ramy3eil. Ause, 3a3Buyail  He
BUKOPHUCTOBYIOTBCSI B JKHUTJIOBUX 4YHM O(QICHUX MNpumimieHHsx. Taki (uibTpu
XapaKTEPU3yIOThCSI 3HAYHUM ACPOJAMHAMIYHMM OMOPOM, IO KOMIICHCYETHCS

3aCTOCYBAHHAM BeHTI/IJI}ITopiB 13 3HAYHUM CHCPIroCIIOKMBAHHAM.



BpaxoByrouu BullieBKazaHe 1 CUTYyaIlll0 BCECBITHBOI MaHJIeMii, OB’ S3aHOT 3
MIOIIMPEHHSM BIPYCiB Ta MOCTIHE JOPOKYAHHS €HEPTeTHYHUX PECYpPCiB, MOCTAE
3aBIaHHS  [IOJ0  BJOCKOHAJIEHHS  ICHYIOUMX Ta  CTBOPEHHS  HOBHX
BHUCOKOC()EKTUBHUX KOMITAKTHMX Ta EKOHOMIYHUX amapaTiB s OYHUIICHHSA
MOBITPSHOTO CEPENOBUIIA BiJ 3a0pyIHEHb, & TAKOX 3py4HE YIPaBIiHHSI HUMHU B
3aJIe)KHOCTI BiJ aHammizy (PakTopiB 30BHIIIHBOTO CEpPEAOBUINA Ta MapameTpiB
MIKPOKJIIMAaTy repeOyBaHHS JIOJMHU 3 METOK CTBOPECHHS HEOOXIAHMX YMOB Ha
poboUMX MiCUAX Ta MIATPUMKH O€3MeYHOr0 CepeIOBHUIIA B MOOYTI.

HuceprarniiiHe JOCHIPKEHHS] TMPUCBAYEHE PO3POOJICHHIO KOHCTPYKIIIT
NPUCTPOIO  JIJIsi  3a0e3MeYeHHsT HEOOXIAHOI SKOCTI TOBITpS HA OCHOBI
B3a€MOIIOB’SI3aHUX  pAalllOHAJbHUX 3HAYEHb TPbOX TMapaMeTpiB: KPATHICTh
MOBITPOOOMIHY; SKICTh (PiAbTpallli BHYTPIIIHHOTO MOBITPS BiJ MIKPOCKOIMYHHUX
TBEPAMX YACTOYOK 13 3a0€3MeUeHHSIM CaHITaApPHOI HOPMU KITBKOCTI CBIKOTO MOBITPSA
JUTSl TUXaHHS JIOOWHU; €(DEKTUBHE CIOKMBAHHS €HEPTril I MIAITPIBy  IHOTO
MOBITPSL.

Po3pobiiena KOHCTpyKIIisi MOBITPOOYUCHUKA ((DIIBTP-TEIIIOOOMIHHUK) 3
binpTpyrouoro BctaBkoto HEPA H11 Ta 101aTKOBOIO PEIUPKYISAIIMHOK CEKIIIE0
13 peKyNepaTUBHUM TEIUIOOOMIHHUKOM “NOBITPSA-MOBITPA~ B HIM JUIsl MiJICPIBY
30BHIIIHBOTO TIOBITPS 3a PaxyHOK TEIJIOTH BIANpAanbOBaHOTO MOBITps. Jlane
JOCTIPKEHHSI TIPUCBSIYCHE BCTAHOBJICHHIO MPAKTUYHOI I[IHHOCTI 3ampONOHOBAHOI
KOHCTPYKIli (iTbTpa-TeriooOMiHHIKAa HA OCHOBI  (QinbTpyrouoi BctaBku HEPA
H11 3 momaTkoBOIO CEKI€ MiAIrpiBy 30BHINIHBOTO MOBITPS J0 JOCSATHEHHS
BIJIMOBITHOCTI CaHITAPHUM HOPMaM SIKOCTI 3arajJibHOi KUIBKOCTI TOBITPSI Y
npumimieHHi. JlogaTkoBa CeKIlisl MiAIrpiBy 30BHIMIHBOTO TOBITPS pO3MilllEHA B
cepeMHl KOHCTPYKIIT pelUPKYJISIIIIHHOT YaCTUHU OYMIIlyBayda MmoBiTps. Ha ocHOBI
aHai3y JITepaTypHUX Keped Ta MOMepedHiX AOCHiIKeHb BCTaHOBJIEHO 110 20
YaCTHH BIANPALbOBAHOTO, PEHUPKYJSAIIAHOTO, TOBITPS CIOPOMOXKHI —Yepes
TEIJIOOOMIHHUK MIiAITPITH OAHY YAaCTUHY CBDKOT'O XOJIOJHOTO TOBITPS 1 MICHA iX
3MINTyBaHHS 3arajibHa KUTBKICTh BEHTHJIHOBAHOTO TMOBITPS 37aTHA 3aJ0BOJLHUTH

HOpMOBaHi IMOKa3HHMKHK YUCTOTH Ta TEMIICPATYPHU, 0e3 A0JAaTKOBOT'O BUKOPHUCTAHHA



mo0oro 13 BumiB eHeprii. [Ipu mpomy TemmepaTypa Tapsdoro TEIIOHOCIS
(B1ATIpAIIbOBAHOTO MOBITPS) MOXe 3HU3UTHUCH 0 2°C. TakuM 4rMHOM, po3polsieHa
KOHCTPYKIiS MOBITPOOYMCHHUKA 3 JIOAATKOBOIO PELUPKYJSLINHOIO CEKII€H 13
PEKyNepaTUBHUM TEIUIOOOMIHHUKOM ‘“‘TIOBITPSA-TIOBITPS” B HIH Ui TIAICPIBY
30BHILIHBOTO MOBITPS 32 PaXyHOK TEIUIOTH BIAMPAIlbOBAHOTO MOBITPS 103BOJHTH
3ekoHOMHUTH Onm3bko 50 BT enextpoeHeprii Ha OAMH MeTp KyOIUHUN MOBITPS HA
TOIMHY IIJISl TIOBITPSI, sIKe BEHTHIIOEThCA. [Ipu 1iboMy 3a0e3mnedyeThCsl caHiTapHa
HOpMa TMOJa4l KUIBKOCTI CBIKOTO TIOBITPS I JOUXAHHS OMJHIET JIOAVMHU 3
KOMIICHCAIlI€E}0 PIBHIB BUKHUAIB Hew KutbkocTi CO,. B nmaHoMmy BUIAIKYy,
BUKOpHUCTaHHA GubTpyBaibHOI BcTaBku Ty HEPA H11 B moenHanH1 3 BUCOKOIO
KPaTHICTIO MOBITPOOOMIHY, [103BOJISIE OTPUMATH MAaKCHUMallbHy €(EeKTUBHICTD
OUYMINICHHSI TIOBITpST B mpuMilieHHs 10 95% Biag MOYaTKOBOTO 3a0pyaHEHHS
yacToukamMu. Bu3HaueHO HEOOXiMHI TEIJIOTeXHIYHI mapameTrpu  GiabTpa-
TEIJI0O00OMIHHMKA Ta TeoMeTpuyHi po3mipu. Pobora mpmmamy pospaxoBaHa Ha
NepioANYHY [110: TpPH 3HAXO/PKCHHI JIIOAMHW B KIMHATH, TPU HEOOXITHOCTI
MPOBITPIOBAHHA UM KOMIEHCALlI{ BUTSKHOTO TOBITPS BiJl POOOTH 1HIIMX BUTSKHUX
CHCTEM HEBEJIMKO1 MOTYKHOCTI. BC1 TeopeTnyH1 po3paxyHKH MPOUILIA TEPEBIPKY
B HAaTypPHHUX yMOBaX.

VY Berymi qucepraliii oOIpyHTOBAHO aKTyaJbHICTh TEMH, C(HOPMYIHOBAHO
MeTy, 3aBIaHHsA, MpeaMeT 1 O00’€KT MOCHiKeHHs. BkazaHi MOJOXEHHS, IO
BM3HAYAIOTh HAYKOBY HOBM3HY 1 MPAaKTUYHY ILIHHICTP OTPUMAHHUX PE3yJIbTATIB,
ocoOuCTHI BHECOK 3700yBaya 1 HaJlaHO 1H(oOpMaIlito PO anpodalliio pe3yabTaTiB
JOCITIIKEHHS.

B mepmiomy po3aiii mpoaHami3oBaHO JITepaTypHI JKepena  CHocoOiB
3a0e3MmeueHHs O€3MEUYHOT0 MOBITPSHOTO MPOCTOPY NepedyBaHHs JroauHu. OnrcaHi
OCHOBHI 3a0pyaHIOBa4l aTMOC(EpHOro MOBITPS Ta HACTIAKK 3a0pyIHECHHS s
mroauHu. HaBesmeHi 3axo/u 040 3armo0iraHHs Ta 3HKEHHS 3a0pyAHEHHS MTOBITPS
Ha OCHOBI BITYM3HSHOI Ta MIXKHAPOJHOI HOPMATHBHOI Ta TEXHIYHOI JIOKYMEHTAIII].
Onucano MeToau Ta CrocoOM OYMINEHHS TOBITPS Bif 3a0pyAHEHB: TPOIECH,

kinacudikamii QIBTPIB  Ta ICHYIOUl YCTAaHOBKM JUIS OYHWIIEHHS TOBITPA.



[IpoanamnizoBaHo cucTteMu (PUIbTpaIlii TOBITPS PI3HOT KOHCTPYKII Ta BHJIIB,
napaMeTpu miadopy OurCcHOro obJialHaHHs Ta iX €PEKTUBHICTH JJISI OUUILICHHS BiJl
pi3HUX BHUAIB 3a0pyAHEHHS Ta CIOCOOM MIABHILEHHS iX €(QEKTUBHOCTI.
BcranoBneHo, 1mo HaWai€eBIIMM CHOCOOOM OYMILEHHS MOBITPS BiJ (iI3UYHUX,
XIMIYHUX Ta O10J0TIYHMX 3a0pyJHIOBayiB € (i3MUHE BHUJAJICHHS 3a0pynHUKa, a
Halle()eKTUBHIIIUM 3aCO00M € BUTSKHA BEHTWIALIS Ta MeXaHiuyHa (UIbTpaiis
NMoBITpS 3 KOMOIHami€ewo GuIbTpiB. PO3rIsHYTO MNpUKIAAXM BUKOPHUCTAHHS
IHAUBITyaTbHUX TOBITPOOYMCHUX CHUCTEM SK MUIIXH MOJEpHi3alii cucreM
BEHTWIAII 3 METOI CKOPOYEHHS CIOXKHMBaHHS eHeprii. BusHaueHo Halikpaiii
napamMeTpu MOBITPSHOTO CEpeOBUINA JUIsl MOCTIHHOTO mepeOyBaHHS JIOACH B
IPUMIIIEHHAX 00J1aIHAHNX MMOBITPOOUYNCHUMU 1H)KEHEPHUMH MepekaMu. O3HaueH1
BapiaHTH BUKOPUCTAaHHs BOYJOBAaHUX €JIEMEHTIB B MOBITPOOYMCHI YCTAHOBKH, IIIO
B OULTBIIOCTI BUMAJAKIB MalOTh HU3bKY e(exkTuBHICTh. [IpoaHanizoBaHo MeToau Ta
METOJMKH BU3HAYCHO ONMTHMAJIbHI YMOBHU JJISI OUYMINCHHS MOBITPS: ONMTHUMI3AIIO
KPaTHOCTI MOBITPOOOMIHY IIJISXOM BUKOPUCTAHHS JEHEHTPATi30BaHUX CHCTEM
OUHUIICHHS MOBITPSA, BUKOpUCTaHHS BHCOKoepekTuBHUX (PuibTpiB HEPA abo ix
KOMO1HaIlli, a TAKOK HaJIaHHS B MPUMIIICHHS CAaHITAPHOI HOPMU TTOBITPS.

B apyromy po3aiji po3paxoBaHO KOHCTPYKTHB (PUIBTP-TEIIIOOOMIHHHKA.

[IpencraBiaeHo (i3uko-mMaTeMaTUYHy MOJIENb MPOLECY TEIUIOBIAAaul yepes
KOHCTPYKIIIIO TUIOCKOI CTIHKM BijJ] TIOTOKY, IO ii oMuBae. BUKIIaieHO METOJIUKY
TEOPETUYHOTO  JOCHI/DKCHHS 3  BUKOPUCTAaHHSAM  METOMIB  TEOPETHUYHOI
TEIUIOTEXHIKM, aHAJITUYHOI MAaTeMaTHKH, METOIB MOJICJIIOBAHHs IIPOIIECIB 1
TEXHIYHUX CUCTEM. B po3aii BUpilIeHO Takl HAyKOB1 3a/1aui: BU3HAYEHO KUIBKICTh
PELMPKYJISIIIHOTO MOBITPSI 3 PO3PAXYHKY TEIUIOBOTO MOTEHINANy AJsl MiAIrpiBy
30BHIIIHBOTO (CBIKOI0) TMOBITPSI — rapsyuil TEIJIOHOCIM; BU3HAYEHO HEOOXiAHY
KUTBKICTh TIOBITPS JJIs TIO/IABAHHS CAHITAPHOT HOPMH TIOBITPS JJISI TUXAHHS JIFOTMHA
B TIPUMIIICHHS — XOJIOJHUHN TETUIOHOCIHM; CKJIAJ€HO PIBHSHHS TEIJIOBOTO OajaHCy
TEIJIOOOMIHHUKA «IMOBITPSA-TIOBITPS»; BU3HAYEHO TEMIIEPATypHUN THCK MIXK
TEIUIOHOCISIMM Ta JIHCHY IIBHIKICTh PyXY TEIUJIOHOCIIB; BU3HAYEHO KOEQIIIEHT

TEIJIOB1/I/Iaul Ta TeIUIoNepeayl; BU3HAYUTH HEOOX1IHY TIIOIIA MMOBEPXHI HArpiBy



TeruiooOMiHHMKAa. Ha OCHOBI OTpMMaHWX JAaHUX 3MOJEIBOBAHO KOHCTPYKIIIO
GUIBTP-TEIIOOOMIHHMKA 3 TEIUIOOOMIHHOK  YacTHHOIO  BOYJIOBaHOK B
MOBITPOOYHCHHK.

B TpeThoMy po3aijii mpoBeeH1 eKCepUMEHTaIbHI JOCIKEHHS B (QLIBTP-
TerooOMiHHUKY. HaBeneHo ommc eKCHepUMEHTaJbHOrO CTEHIYy Ta METOAU
MIPOBEJICHHS EKCIIEPUMEHTAIBLHUX JOCIIIKeHb. BH3HA4YeHI ONTUMAalIbHI YMOBHU
BUKOPHUCTAaHHSA (UIBTPYBAILHUX €IIEMEHTIB Ta MapaMeTpiB CaMOro OYMCHHUKA.
JloBeleHO eKCIEepUMEHTAIbHO TEOPETUYHI JaHl MIOAO0 KPaTHOCTI MOBITPOOOMIHY
Ui 3a0e3nedeHHs e(QEeKTUBHOTO OYMINEHHS TMOBITps. Bu3HaueHO oOuHCHY
MOTYXXHICTh (QUIbTp-Kasiopudepa 1715 BUIaJICHHS PI3HUX PiBHIB 3a0pyaHEeHHS PM; 5
pU 3MiH1 JESKUX MapaMeTpiB BHYTPIIIHBOTO MOBITPSHOTO CEpeOBHINA (BITHOCHA
BOJIOTICTh, KpAaTHICTh MOBITPOOOMIHY) 3a OJMHHMIIO 4Yacy. Buznauena
excriepuMenTaibHo BenmnuuHa CADR moBiTpoouuiryBaua [jisi MPOTHO30BAHO1
TPUBAJIOCTI ounIieHHs He Oubine 1 rogunu. Menma Benuunna CADR npusseze 1o
MOCTYIIOBOTO  HAKOMWYEHHs ~ 3a0pyJHIOBaYiB, 110  HIBEIIOE  PpOOOTY
noBiTpoouninyBaya. JlaHux $Ki OTpUMald B AOCHIAl, JOBOJATH, IO MPOIEC
IPUPOTHBOTO OCAHKCHHS Ta BEJIMYMHA 30BHIIIHHOTO 3a0pyAHEHHS HE JO3BOJISIOTH
OYHCTUTU TOBITPsI 0€3 BUKOPUCTAHHS MEXaHIYHOI (impTparlii npu Oyap sSKOMYy 3
BKAa3aHUX B JOCHIKEHHI 3a0pyaHeHb. TepMiH OUMIICHHS B MOBITPOYMILYBadl
JaHoro Tumy Oyne 3MmeHiryBatucs Ha 20XBWIMH TpPH MIJIBUINEHHI KPaTHOCTI
NOBITPOOOMIHY Ha 1 KpaT mpu HU3bKUX PIBHIX 3a0pyIHEHHS , Ta Ha | roauHy npu
3HAYHUX. AJie KpaTHICTh MOBITPOOOMIHY JIJIi OYHUIIEHHS HE MOXKe OyTH MEHIIe
nBOX. Bu3HaueHo piBHSHHS 3a kUM Oy/ie BU3HAYCHO Yac OYHMIICHHS TPU BiTOMUX
BXIIHUX JaHuX (piBHI 3a0pyaHEHHS, BIJHOCHA BOJOTICTb, MOTY>KHICTb
noBiTpoounineHHs). OAHOYACHO JOCHIKYBAIKMCS TPOILIECH TEIIOMAacOOOMIHY B
TEII000MIHHIN cekIii pinpTp-Kkanopudepa. BusHaueHo KpuTepiaabHOTO PIBHSIHHS
Nu a71s1 JaHOTO KOHKPETHOTO BUTIAKY.

B d4erBepTOMY PpO3aii HaBEICHO TEXHIKO-€KOHOMIYHE OOTPYHTYBaHHS
BUOOpY cucteMu (QiabTP-TEIDIOOOMIHHUK SIK CUCTEMH OYHINCHHS TIOBITPS 3

JOMATKOBUM €KOHOMIYHUM edekToM. Bu3zHaueHa €KOHOMIYHA JOIJILHICTh



BIPOBA/KCHHS (PIIBTP-TEIUIOOOMIHHMKA B TOPIBHSHHI 3 1HIIUMHU 1HXXCHEPHUMU
CHUCTeMaMH, 110 BUKOHYIOTh CXOX1 (DYHKINi MpH TOPIBHSHHS KaliTaIbHUX Ta
eKCIUTyaTallliHUX BUTPAT BapilaHTIB KOMIIOHYBaHHS OOJaJHAHHS, LI0 BUKOHYE
YMOBY 3a0€3I€YEHHs INPHUMIIICHHS CBDKMM IOBITpsM B 00’emi 41m’/ron, Ta
MOKIIMBICTIO  oumineHHs 800M*/rog moBiTps 10 piBHI  AKOCTI  HOBIiTpPs
pexomennoBanux BOO3. HaBemena MeTomosioriss BHW3HAYEHHS EKOHOMIYHOI
e€(PEeKTUBHOCTI Ta METOJUKA OIlIHKH €KOHOMIYHOI €(EeKTUBHOCTI (PiIbTp-
TeII00OMiHHUKA. BapTicTe (impTp-TEINIOOOMIHHMKA Ma€ HUKYl KalliTalbHI Ta
eKcrutyartaiiitani Butpatu. | moxxe 3aomanutu Big 0,42 no 0,582 kBt temnoBoi
€Heprii 3a roAMHY HeOOX1HOT /711 HAarpiBY 30BHIIITHBOTO OBITPSI B 3MMOBUH MEPi0/1
( sriggo Tabmumi 10897,92rpu 3a omamoBaneHUll mepion). Jloxia cTBOpeHui
€KOHOMIEK0 BUTpAT B TMEPIIMNA K€ PIK TO3BOJUTH MEPEKPUTH EKCIUTyaTalliiHi
BUTpPATH HA PYHKI[IOHYBaHHS (IIBTP-TEINIOOOMIHHUKA.

Y nuceprauiiHOMY JIOCHIIKEHHI TEOPETHYHO 1 EKCHEPUMEHTAIBHO
OOTPYHTOBAaHO BHUKOPUCTAHHS TIMOBITPOOYMCHUKIB TIOBITPS JJIA MPHUMIIIEHb
noOyTOBOTO MPU3HAYEHHS, TOBEACHHSA iX €(DEeKTUBHOCTI IPHU OUMIIECHHI MOBITPS BiJ
G13UYHUX, XIMIYHUX Ta  OIOJOTIYHMX  3a0pyJHIOBadiB Ta  MOXJIMBOCTI
YIOCKOHAJIEHHSI iX €Heproe(eKTUBHOCTI MPH BUKOPUCTAHHI B PELUPKYJIALIHHINA
YaCTHHI TEIJIOOOMIHHMKA THITY «IOBITPSA-TOBITPS» , 11O JO3BOJUTH OTPUMATH
CaHITapHY HOPMY TOBITPS JJIsl TUXAHHS JIFOJAUHU 3 PO3PaXyHKY PO30aBJICHHS PIBHIB
CO; Ta HEe BUKOPUCTOBYBATH OyIb SK1 JDKEpea €Heprii Ha HarpiB bOTO MOBITPSI.

KawuoBi caoBa: ouungyBad  HoBITpsA,  (PUIBTP-TEIIOOOMIHHUK,
peKyInepaTuBHUN TEMJI000MIHHUK, peKkyneparis Tera, OUYMCHUK
PELMPKYJISIIIHOIO TMOBITPS MNEPCOHANI30BaHA BEHTWIALIA, SKICTh TOBITPS B
npuMimerdi  (IAQ),  eHeproedeKkTHBHICTb,  €(EKTUBHICTh  BEHTHWJIALI],
CHEPropecypco30epeKeHHs, BEHTWISIIMHUNA KOHTPOJb MOBITPSHO-KPANEIbHOT
iH(eKIll, OYWCHUKM TOBITPS B MPHUMIIIEHH], CHCTEMH OYHUIICHHA MOBITPA,
noBiTpsHi unbTpu, GiasTp HEPA, wMexaniuna ¢uabTpaliisi MOBITPs, OYHIIEHHS
HOBITPsA, OOpOOJIEHHS TMOBITPs,, MOPTATHMBHHUM OYMWIIYBay IMOBITPS; BUIAJICHHSA

yacToKk PM,s5; MOBITpOOOMIH; pPELUPKYJISLiiiHA YCTAaHOBKA; OYMIIYBad IMOBITPA,



BIIMOBIAaNbHE  OOJagHAHHSA, KOe(IIlleHT Terulonepenayi, TEIIOOOMIH
TEIJIOMACOOOMIH, YHCEILHUH METOJ, MaTeMaTH4YHE MOJEIIIOBAHHS, YHCEILHUN

METOJT TOCJIIPKEHHSI, PIBHSHHS perpecii.
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SUMMARY

Makarenko L.I. 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 PM; s and PM; (fractions in diameter
less than 2.5 and 10 microns, respectively) - they are the most dangerous, according
to the World Health Organization (WHO). Because of their tiny size, they can
penetrate the lungs when breathing, enter the circulation and damage internal organs.

Fine PM, s and PM particles in large concentrations significantly worsen air
quality (AQI). The World Health Organization (WHO) 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, PMj, nitrogen dioxide, sulfur dioxide and carbon monoxide.

In Ukraine, the level of PM, s is not harmful to health if it does not exceed
5ug/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 PM, s and PM; 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 HI11 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, 5 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 m*/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.

Keywords: air purifier, filter-heat exchanger, recuperative heat exchanger,
heat recovery, recirculation air cleaner personalized ventilation, indoor air quality
(IAQ), energy efficiency, ventilation efficiency, energy resource saving, ventilation
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HEPA filter, mechanical air filtration, air purification, air treatment, portable air
purifier; removal of PM; 5 particles; air exchange; recirculation plant; air purifier,
responsible equipment, heat transfer coefficient, heat exchange, heat and mass
exchange, numerical method, mathematical modeling, numerical research method,
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