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AHHOTALUMUA

BBepeHue. boicTphbii pocT 06paboTkun Harpy3ok MCKyCCTBEHHOIO nHTennekTa (MW-Harpy3ku) CMecTun KrnoyeBble orpaHmye-
HVSA LeHTpoB 06paboTku AaHHbIX (LIO[]) ¢ nnowaamn v BO3AYLLIHOTO OXNaXaeHWs K AOCTYMHON MOLLHOCTU MPUCOEANHEHUS, Te-
nnockemy 1 BOAHOWN MHdpacTpykType. Al-ready CTaHOBUTCS CBOMCTBOM CTPOUTENIbHOMO MPOEKTA: PEeLUEHNs O KUAKOCTHbIX/
MMMEPCHOHHBIX CXemax, yTUnusaumm Tenna, peseperMpoBaHnmn 1 Mporpamme nyckoHanagku AOMKHbI MPUHUMATLCS Ha paH-
HVX cTagusax v 6blTb hOpManu3oBaHbl B MPOEKTHBIX MapameTpax 1 Jonyckax.

MaTepuanbi u meToAbl. BbinonHeH LeneHanpasneHHbIi 0630p Mybnvkaumin ¢ BKMOYEHNEM peLieH3pyeMblX cTaTel 1 npo-
dunbHbix ctaHgapTtos (EN 50600, pekomeHaaunm ASHRAE TC 9.9, cepus ISO/IEC 30134). icTouHUKM Npoxoamnu TemaTu-
Yyeckoe KoAVpOBaHKe No TEMaMm «OXINaXAeHUe/TEeNNOCbeM», «INEeKTPOCHAXKeHNe, «BOAa U IKOMOrMsa», «noLiaaka u KoM-
noHoBKa», «perrnameHTbl 1 KPI». AHanus ocyliecTBnancsa kak npoekuust «tpebosaHne NN — ctpoutenbHoe pelueHne —
— MpOBEpPSEMbIV NapamMeTp» C NOCTPOEHNEM MaTpULibl COOTBETCTBUSA U CXEMbl «pPUCK — MeponpusatTne — KPI — meton
NPUEMKM», YTO MO3BOMMUIIO YBA3ATb NUTEPaTypHble AaHHbIE C MPAKTUYECKUMWN MHXEHEPHBIMU A0MyckaMu 1 npolenypamu
UCMbITaHNN.

Pesynbrathl. LieneBasi apxuTekTypa BbICOKOMMOTHbIX MI-knacTepoB TpebyeT MpUHATUSE XUOKOCTHBIX KOHTYPOB OXI1aX-
OEeHNs C MOATrOTOBKOW K MMMEPCUU, NOATBEPKAEHHOW YCTOMYMBOCTU 3MEKTPOCHAbXeHNS K NepexodHbIM npoleccam, no-
ctaHoBku BogHbIx KPI (WUE) HapasHe ¢ PUE, a Takke npoekTupoBaHusi MHTepdencoB yTUnm3aumnm HU3KONoTeHLMansHoro
Tenna. ApdPeKTUBHOCTb NOBLILLAKT MOAYIIBHOCTb 1 BOKM 3aBOACKOro NMPOM3BOACTBA, KackaAHbI BBO, MOLLHOCTEW U Npu-
MeHeHue LnpOoBbIX ABONHMKOB. [peanoxeHbl MHTErpupoBaHHasa KapTa pUCKOB M MaTpuLa HOPMaTUBHOTO COOTBETCTBUS,
CBA3bIBalOLLME perfiaMeHTbl C NPOEKTHLIMU NapaMeTpaMu 1 MPUEMOYHbLIMU NpoLeaypamu.

BbiBoabl. «oToBHOCTL K WY chopmumpyeTcs Kak pesynbraT CornacoBaHHbIX OPraHU3aLMOHHO-TEXHOMOMMYECKUX peLleHni
CcTpouTenbCTBa. YnpasrneHyeckasa pamka, Bkrtovatowas KPI-6romkeTbl Ha aTane NnpoekTMpoBaHus, MaTpuyLly COOTBETCTBUSA
TpeboBaHUsIM 1 nporpammy stress-ucnbiTaHuin, obecneynBaeT BOCMPOM3BOAMMOCTL LeneBbix nokasartenen (PUE/WUE/
ERE/ERF), ynpaBnsieMoCTb CPOKOB 1 CTOMMOCTU U YCKOPSAET JOCTUXEHNE NPOEKTHOW BbIYUCITUTENBHOW MOLLHOCTHU.
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ABSTRACT

Introduction. The rapid growth of Al workloads has shifted the key constraints of data centres from floor space and air
cooling to available connection power, heat removal capacity, and water infrastructure. Al-ready is becoming an inherent
property of building design: decisions regarding liquid/immersion cooling schemes, heat recovery, redundancy, and commis-
sioning programs must be made at early stages and formalized within design specifications and tolerances.

Materials and methods. A targeted review of publications was conducted, incorporating peer-reviewed papers and relevant
standards (EN 50600, ASHRAE TC 9.9 guidelines, ISO/IEC 30134 series). Sources were thematically coded under the cate-
gories: “cooling/heat removal”, “power supply”, “water and ecology”, “site layout and configuration”, and “regulations and KP!".
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Analysis was performed as a mapping of “Al requirement — building solution — measurable parameter”, resulting in a corre-
spondence matrix and a risk-mitigation framework structured as “risk — mitigation measure — KPl — acceptance method”.
This approach effectively linked academic literature with practical engineering tolerances and testing procedures.

Results. The target architecture for high-density Al clusters requires implementation of liquid cooling circuits with readiness
for immersion cooling, validated resilience of power supply against transient loads, establishment of water usage effective-
ness (WUE) KPI on par with PUE, and design of interfaces for low-grade heat recovery. Efficiency is enhanced through
modularity and factory-built modules, staged power ramp-up, and digital twin technologies. An integrated risk map and
a regulatory compliance matrix are proposed, explicitly linking standards to design parameters and acceptance procedures.
Conclusions. “Al-readiness” emerges as the outcome of coordinated organizational and technological construction deci-
sions. A management framework encompassing KPI budgets during design phase, a requirements-compliance matrix, and
a stress-testing program ensures reproducibility of target metrics (PUE/WUE/ERE/ERF), control over schedule and cost,
and accelerated achievement of designed computational capacity.

KEYWORDS: data centres, artificial intelligence, organizational-technological solutions, liquid cooling, immersion cooling,
heat recovery, site selection, PUE

FOR CITATION: Samsonov R.O., Lotkin V.S. Organizational and technological solutions for data centres construction under
Al workloads: requirements, risks, and regulations. Stroitel’stvo: nauka i obrazovanie [Construction: Science and Education].
2025; 15(4):11. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2025.4.11

Corresponding author: Victor S. Lotkin, victorltokin@yandex.ru.

BBEJIEHUE

CrpeMuTeNnbHOE pacpoCTpaHeHNE MPHUKIIAJAHBIX
Y TeHEPATUBHBIX TEXHOJIOTHH UCKYCCTBEHHOIO HHTEII-
nekra (M) cyiecTBeHHO TpaHC)OpMUPOBaIO TpeOOoBa-
HUS K LeHTpaM o0pabdorku nanueix (LIO/]). B otmmune
OT TpaJULOHHBIX BBIYUCIUTENBHBIX KoMIUIekcoB, 1H-
KJIaCTEePhl XapaKTEPHU3YIOTCS BBICOKOH TUIOTHOCTBIO BBI-
YHCITUTENIBHBIX HAaIPY30K, MTOBBIIICHHOH YyBCTBUTEIIb-
HOCTBIO K TEMIIEPATYPHBIM U SJIEKTPHUECKUM PEKUMaM,
a TaKk)Ke )KECTKUMH OTPaHUYCHUSIMH 110 OTKA30-yCTOM-
YUBOCTH M MacIITabMpyeMOCTH. YKa3aHHBIE CBOM-
CTBa OIIPEJCISIIOTCS He ToibKo BbiOopoM UT-060-
PYIOBaHU, HO, IPEKE BCETO, apXUTEKTYpOH U Kade-
CTBOM OPTaHU3alMOHHO-TEXHOJOTHYECKUX PELICHUN
(OTP) B cTpouTenbcTBE Ha MPEIBIHBECTUIHOHHON
u HpOCKTHO-CTpOHTeHBHOﬁ CcTaausix )KU3HCHHOI'O ITUK-
na (OKII) o6pekra. CriemoBarensHo, criocobHoCTh LIO/]
HAJCKHO U 3PPeKTUBHO 00caykuBaTh UM -Harpy3ku
sBysieTcst PyHKIMEH KOPPEKTHO MPUHATHIX U MOCIIEN0-
BaTeIIbHO PEaIM30BaHHBIX CTPOUTEIBHBIX PEIICHHH.

Kiroueoii ocodbennoctsio Al-ready IO/ BbicTy-
naeT U3MEHEHHE OrpaHMYHBaIOMUX (akTopoB. Eciu
IIpu TPAAUIUOHHOM MPOCKTUPOBAHUN JOMUHUPOBAIN
reOMETpHsI MALTMHHBIX 3aJI0B M BO3MOXKHOCTH BO3/TyII-
HOTO oxJaxkaeHus, To [uist U-knactepa onpenesnsony-
MU CTaHOBSTCS JOCTYITHAsI JIEKTPHUYECKasi MOIIHOCTh
NPHUCOCNINHEHH, TEIIOBasi HArpys3ka u Tpedyemsble
PEXHUMBI TEIUIOChEMa. DTO IMpeaoIpeneser nepe-
XOJI K TEXHOJIOTHSIM KUAKOCTHOTO OXJIAKACHHUS (B TOM
gucie direct-to-chip u TeriooOMeHHbBIE ABEPH 33 THETO
THTIA) 1 UMMEPCUOHHBIM CHUCTEMaM, a TaKkke K Ipo-
paboTKe yTHJIM3alUU HU3KOMOTCHLIUAIBHOTO Terja
MOCPE/ICTBOM TEILIOBBIX HACOCOB M IOJKJIIOUEHUIT K CH-
cTeMaMm TertocHaokeHns. COOTBETCTBYIOLIHE pellie-
HUA UMCIOT IMPAMBIC CTPOUTCIIBHBIC IMTOCTICACTBUA: U3~
MEHSIOTCSI TPEOOBAHMSI K KOHCTPYKTHBHBIM 3JIEMEHTaM
(Hecymias cmocoOHOCTh MEPEKPHITHH, (PyHTAMECHTOB,
y3JI0B BBO/Ia), MJIAHUPOBKE (TEXHOJIOTHYECKHE BBICO-
THI, TPACCHPOBKA TPYOOIPOBOAOB M IIMHOIIPOBOIOB),
BHOPO- M LITyMO3AIIUTE HACOCHBIX arperaToB, KOPPO3u-

OHHOM CTOHKOCTH MaTe€puaioB U TEXHOJIOTMH MOHTaXa
KOHTYPOB OXJIaXK/ICHHsI 1 BOJOTIOITIOTOBKH.

BbI60p MIOMAAKK ¥ THIM3AIMS IPOEKTa B yC-
noBusx MM-Harpy3ok npuoOpeTaroT MHOTOKPHUTEPH-
AJBHBIA XapakTep, B KOTOPOM CTPOUTEIbHASI OTPaCIb
UTPAET ONPEAEISIONIyIo poib. K unciy mpropuTeTHBIX
(haKTOPOB OTHOCSTCS: CPOKH M YCIOBHUSI TEXHOJIOTHYE-
CKOTO TIPUCOETUHEHHS K JJIEKTPUYECKUM CETSIM, J10-
CTYITHOCTB M KQ4ECTBO BOJHBIX PECYPCOB, ME3OKINMa-
TUYECKNE MapaMeTpsl (BIMAIONNE HA PEXUMBI CBO-
601HOTO M aANabATHYECKOTO OXIaXKACHUS), TPUPOIO-
OXpaHHBIC ¥ I'PAJIOCTPOUTEIILHBIC OTPAHUYCHNS, @ TaK-
)K€ TEOTEXHUYECKUE U THJIPOre0JOrHUYeCKUE PHUCKH.
IIpunsTHIC HA 3TOM CTaqUU PELICHUS IPEAOIPEACIISIIOT
1esieBbIe nmokasaresiu 3G hexTnBHOCTH — Kod(duImeHT
sueprodpexruBHocTH (PUE), k03 punnent BogHOM
s¢pdexruBHOocTH (WUE), Moka3aTenu 3HepreTHIecKon
nosropHoit yrwm3sanuu (ERE/ERF) — n kpurnaeckn
BIIMSIIOT Ha [OKa3aTelb time-to-compute, T.e. CPOK J10-
CTHIKEHMS IPOEKTHOM BBIYMCIMTEIBHON MOLIHOCTH.
[TpakTyka nokasbiBaeT ApHEeKTHBHOCTH MOTYIILHOCTH,
HCITOJIE30BAHMUS MU3IAEINNA U OJIOKOB 3aBOICKON T'OTOB-
HOCTH, PAaHHETO Pa3MENICHUS 3aKa30B HA JITMHHOLIM-
KII0OBOE 00opynoBaHue (TpaHC(HOPMATOPEI, pacipee-
JUTENbHBIE yCTPOMCTBA, UCTOUYHUK Oecriepe0oiHOTro
nuranus (UBI1), TerniooOMeHHbIe M HACOCHBIE TPYIIIIBI)
M KacKaJHOT'O BBOJIa MOIITHOCTEH.

OpraHu3anoHHO-TEXHOIOTHIECKUH KOHTYP CTPO-
utenberBa [IO/1, opuerTupoBannoro Ha U, momxken
oOecrieunBaTh KOHCUCTEHTHBIA MEPEBOJ TEXHOJIOTHYE-
CKUX TpeOOBaHUIl B MH)KEHEPHO-CTPOHUTEIILHBIE periia-
MEHTBI ¥ IPOLIETYPhI.

Onexkmpochabcenue u pezepsuposarue. PopMupo-
BaHue KoHpuryparmit N+1/2N st icTouHnKoB Oecriepe-
0OMHOTO TIUTaHUS U AN3EIb-TEHEPATOPHBIX YCTAHOBOK,
obecrieueHne CEICKTUBHOCTH 3aIIUThI U Ka4ecTBa JJICK-
TPOSHEPTUH ITPU HAJIMYUH MOIITHOM CHIIOBOH SJIEKTPOHH-
KH, YYET FapMOHHYECKHX U TIEPEXOTHBIX TPOLIECCOB.

Cucmembl oxnadicoenus u menniocvema. IIpoexru-
pOBaHUE KUAKOCTHBIX KOHTYPOB (BKJIIO4ast OJIOKHU pac-
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MpeeNeHIsI OXIaXKAAI0NIeH KUAKOCTH, KOIICKTOPHBIE
rpymmsl 1 OainacHble IMHNH), HOPMHUPOBAHHE TTapame-
TPOB TETJIOHOCUTENS (TEMIIepaTypa, 1aBJIeHHEe, XUMH-
YeCKHi cocTaB), o0ecrnedyeHue 0TKa30yCTOMYNBOCTH
U PEMOHTOIPUTOJHOCTH 0€3 OCTAaHOBKHM KPUTHUYECKHX
30H, MOATOTOBKA K MPUMEHEHHIO HMMEPCHOHHBIX TEX-
HOJIOTHI.

Booonoozomosxa u sxonoeuyeckue pesicumoi. Bel-
MTOJTHeHNE 00bEeMHO-0aIaHCOBBIX PacyeTOB, OPTaHMU-
3aIlsl CHCTEM IMOATOTOBKH U MOAMMUTKH, COONIOICHHE
TpeboBaHMii K cOpocaM ¥ MOHUTOPUHTY BOJIHOTO Clie-
J1a, BKITFOYEHHE COOTBETCTBYIOIINX MEPOTIPHUSATHH B pa3-
PEIIUTETHHYIO JOKYMEHTALHUIO.

Apxumexmyprno-nianupogounvie pewenus. Odec-
MIEYCHNE HECYIIelH COCOOHOCTH ISl BEICOKMX TOYEH-
HBIX Harpy3oK CTOEYHBIX PSIAOB M MMMEPCHOHHBIX
BaHH, (POPMHPOBAHHE TEXHOJIOTHUECKUX MTPOCTPAHCTB
W MIaXT 75 TPAHCIIOPTUPOBKH KPYMHOTAa0apuTHOTO
000pyIOBaHUs, Pa3lelIeHUE KIUCTBIX» U (TPI3HBIX»
30H MOHTaXa.

Ilyckonanaoounsie pabomel u 6600. IlocTpoeHne
CTYTIEHYATHIX MPOTPAaMM TEPMHUECKUX U dIIEKTpUYE-
CKHMX HCIBITAaHUH, IPOBEACHHUE CTPECC-TECTOB, MPHU-
MEHEHHE U(PPOBBIX YEK-JIIUCTOB U CHCTEM TPACCUPY-
eMOCTH JIe(heKTOB, HCI0JIb30BaHHE HH(POPMALIMOHHOTO
MOJICTUPOBAHHUS ISl KOOPJIMHAIIMNA HHXXCHEPHBIX CH-
CTEM M JIOTUCTUKH MOHTaXa.

ConeprkarenpbHOE 3HAUCHNE UMEET HOPMATHBHO-
TEXHUYECKHMI KOHTEKCT. MeXyHapoAHbIE U HalUO-
HaNbHBIe cTaHaapThl (Hampumep, EN 50600 mo mpoek-
TupoBaHuto W dkcruryaranuu [{OJ]; pexomeHgannu
ASHRAE TC 9.9 no TemneparypHbIM KJIaccam JIst KU -
koctHOTO oxnaxkaenus; cepust ISO/TEC 30134 mo xiro-
yeBbIM mokazatessiM s pexrusHoct: PUE, WUE,
ERE/ERF) 3anator pamounble TpeOOBaHHSI K Ka4€CTBY
NPOEKTHBIX M CTPOUTENBHBIX pemeHuil. Jna NUU-
Harpy3o0K NMPUHIUIHAIbHA KOPPEKTHAs WHTETpanus
9TUX TpeOOBAHMH B MPOEKT: OT PAcUYE€TOB DHEPTOIO-
TpeOJIeHHs ¥ BOJOMOIB30BAHMS 10 CIICHAPHUEB pe3ep-
BUpPOBaHMsI U oOecrieueHusi 0e301acCHOCTH Ha CTaAUU
CTPOUTENBLCTBA U JKCIUTyaTaluu. B psae ropucaukuuii
BBOJSITCS JIOTIOTHNUTENBHBIE KOJIOTHYECKHE KPUTEPHUN
(BOAHBII ciies, ypOBEHb IITyMa, TPeOOBaHUS K yTUIH3a-
IIVM TeIlIa), OKA3bIBAIOIINE TIPSIMOE BIUSIHUAC HA apXH-
TEKTypy 00BEKTa M KaJICHIapHBIC CPOKH PEaTH3AIHIH.

3aBucumocts UM-HAarpy30Kk OT CTPOUTEIBHBIX
OTP HOCUT NIPUUUHHO-CIIEICTBEHHBIN XapaKTep U Ipo-
sBasieTcd Ha Bcex craausax JKL[: or TpaHcmopTHOM
U PeCypCHOI 00eCIeYeHHOCTH TUIOMIAAKH 10 PEMOHTO-
HPUTOAHOCTU U MOJEPHU3UPYEMOCTH HHIKEHEPHOU
UHPPACTPYKTYPBI MO MOCIEIYIOINE MOKOJICHHS arl-
napaTHbIX yckopurenei. Jljist 3aka3yuka 3T0 Bblpaxa-
€TCs B CHIDKCHUH KalTUTAJIBHBIX M OKCIUTyaTallHOHHBIX
3aTpart, ynpaBIsieMOCTH PUCKOB M YCKOPEHHWHN BBIXOAA
BBIUHCIIUTENFHBIX MOIITHOCTEH Ha PHIHOK.

CoBpemeHHasl HayuyHas JIUTepaTypa MocieaoBa-
TEJIFHO AEMOHCTPHPYET, YTO SKCIIOHEHIIHATBHBIN POCT
Harpy3oK, 00yCJIOBIEHHBIX TPUMEHECHHEM YCKOPUTETIEeH
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it W, npuBomuT K nepecOopke 0a30BOM MHXKEHEP-
Hoit mapaaurMbl L{O/] 1 mepeHOoCHT aKIEHT ¢ «KITacCH-
YECKHUX» apXUTEKTYp Ha PEIICHUs], IJie TeIUIOTEXHHUKA,
EKTPOCHAOKEHHNE U BOJIOTIONB30BaHHE TIPOCKTUPYIOT-
Cs1 KaK B3aMMOCBSI3aHHBIE 3JIEMEHTHI €JMHOTO OPTraHU-
3alIMOHHO-TEXHOJIOTMYECKOTO KOHTYypa CTPOUTEINILCTBA.
HanGonee 3amMeTHBIM SABISETCS YCTOHUMBBIN Aperd
OT BO3AYIIHOTO OXJAXICHUS K )KUIAKOCTHBIM U HMMEp-
CHOHHBIM TEXHOJIOTHSIM: 0030DPbI U NMPUKJIIAHbIC HCCIle-
JIOBaHMS (PUKCUPYIOT HEOOXOJMMOCTh IPSIMOTO OTBOAA
teruta ¢ kpucrasia (direct-to-chip), BHeapeHHS TeILIO-
OOMEHHBIX JIBEpEil 3a/HETO THIA U OJHO-/ABYX(a3Ho
MMMEpPCUH KaK OTBET Ha POCT YAEIbHBIX TETJIOBBIX Ha-
TPY30K, a TAK)KEe KaK CPEJICTBO CTAOMIN3ANH PEXUMOB
npu BeicOKUX motHOCTIX UU-cToek [1-6]. [TokazaHo,
YTO TaKHWE CXEMBI HE TOJIBKO PACIIUPSIOT JIOMYCTHMBIE
JMana30Hbl AKCIUTyaTalluy, HO U CO3JAf0T HPEINOCHII-
KM K ITOBTOPHOMY HCIIOJIb30BAaHHIO TEIIa, YTO BaKHO
Uil (hOPMHPOBAHUS IIEIEBBIX MOKazaTenel d3PQeKTHB-
HOCTH Ha CTAJUU MPEIIPOEKTHON MOATOTOBKU 1 YBA3KH
C Tpajio- U MPUPOAOOXPAHHBIMHU OrpaHndeHusMH [ 7, 8].
[TapamrensHO BO3pacTaeT 3HAYMMOCTH BOJIHOTO
cliesia ¥ BOJHO-?HEPTETHUECKUX KOMIIPOMHUCCOB, UTO Ha-
NPSMYIO BJIMSET Ha BHIOOD IUIONIAJKK ¥ KOMIOHOBKY
CUCTEM OXJIaXJeHHs. VccienoBaHus MoJ4epKUBaroT,
YTO BEJIMYMHA BOIOMOTPEOICHHS BAPEUPYET B MINPOKNX
npesienax B 3aBUCUMOCTH OT KJIMMaTHYECKUX YCIOBHMA
1 BBIOPAHHOW TEXHOJIOTHH (aa1abaTHIecKne, «CyXue»
1 THOPUIHBIC PEIICHHS), YTO TpeOyeT YIUTHIBATH Me-
TPUKH BOTHOH 3()(hEKTUBHOCTH HapaBHE C YHEPIETH-
yeckuMu [9—11]. B ycnoBusX Kapkoro 3acyuijdBOro
KJIIMMAaTa ONTUMAJIbHBIE PEXUMBI OXJIAXKICHUS HEN30ekK-
HO COMPSDKEHBI ¢ KOMIIPOMHCCAMH MEX/y CHHYKEHUEM
9HEProNoTPeOIeHHsT M POCTOM BOJIOTIONB30BAHMS, a T10-
TOMY TPOEKTHBIE PEIICHUS TOJLKHBI BKJIFOYATh 00BEMHO-
0aaHCOBBIE PacyueThl, CHCTEMbI BOJIOTIOATOTOBKH ¥ TIO/I-
MUTKH, a TaK)Ke CIEHAPUH CE30HHOH MepeHacTpOnKH
pesxxumoB [10, 11]. OTmewaercst u BIUSHUE TPOPIIIA
pabounx Harpy3ok: M-3ama4un, OTIHYasCh MO ATUTCITb-
HOCTH ¥ MHHTEHCHBHOCTH HCIIOIb30BaHMS YCKOPHUTEIEH,
(hopMHPYIOT MHOH MaTTEpH TEIUIOBBIACICHUS H, CIe-
JIOBaTEJIbHO, MEHSIOT TPeOOBaHMsI K BOJHOMY KOHTYPY
U anropuT™Mam ero ympasienus [11, 12].
CymecTBeHHOE BHUMAHUE YICISAETCS yTUIN3AAN
Hu3KonoteHnuansHoro teria [{O/] u ero unrerpamnuu
B cHCTeMBI TerutocHa0xkenus. Cepust paboOT MOKa3bIBa-
€T KaK MHBECTUIIMOHHYIO COCTOSITEIbHOCTh TAKHX IPO-
€KTOB, TaK M WH)KEHEPHBIC MPEANOCHUIKH UX yCIIel-
HOCTH: TeMIIepaTypHble rpadukn ceTei, mpuMeHeHne
TEIJIOBBIX HACOCOB (BKIJIFOYAs KAaCKaJIHBIC PEIICHIS),
a TaK)Ke MCIOJIb30BaHHUE LIUKJIOB OpraHndeckoro Pen-
krHa (ORC) 111 MOBBINICHUS TEPMOIMHAMHYECKOTO
moTeHnuaina Bo3BparHoro temia [13—17]. KoncTpyk-
THUBHO-ITAHUPOBOUYHBIC PELICHUSI PU 3TOM JOJKHBI
IIpe/lycMaTpHUBaTh pa3MelleHne HaCOCHO-TETIO0OMEH-
HBIX TPYMI, TPAHCTIIOPTHBIE KOPHUIOPHI JIJIsI KPYITHO-
rabapuTHOTO 00OPYIOBaHMSI, KOPPO3UOHHOCTONKHE Ma-
TepHalbl ¥ BO3MOKHOCTH 00CITy)KHBaHMs 0€3 0CTaHOB-
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KU KPUTHYECKUX 30H — TpeOOBaHMs1, KOTOPbIe HE00X0-
JIMMO 3aKJIa/[bIBaTh Ha CTaMIX KOHLETIUH U TIPOEKTa,
MIOCKOJIBKY OHHM OIPEIEINSIOT U apXUTEKTYpy 31aHUMH,
Y KaJieHIapHble TUIaHbl cTpouTebeTBa [15—-17].

Bri6op mnomanku st crpoutenscrsa L{O/], pac-
cunTaHHbIX Ha IM-Harpy3ku, paccMarpuBaeTcs Kak MHO-
TOKpUTEepHaNbHAs 3a7ja4ya, B KOTOPOH KIFOYEBBIMH CTa-
HOBATCSI JOCTYNHOCTb U CPOKHM TEXHOJIOTHUYECKOIrO
TIPHCOEAMHEHMS K AIIEKTPOCETSIM, ME30KIIMMATHIECKHE Xa-
PaKTEPUCTUKH TEPPUTOPUH, BOAHBII CTpecc, TPaioCcTpou-
TEJIbHBIE ¥ IPUPOI0OXPAHHBIE PEKUMBI, a TAKXKE T€0TeX-
HHUYECKHe W ruaporeosniorndeckue (akropsl. [lokazano,
YTO Jla’ke BHYTPH CPABHUTENBHO KOMITAKTHBIX TEPPUTO-
pHil ME30KIMMAT MOXKET OKa3bIBaThb 3aMETHOE BIIUSHHE
Ha 3HEproIoTpedIeHNe Yepe3 MOTEHINAIBHO JOCTYITHbIE
PEeXKHMMBI CBOOOIHOTO M 31MabaTHYECKOro OXJIaXKICHUS,
YTO OTPaAXKAETCsS HA COBOKYMHON CTOMMOCTH BIaJI€HUS
[17]. B ropoackux arsoMepanusx K 3TOMY JT00aBIISFOTCS
PMCKH HEMPEPhIBHOCTH OM3HECA M OCOOCHHOCTH JIOKAIIb-
HOHM PeryjsiTOpHOHM Cpejibl, TpeOyIoIue OT JIeBeIonepa
PaHHETO COTIACOBAHMS MH)KCHEPHBIX MHTEP(EICOB 1 JI0-
THCTUKH cTpouTenbeTBa [14]. ['eompocTpaHcTBeHHBIE
mojenu npurogHoctd (GIS/MCDA) monreepxaator
BO3MOKHOCTh ()OPMAJIN30BAHHON OLEHKH «OKHA BO3-
MOYKHOCTEI» IUIOMIAKH — OT OIM30CTH MCTOUYHUKOB
U MOACTaHLUM 10 TPAHCIOPTHOM TOCTYIHOCTH M CaHU-
TapHO-3AIIUTHBIX 30H — M CITy’KaT OCHOBOMH JUTsl 000CHO-
BaHUS OPraHU3AIOHHO-TEXHOJIOTMYECKIX PELICHHH yxkKe
Ha TIPE/IFIHBECTUIIMOHHOM (aze [18-23].

OTaenbpHBINA TUIACT UCCIIEN0BAHNI TOCBAIIEH B3a-
umogerctBuo L[OJ] ¢ sHEeprocucTemMoil B yCcloBHIX
BBICOKMX M JUHAMHUUYHBIX Harpy3oK, CBOMCTBEHHBIX
NH-xnacrepy. IIpeacraBiensl MOAEAN pacupeaee-
HUS MOIIHOCTH U 3MYJSATOPHI, YUUTHIBAIOIINE PaboOTy
MoIIHOMH cuitoBoit anexTponuku (UBII, BempsimuTeny,
mpeoOpa3oBaTeNn) U MepeXoqHbIe MPOIECChl, YTO TO-
3BOJISIET TNIAHUPOBATh KOH(PUTYPALUU Pe3epBUPOBaA-
Hus (N+1/2N), oOecrieynBaTh CEICKTHBHOCTH 3AIIHUTHI
M Ka4eCTBO 3JIEKTPOIHEPTHH Ha MNHAX KPUTHIECKON
Harpy3ku [19-20]. J{ns cTpouTeabHON MPAaKTUKH 3TO
03Ha4aeT HeOOXOAMMOCTh KOPPEKTHOTO 3aJaHusl Tpacc
U CEUCHMH IIMHOMPOBOAOB, MMAPAMETPOB 3a3EMIICHUS
1 OTIEPaTUBHOMN Ha/Ie)KHOCTH pacTIpeeTUTEeIHHOTO YCT-
poiictea (PY), a Taxoke BKIIFOYEHHS B IPOIPAMMBI [Ty CKO-
HaJIaJIoYHBIX padoT CeHAPHEB, IMUTHPYIONINX peailb-
Hble podunu MH-Harpy30k 1 comyTCTBYOLIHE rapMo-
HUYECKHE UCKAKEHMUS.

VHTEHCHBHO pa3BHBAETCS HANPABICHUE AITOPUT-
MHYECKOTO YIPABICHHUS OXJIAXKICHHEM U COITyTCTBYIO-
mieit merposoruei 3pdexkruBrocTH. CHCTEeMaTH3AIMH
CTpaTeTHil ONTUMHU3AIMOHHOTO YIIPABICHHUS, MTPEIIO-
JKEHHBIE B IPOQIIBLHOMN JINTEPAType, OIMPAIOTCS Ha pac-
IIMPEHHBIE HA0OPBI METPHK, BKIJIIOYAIONINE HE TOJIBKO
TPaIUIIMOHHEIE TTOKA3aTeNN dHepreTndeckoil dddex-
TUBHOCTH, HO ¥ MHJUKATOPHI MTOBTOPHOI'O MCIOIB30-
BaHMS YHEPTUH U BOTHOH 3(h()EeKTHBHOCTH; TOTIECPKH-
BAeTCsl BAXKHOCTh HACTPOWKM CHCTEM aBTOMAaTH3aIlMN
1 TATYUKOBBIX TTOJICHCTEM O] KIIMMaTHYECKUE U TEXHO-

JIOTMYECKUE CLIEHApUU KOHKPETHOM miomanxu [21, 22].
DTO MOATBEPKIAET TE3UC O HEOOXOANMOCTH «HHIKE-
HEPHOW yHpaBJIsIeMOCTH» MPOCKTUPYEMBIX CHUCTEM
C MOMEHTA 3aKJIaJK/d UX B CTPOUTEIbHYIO JOKYMEH-
TanWIo, BKIOYas TpeOOBaHUSA K PE3EPBHPOBAHUIO,
0aiiITacupOBaHUIO U CEKIIMOHMUPOBAHUIO KOJUIEKTOPOB
JUIsl TIOJLICPIKaHUSI PEMOHTOIIPUTOAHOCTH Oe3 aerpaja-
UM BBIYHUCIIUTEIBHON TOTOBHOCTH O0OBEKTA.

Haxower, Ha ypoBHE y3J10B U KOMIIOHOBKH JI€MOH-
CTpUpYETCs TTOTEHINAN MHKCHEPHBIX MHHOBAINH, Ha-
MIPaBJICHHBIX HA CHIDKEHUE CYyMMapHOTO TEPMHUYECKOTO
COIPOTHBIICHUS] MEX/y HCTOUHMKAMH TEIIa U KOHTY-
POM €ero OTBO/Ia: OT KOHCTPYKIHI C TETJIOOTBOSIIIUMH
«CTIMHKaMI» 10 ONTHUMHU3AINH THAPABINYECKIX PEKH-
MOB U KOHTAaKTHBIX ITOBEpPXHOCTEH B OJI0Kax pacrpe-
JleTieHus oxJaaxkaarouien xuakoctu [8]. B coueranuu
¢ mpakTHKod BHeapeHus direct-to-chip u nmMmepcu-
OHHBIX PELICHUH 3TO MOJABOAUT K BAXKHOMY OpTaHH-
3aIMOHHO-TEXHOJIOTHYECKOMY BBIBOIY: apXHTEKTypa
Al-ready LIO/l TpeOyeT HE TOIBKO BHIOOpA MPUHIIH-
MUAJILHON CXEMBI OXJIXKIACHUS U AIIEKTPOCHAOKEHMS,
HO ¥ TIPOCKTHPOBAHMS MapUIPyTOB MOHTa)Ka, CEKIHi
JUIs OOCITYKHMBAHUS, & TAKXKE MHUPOKOrO MPUMEHEHHUS
MOAYJIBHOCTH U U3AEINH 3aBOJICKON TOTOBHOCTH B CO-
crabe MEP-nmoncucrem (Mechanical, Electrical, and
Plumbing) amnst cHU)KEHHMST PUCKOB ITyCKOHAJIAIKU U CO-
KpaIlleHUs] BpEMEHH JI0 BBOJIA PACUETHBIX BBIYMCIH-
TeIBHBIX MOITHOCTEH [3, 4, 6, 7].

CyMMapHO ITpoaHaIM3UPOBAHHOE TI0JIE UCTOUHH-
KOB IT03BOJISICT 3aKJIIOYUTh, YTO «TOTOBHOCTH K VMM»
SIBJISIETCSI MHTETPAJIbHOM XapaKTEePUCTUKOHN CTPOUTEIh-
Horo npoekta [{O/], Bo3HUKatOMIEH U3 COTIIaCOBAHHO-
CTH PEIICHUH IO TEIUIOTEXHUKE, SIEKTPOCHAOKEHHIO,
BOJIOTIOJIb30BAHUIO M TETIJIOBOW MHTETPAIMK C TOPO-
ckoil mHGpacTpykTypoil. Hayunsle pesynbrarsl mo-
CJEeIHUX JIET IPEJOCTABIAIOT METOAUYECKYIO OCHOBY
IS TIepeBO/ia TeXHOJIOTHIeckux Tpedosanuii UM B
WH)XEHEPHO-CTPOUTEIbHbBIE PEITTAMEHTHI U KaJleHAap-
HBIC TUIAHBL: Yepe3 PaHHWH MHOTOKPHTEPHAIIbHBIH BbI-
0op IuIOIIaIKK, HOPMHUPOBAHHE IENIEBBIX MTOKa3aTeIeH
3hPeKTUBHOCTH, (POPMHUPOBAHUE MTPOrPAMM HCIIBITA-
HUH ¥ 9KCIUTyaTallMOHHBIX PEXXHMOB, a TAaKXKe 3aKpe-
TUIEHHE MOIYITBFHOCTH U TipedadpuKaniy Kak 6a30BBIX
OpPraHN3alMOHHO-TEXHOJIOTMUECKUX PUHIIUIIOB pea-
nu3anuu npoekra [1-23].

MATEPHUAJIBI U METOJbI

Hayunas paGoTa HOCHUT KOMIIJIEKCHBIA MOJIXOJ
U OIMPAETCs HA JaHHbIE B (JOpMaTe KOHBEPTEHTHOTO
AHAIMNTUYECKOTO 0030pa ¢ HOPMAaTHUBHON BepHpUKa-
1uel U MPOEKTHO-TEXHOJIOTUYECKON TEKOMMO3UIUEH.
B nccnenoBanuM paccMaTpUBaINCh Hay4dHbIE PaOOTHI,
conep Kalire MHXCHEpHbIE MapaMeTphsl U METOIUKH
pacdera, a TaKKe JOKYMEHTBI CTAaH/IAPTOB U PYKOBO-
CTBA, PEJIEBAHTHbIE CTPOUTEIBHBIM peneHusM. Hckiro-
YaJHuCch paboThl cyry0o HH(POPMAMOHHO-TEXHOJIOTHYE-
ckoro npoduiist 6e3 HHPPACTPYKTYPHOI KOMITIOHEHTBI,
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HEIpOBepsieMbIe 0030pbl M TyOIHPYIONIHE MyOInKa-
M.

W3 Ka)10r0 UCTOYHNKA U3BJICKAINCH XapaKTepH-
CTHKH KOHTEKCTa!

* KJIMMaT;

* TEXHOJIOTHS;

* KOJIMYECTBEHHbIE [T0Ka3aTeNH (TEILUIOBbIe/THIPAB-
TMYeCKUe/AEKTPUICCKIE TapaMeTPHI).

Jlanee mpoBOAMIOCH TEMAaTHYECKOE KOAMPOBAHHE
10 MATH KPUTEPHUSAM:

1. OxJta)IeHNe U TEIIOCHEM.

2. DNeKTpoCcHA0XKEHUE M Ka4eCTBO JIEKTPOIHEP-
T'HH.

3. Bonononab30BaHUE U HKOJIOTHYECKHE OTpaHUYe-
HUSL.

4. BbIOOp TUIOIIA/IKH, KOMIIOHOBKA M JIOTUCTHKA.

5. Perynsropuka u meTpuku 3¢phekTHBHOCTH.

CuHTE3 0CYIIECTBIISIICS Yepe3 JIOTUKO-CTPYKTYP-
Hoe conocraBienue «rpedbosanne UM — crpourenn-
HOE pelleHne — MPOBEPSEMBIH ITapaMeTpy, ¢ MOCTpoe-
HHEM CXEMBI «pHcK — meponpusitue — KPI — meron
IMPUEMKN) U MaTpHrlbl COOTBECTCTBUA CTaHAapTaM.

Bepuduxamnms 3aximodanack B IepeKpecTHON po-
BEPKE BBIBOJIOB 110 HE3aBUCHMBIM UCTOYHHUKAM H B CO-
[JIACOBAHHUU IIPOEKTHBIX ITAPAaMETPOB ¢ HOPMHUPYEMBIMHU
JIOITyCKaMH | MIPOIIEypaMy HCITBITAaHN I, OTTMCAHHBIMA
B cranaaprax. OrpaHn4eHus MoAXo/a CBSI3aHbl C Orpa-
HUYCHHOHN JOCTYITHOCTHIO MOTHO(OPMATHBIX IKCILIY-
ATallMOHHBIX JaHHBIX M0 UMMEPCHOHHBIM CHCTEMaM,
HEOTHOPOJHOCTHIO ONMCAaHHI PeIICHNIT U BapUaTHBHO-
CThIO HALIMOHAJIBHOW HOPMATHBHOI 0a3bl. TeM He Mme-
Hee BBHIOpaHHAs METOAMKA 00ecTeunBaeT BOCIPOU3-
BOJMIMYIO TPacCHPYEMOCTb OT JIUTEPATYPHBIX JIAHHBIX
K (l)OpMaIII/ISOBaHHI)IM CTPOUTCIIbHBIM PCIICHUAM U KOH-
TPOJIBHBIM MPOLIETypPaM.

PE3VYJIBTATHBI HCCJIEJOBAHUA

IIpoBeneHHBIN aHANN3 MOATBEPHKJIAET, UTO «IO-
TOBHOCTH K Iy sIBIIsSIETCS HE TIPOM3BOIHOM OT BEIOOpA
CEpBEPOB M YCKOPHTENeH, a HHTETPaJbHBIM CBOMCTBOM
crpoutensHoro npoekra [{O/l. Ha npakruke npodunb
TpeboBaHuil hopmMupyercs 3a10ro 10 nocrasku UT-
000pyIOBaHUS — Yepe3 PEIICHUS O CXEME TETUIOChE-
Ma ¥ 3JEKTPOCHAOXKEHHS, BOJHOW MH(PACTPYKTypeE,
KOMITOHOBKE, PE€3E€PBUPOBAHUHU U CLEHAPHUAX ITyCKO-
HaJIaJ09HBIX paboT. ConocTaBlIeHNE BEISIBICHHBIX B M-
TepaType TeHIEHIUN ¢ peaau3yeMbIMH IPOEKTaMH I10-
Ka3bIBAET pa3pblB MEXy TEKYILEH TPAKTUKON U Liese-
BOI MOJIENBbI0: MHOTHE OOBEKTHI BCE €IIe TPOCKTHPY-
I0TCSI B IApaJUIMe «BO3AYX 110 YMOTUAHHIO» C MO3THUM
J00aBICHUEM >KUIKOCTHBIX KOHTYPOB M JIOKaJIbHBIX
YCWIICHHUH TIO SIEKTPONUTAHUIO, TOT/Ia Kak Tpedyemas
st MU apxuTexTypa 10/ KHA IpeAnoaraTb xKHUIKoCT-
HOE OXJIAKJICHHNE KaK 0a30BYIO IPENMOCHUIKY U YIHTHI-
BaTh IWHAMUKY MOIITHOW CHIIOBOH DJICKTPOHUKH YKe
Ha KOHILIENITYaJIbHOW CTauu.

B yactu TpeGoBaHuii HaMOOIbIIIEEe PACXOKIACHHE
HaOMromaeTcst B 00IaCTH TEIUIOChEeMa U AIIEKTpoodecte-
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yeHus. PactipocTpaneHHast MpakTUKa — KOPPEKTHPOB-
Ka CXeM OXJIKICHUS Ha CTaJUH padovel TOKyMEHTa-
i (P/T) momw maske B Tmporiecce CTpONTENbCTBAa — Orpa-
HUYHMBAET KOMIIOHOBKY, TIOBBIIIAET HArPy3Ky Ha KOH-
CTPYKTHB M OCJIOXKHsIET cepBuc. LleneBast koHpUrypa-
U, HAMPOTUB, TpeOyeT PaHHETO PEUICHHUS B IOIH3Y
direct-to-chip /i UMMEPCHOHHBIX CXEM C PE3epBH-
pPOBaHUEM IO CEKIUSAM, C MPEIyCMOTPEHHBIMH KOJ-
JIEKTOPHBIMH TPYIIIIaMu, OaifltacHpoBaHUEM, MECTAMHU
nog, CDU (Coolant Distribution Unit) u TerioBsMu
HAacOCaMH, a TaKKe ¢ BOSMOKHOCTBIO O€30CTaHOBOYHO-
ro OOCITy)XHBaHUA. DIEKTPOCHAOKEHNE TOJIDKHO TIPO-
CKTHUPOBATLCS HE TOJBKO C pe3epBrpoBanueM N+1/2N,
HO U C NOATBEPXKAECHHON yCTOMUMBOCTBIO K MEPEXO-
HBIM TIPOIIECCaM U TapMOHHYECKUM HCKa)KEHHUSIM, Xa-
pakTepHbIM a1 NM-knactepoB; 3To TpebyeT pacueToB
U MTOJICBBIX MCIBITAHUN, UMHTHUPYIOIIUX PEaTbHBIC TIPO-
(unmm Harpy3ok. BogHO-XHMHUYECKHE mapaMeTphl Te-
TUTOHOCHUTESI M BOTHBIN OalaHC — CaMOCTOSTENIbHBIC
OTPaHWYMTENN: IPOEKT 0053aH coziepKaTh 00BEMHO-
OaraHCOBBIC PacYeThl, TPEOOBAHUS K Ka4eCTBY BOIBI,
CE30HHBIC PEKHUMBI U CI[EHAPHH MOIMUTKHU, a TAKKe
MPEAyCMaTPUBATh YTHIM3AINI0 HU3KOMOTCHIIATBHOTO
TEeIUTa KaK YacTh IPOEKTHOTO 3a/laHMsl, a He (haKyiIbTa-
TUBHYIO om0, OpraHu3anioHHO-TEXHOJIOTUYECKU 03-
HavyaeT MPUOPUTHU3ALMIO MOAYIHHOCTH U U3JEIHM 3a-
BOJICKO# ToToBHOCTH (prefab) B MEP-mmoncucremax, xa-
CKaIHBIH BBOJI MOIITHOCTEH U II(PPOBHIC YIpaBIIeMbIe
nyckoHasnanounsie paborer (ITHP) ¢ tepmuueckumnu
1 EKTPUICCKIMHU CTPECC-TIPOTOHAMHU.

[Tpodunb pUCKOB MOATBEPKIAET HEOOXOJUMOCTh
nepexozia OT Pa3pO3HEHHOTIO YIPABJIEHHs K UHTETPUPO-
BaHHOH KapTe pUCKOB. TpaAWIIMOHHO YHEPTETHUCCKUE
PHUCKH 3aKpPBIBAIOTCS PE3EPBUPOBAHUEM U «3alacaMm
MO0 MOIIHOCTH, TEIIOTEXHHUYECKUE — 3aBbIIICHUEM
MIPOU3BOIUTEIFHOCTH OXJAJAUTENeH, BOJHBIE — JIO-
KaJbHBIMU pe3epByapaMu, a perynsaTOpHbIE — KOPPEK-
TUPOBKAMHU Ha CTaJUU dKCHepTu3bl. Takoil momxon
HE 00ECIeYnBaeT BOCIPOU3BOANMOCTH PE3YIbTaTOB
B NU-knactepax. [{eneBast nmpakTuka J10J17KHa CBSI3bIBATH
Ka)KIBIH PUCK C KOHKPETHBIM MPOCKTHBIM MEPOTIPHSTH-
€M, H3MEPUMBIM TTOKa3aTeIeM U METOIUKON MPHEMOYHO-
TO UCTIBITAHUA: TS ANIEKTPOCHAOKEHUS — MOATBEPIK-
JIEHUE CEJIEKTUBHOCTH U KaueCTBa DJIEKTPOIHEPTUU
npu «M-ipopuisaxy; s TeMIOTEXHUKH — CEKITH-
OHHMPOBAaHHUE U THAPABINYECCKOE Pa3BsI3bIBAHNE KOHTY-
POB C BO3MO)KHOCTBIO M30JIMPOBAHHOIO 00CITYKHBaHUS,
BHOPO- U ITyMO3aIIXTa HACOCHBIX CTaHINH, KOHTPOIb
KOPPO3MHU U YHUCTOTHI TEINIOOOMEHHBIX TIOBEPXHOCTEH;
JUTSL BOJIOTIONB30BaHUS — clieHapHbBIH Oamanc ¢ KPI
WUE, TexHog0orn4eckue CXeMbl ITOJTOTOBKH M JO3H-
poBanust; st wiontaaku — GIS/MCDA-oreHka mMe30-
KJIUMAaTa, TUAPOTEOJIOTHH U MPUPOIHBIX OMACHOCTEH
C TIEPEHOCOM OTPaHUYCHHH B IUTAHUPOBOYHBIC PEIICHHS
U KaJleHJapHble Tpaduku. Pe3ynsTaTHBHOCTH TaKOro
MO/IX0/1a BO3PACTAeT MPHU HCIOIb30BAaHUH IIU(PPOBOTO
JIBOMHUKA CTPOUTEIHCTBA, 00ECIICUNBAIOIIETO TPACCH-
PYEMOCTb OT UCXOAHBIX OorpaHnyeHuit 10 akroB [THP.
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N ITSLETSO: T 15. Boinyck 4 (58)

P.O. CamcoHos, B.C. JlomkuH

PerynsiTopHas cocTaBismonasi 0CTaeTCs KpUTHYE-
CKM Ba)XHOM U B 3HAQUUTEIbHON CTENEHH OMPEEIIsIeT
HCITOJIHUMOCTD TIPOEKTHHIX pemeHnii. HaOmronaercs
TenaeHuus GpopmanpHoro ynomunanus EN 50600,
pexomengannii ASHRAE TC 9.9 u merpuk ISO/IEC
30134 (PUE, WUE, ERE/ERF) 6e3 ux mpsimoii TpaHc-
JISIIIAY B TIAPAMETPBI IIPOEKTA, JOIYCKH, CIICIH(pUKAIIH
MaTepuasoB U IPOLEAypbl UCIBITaHUN. Jloka3aTenbHas
MpaKTHKa TpeOyeT HHOTO: MaTPHIIBI COOTBETCTBHUS, B KO-
TOPOH KakJ0e TpeboBaHME CTaHAAPTa CBSI3aHO C KOH-
KpETHBIM apameTpoM paszena «IIpoext», KoHTponupy-
€MBIM JIOITyCKOM, METOTMKOH MPOBEPKH U IOKyMEHTOM
npueMku. Buytpu 3toii matpursl KPI nepecraror Ob1Th
«IKCIUTyaTallMOHHBIMU OTYETHBIMU LU(BPAMU» U CTa-
HOBSITCSI IPOEKTHBIMU OIOIPKETAMH, PacIipeieIeHHBIMI
[0 CHCTEMaM: JIoIycKaemasi THApABINYEcKas moTeps
Ha Y4acTOK, TEIUIOBOW OIO/KET Ha y3el, KJIAcChl J10-
CTYITHOCTH ¥ PEXHMBI PE3E€PBUPOBAHNS Ha IEKTPH-
YeCKHX IIMHAX. DKOJIOTHMUYECKHUE KPUTEPUU — IIyM,
cOpOCHI, TEIUIOBOH ciell — MEPEeHOCATCS B pas3psl
MIPOEKTHBIX OTPAaHWICHUH, BIUSIONINX HA KOMIIOHOBKY,
MaTepHaibl ¥ CPOKH.

[IporHo3 Ha GysKaiIMe M Th JIeT yKa3blBaeT Ha KOH-
COJMIANUIO KUIKOCTHBIX M UMMEPCHOHHBIX TEXHOJIO-
TUi Kak OTpacji€eBOT0 CTaHAapTa AJid BbICOKOIIJIOTHBIX
NU-narpy3ok u Ha (pOPMHUPOBAHHE COBMECTHMBIX HH-
TepdeiicoB y310B (KOJUIEKTOPHI, (PUTHHTH, MaTEPHAITHI),
YTO YNPOCTUT IPOEKTUPOBAHUE U MOHTaX. BoxHble
U TEIUIOBBIE TTOKa3aTeny 3(p(HEeKTUBHOCTH OYyyT HHCTH-
TYHHOHAIM3UPOBAHEI B 33/JaHNSAX HA MPOEKTHPOBAHNE,
a yTUJIM3AI¥s Terja CTAHOBUTCS YCIOBHEM COTJIACcO-
BaHUI B TOPOJICKUX U KAMITyCHBIX IpoekTax. MacuiTa-
OBI IpedadpuKaIi BO3PACTYT, YTO COKPATUT time-to-
compute u cau3ut pucku [THP; nudpossie nBoitHukm
CTPOUTENBCTBA CTAHYT HOPMOM AJIs yHpaBICHUS CO-
OTBETCTBHEM M puckaMu. OXKHIAETCS yKECTOUCHHE
IKOJIOTUYECKUX TPeOOBaHUI M CMelleHue reorpapuu
MIPOEKTOB B IOJI3Y TEPPUTOPHIA C ONIArONPUSITHHIM ME30-
KIIMMATOM, JOCTYIMHOH MOITHOCTBIO MPHUCOCTUHECHNUS
U BOAHBIMHU pECypcaMy; MapajjeNbHO YCHIHTCS 3a-
MPOC CETEBBIX OPraHU3alMi Ha MPEIUKTUBHBIE MOAEIH
crpoca ¥ moseBkle ucnbitanus ¢ « M -mpodumsvm» Ha-
Tpy3KHU. B COBOKYTTHOCTH 3TO 3aKpEMHT 32 CTPOUTEIHHON
OTPACIIBIO POJIb KOOPAUHATOPA, IPEBPAILAIOIIETO HHIKE-
HEpHBIC U PETYISTOPHBIE TPEOOBAHUS B pEATH3yeMble
KOMITOHOBOYHBIC U TEXHOJIOTMYCCKHUE PEHICHUS.

CyMMupys, pe3ynbTaTbl UCCIEA0BAHUS IEMOHCT-
PUPYIOT, UTO JOCTHKEHHUE 1ieJIeBbIX nokazarenei M-
11O/] — 1o rI0THOCTH, HEPro- U BOJHOU AP eKTHBHO-
CTH, PEMOHTOIPUTOAHOCTH U CPOKaM BBOAA — OIIpe-
JIeJIIeTCs] Ka4eCTBOM OPTaHW3alMOHHO-TEXHOIOTHYe-
CKOM Mopenu cTpouTeabcTBa. D HEeKTUBHAS MOICIIb
BKJIFOYACT PaHHHUI BBIOOP M «3aIMPaHHE» CXEM OXJIaXK-
JICHUSI U YTAIN3AIUH TETUIa C OTPAKCHHEM B KOHCTPYK-
THBE, (OpPMaJIM30BAHHYIO KapTy PUCKOB M MaTpUILy
HOPMaTUBHOTO cOoOTBeTCTBUS, Oto/pkeThl KPI Ha arame
MIPOEKTHPOBAHMS, ITaH MpedadpruKaIii 1 KackaJHOTO
BBOJIa MOIITHOCTEH, a Takxke nporpammy [THP, Bocmipo-
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U3BOJALIYIO peanbHble pexuMbl MN-Harpy3ok. Takoe
MOCTpPOEHHE 00ECIeUnBaeT NPUINHHO-CIIEICTBEHHYIO
CBSI3b MEXKIY PEIIEHUSIMH Ha IUIOIIAAKE U SKCILTyaTaly-
oHHOM roToBHOCTBIO LIOJI, CHMXKAeT COBOKYIHBIN PUCK
U YCKOpSIeT JOCTUKEHUE IIPOEKTHOM BBIYUCIUTEIbHOU
MoITHOCTH. B pamkax mccienoBanmst Obia chopMupo-
BaHA MaTpUIIa, IpeJICTaBIeHHAs B TaOIuIIe.

3AKJITIOYEHHUE U OBCYXIAEHHUE

[IpoBeneHHOE HCCIEIOBaHUE TOATBEPIMIO UCXO/I-
HBIH TE3UC O TOM, YTO «rOTOBHOCTb K U siBisieTcs Mu-
TerpaJibHBIM CBOMCTBOM cTpouTenbHoro npoekra O/
1 GOpMHpYETCSl Ha CTaJAMKU OPraHU3aIMOHHO-TEXHO-
JOTHYeCKHX pemeHnid. ConmocTaBIeHne COBPEMEHHBIX
pa3paboTOK 1O TEIUIOTEXHUKE, AJIEKTPOCHAOKEHUIO,
BOJIOTIOIB30BAHUIO 1 TETJIOBOM MHTETPAIUH C TPAKTH-
KOM IMPOEKTUPOBAHUS U CTPOUTENILCTBA MTOKA3BIBACT:
ycToiunBoe n 3pPEeKTHBHOE pa3MENIeHHE BBICOKO-
ninoTHBIX M-knacTepoB ompenensieTcss He BEHIOOPOM
BBIYUCIIUTENBHBIX CTOEK, @ COIVIACOBAHHOCTBIO pelLle-
HUIA TI0 BEIOOPY TUTOIIAIIKH, aPXUTCKTYPHO-TUIAHUPOBOY-
HOW KOMITOHOBKE, KOHPUTYPAIIUU CUCTEM OXJIAXKIACHUS
1 3JIEKTPOIIUTAHUS], OPraHU3aLMK [TyCKOHAIaJOYHbIX pa-
0OT U YIIPABIICHUIO )KU3HCHHBIM IIUKIIOM.

C ToukM 3peHus] TpeOOBaHMI IesieBasi apXUTEK-
Typa Al-ready mpenmnonaraer IpUHATHE KUIKOCTHOTO
OXJIQXK/ICHUS KaK PEILIeHUs «I10 YMOJIUaHHUIO» C 3apaHee
MPEeAYyCMOTPEHHOM IBOJIOLIMEN K UMMEPCHOHHBIM TEX-
HOJIOTUSIM, TIOATBEPKIEHHYIO YCTOMYMBOCTb IEKTPO-
CHAOXKCHHUS K MEPEXOIHBIM MPOIeCCaM M TapMOHUYEC-
CKUM HCKaKEHHUSAM, a TaKXKe MOJHOICHHYIO TOCTAaHOBKY
BOIHBIX U TeroBbIX KPI HapaBHe ¢ sHEpreTHYeCKUMU.
Konuenuus crpouTenbcTBa J0MKHA BKIIOYATH YTH-
JU3AIUI0 HU3KOTIOTEHIIHAIBHOTO TeTjia M MHTepdeii-
Cbl C BHEIIHUMU TENJIOBBIMU CETSMH, MOAYIBHOCTD
n npedadpukannio MEP-nogcucrem, kackagHblii BBOX
MOIIHOCTEH W MPOTrpaMMHPyEMbIe CTPECC-UCTIBITAHMS,
BocrpomsBomsmue npoduins MH-rarpy3ok. B Takoii mo-
CTaHOBKE CTPOHTEIILHBIC PEIICHHS IPHOOPETAIOT CTaTyC
MIEPBUYHBIX JIETEPMUHAHT HKCIUTYaTallMOHHBIX TIOKa3a-
teneit — or PUE/WUE/ERE 10 peMOHTONIPHUTOAHOCTH.

AHanu3 pUCKOB MOKa3aJl OrPAaHUYEHHOCTh Pa3po3-
HEHHBIX MTOJIXOIOB U HEOOXOMMOCTb TIepexo/ia K eIMHOM
YIPaBIEHYECKOH CXEME, TI€ KaXKIOMy PUCKY COIOCTaB-
JIEHBI TPOEKTHOE MEPOTIPUSITHE, U3MEPUMBI TOKa3aTelh
U TIpoIieIypa MpUeMoYHoro KOoHTpods. Ilpaktudeckum
MHCTPYMEHTOM BBICTYIIAET «KapTa PUCKOB» U CBSI3aHHAS
C Hell MaTpUIla HOPMAaTUBHOTO COOTBETCTBHS, 00CCIICUH-
BAIOIINE TPACCHPYEMOCTh OT MCXOIHBIX OTPaHUYCHHUN
TUTOIIA/IKA U CETeBOU MHPpacTpyKTyphI 1o akTtoB [THP.
Brmtouenne GIS/MCDA-onieHKH Me30KIMMara, THIPO-
T€OJIOTUN U PETYISITOPHBIX PEKUMOB Ha TPEABIHBECTH-
LUOHHON CTaJUU MO3BOJSET TPAHCIUPOBATH BHEIIHHE
OTrpaHUYEHUsI B TUIAHUPOBOYHBIE PELICHHS U KaJleHAap-
HbIe TpadUKH, CHIKAsI BEPOSITHOCTh MO3THUX M3MEHE-
HUH 1 TEXHOJIOTMYECKUX KOJUTU3HM.

PerynstopHslii KOHTYp TpeOyeT onepaluoHaiu-
3aIuu: MexayHapoaHbie pykoBojactsa (EN 50600, pe-
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rkomennaiu ASHRAE TC 9.9, cepust ISO/IEC 30134)
JIOJDKHBI TIEPEBOAUTHCS M3 JEKJIAPATHBHBIX CCHUIOK
B IIPOEKTHBIE TTAPAMETPHI C SIBHBIMU JIOMYCKaMH, METO-
JIMKaM¥ UCTIBITAHUN U KPUTEPHUSIMU MPUEMKH. DKOJIO-
rHYECKUE TPEOOBAHUS — IIIyM, COPOCHI, BOIHBIN CIIC],
MTOBTOPHOE MCIOJIb30BAHKME IHEPTUU — IIeJIecO00pas-
HO 3aKpeIlIATh Ha YPOBHE UCXOJIHO-Pa3peIINTEIbHON
JIOKYMEHTAIMH, 4TOObI X BIUSHHUE HAa KOMIIOHOBKY,
MaTepHasbl U CPOKH OBLIO YUTCHO 10 3aKITFOYCHHUS KOH-
TPAKTOB MOCTABKHU JUIMHHOIMKIOBOTO 00OPYIOBaHHUS.
Takass HHCTUTYIMOHAIHU3AUS JeTIaeT MPOBEPSIEMBIMHU
kak uenesbie KPI, Tak 1 npeaesnbHble YCIOBUS KCILTY-
arauuu Juis BbIcOKoruioTHbIX MU -knacTepos.
OxumaeMble OTpaciaeBbie TEHACHIIMA HA TOPU30H-
Te OJIMKAMIINX MTH JIET YKa3bIBAIOT Ha KOHCOIUIAIIHIO
YKUJIKOCTHBIX 1 IMMEPCHOHHBIX TEXHOJIOTUH, POCT JIOJIH
W3/eIUi 3aBOJICKOM TOTOBHOCTH, IOBCEMECTHOE BHE-
JIpeHHE U(PPOBBIX IBOHHUKOB CTPOUTEIIHCTBA M IKC-
MJTyaTaluy, THCTUTYTUOHAIU3AINIO BOIHBIX U TETIO-
BBIX ITOKa3aTesel 3 (PeKTUBHOCTH U PACIIUPEHHE ITPAK-
THUK I10JIE€3HOI0 UCNO0JIb30BaHus Teruia. [lapannenbHo
ycunutcsa unrerpanusa L{OJl ¢ sHeprocucreMoii mo-
CpPEeACTBOM MPEIUKTUBHOIO MIAHUPOBAHUS HATPY30K
U TIOJICBBIX MCIBITAHU, a Teorpadus MPOCKTOB CMe-
CTUTCS B I0JIb3Y ILIOMIAZO0K C OJaronpUsTHBIM ME30-
KJIIMATOM, JOCTYITHOW MOIIHOCTHIO MPUCOETUHEHUS
Y YCTOWUYMBBIMU BOJHBIMH PECypCaMH. DTH CIBHUTH

Tocmynuna 6 pedaxyuro 27 aszycma 2025 .
Ipunsama é oopabomarnnom eude 15 cenmaodps 2025 .
Ooobpena ona nyoruxayuu 24 cenmsaops 2025 e.

3aKPEIAT 32 CTPOUTEIILHONU OTPACIIBIO POJIb KOOPAHHA-
TOpa, 00eCTIIEYNBAIOIIETO COITTACOBAaHIE MHKCHEPHBIX,
HKOJIOTMYECKUX U PETYIISITOPHBIX TPeOOBaHUI B peasu-
3yEMbl€ KOMIIOHOBOUHBIE U TEXHOJIOITMUECKUE PELLICHUS.

OrpaHu4eHUs UCCIEIOBAaHUS CBSI3aHBI C Orpa-
HUYEHHBIM 00BEMOM OTKPBITHIX IKCIUIyaTallMOHHBIX
J@HHBIX 10 JJIUTEIbHONW paboTe MMMEPCHOHHBIX CH-
CTEM, HEOJTHOPOJHOCThIO HOPMAaTHBHOM 0a3bl B pa3HbIX
FOPUCIUKIUAX ¥ OBICTPBIM TEXHOJIOTHYECKUM LIUKIIOM
anmnaparHbIX yckopurenei. /lanpHeiime uccuenoBaHus
BUJISITCS B CTAHJIAPTU3ALMH Y3JI0B U HHTEPPENCOB KK/
KOCTHBIX U MMMEPCHOHHBIX CUCTEM Ha CTPOUTEIbHOM
ypOBHE, B pa3paboTke YHHU(PHUIUPOBAHHBIX MPOTPAMM
cTpecc-ucnbiTanuii ¢ TunoBeiMu «MHU-npodunsimuy,
B KO-ONTHMH3AIIMU SHEPro- U BOAHOU 3P PEKTUBHOCTH
C y4eTOM ME30KJIMMaTa U B HAKOIUIEHUU SMIIMPUKU
10 SKOHOMUKE YTUIM3aLUU TeIlIa B Pa3JIMUHbIX IOPOL-
CKHX M KaMIIyCHBIX CLICHApUSIX.

B coBOKynHOCTH NOJTy4eHHbIE PE3yJIbTaThl POPMH-
PYIOT LEJIOCTHYIO OpraHU3alMOHHO-TEXHOJIOTHYECKYIO
pamKy npoekTupoBanus U crpoutenbera Al-ready LIO/I.
Ee npumeHeHue 1o3BoisieT yMEHBIIUTh COBOKYIIHBIM
PHCK, 00€CIIeUrTh BOCIPOU3BOMMOCTh TPEOYEMBIX DKC-
IUTyaTallMOHHBIX [IOKA3aTelled U YCKOPUTDH JOCTHKEHUE
IIPOEKTHOM BBIYMCIIUTENIBHON MOLIHOCTH, @ 3HAYUT —
npeBpatuth MM-TpeboBaHus U3 UCTOUHUKA OTPAaHIMYECHHIN
B YIIPaBJIIEMbIE ITAPAMETPbl CTPOUTEIBHOIO PELLECHUS.

O ABTOPAX: Poman Oneroud CaMCOHOB — JOKTOpP TEXHHYECKUX HayK, IPOQeccop, HAyIHBIH PyKOBOIUTEIH

na60paT0pI/m Opra’Hu3aliuOHHO-TEXHOJIIOTUYECKUX CUCTEM UCIIOJIb30BaHUS UCKYCCTBEHHOI'O MHTCIIJICKTA B CTPOUTCIIb-

ctBe (OTC); HaunoHaabHbIi uccaeqoBaTe bcKuil MOCKOBCKHIT rocyIapcTBeHHBbIH CTPONTEIbHBI YHHBEPCUTET
(HIY MI'CY); 129337, . Mockga, SlpocnaBckoe mocce, 1. 26; SamsonovRO@mgsu.ru;
Bukrop CrannciaaBoBuy Jlorkun — acrnupant; HanmonaasHblii uceenoBaTeabckuii MocKkoBCKHii ro-

cylapcTBeHHBIH cTpouTeabHbIii yHUBepcuTeT (HUY MI'CY); 129337, . MockBa, Slpocnasckoe mocce, 1. 26;
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A@mOpbl 3ase1im 0o omcymcemeuu KOHd)]luKWla uHmepecos.

INTRODUCTION

The rapid spread of applied and generative arti-
ficial intelligence (AI) technologies has significantly
transformed the requirements for data centres. Unlike
traditional computing complexes, Al clusters are char-
acterized by high computing load density, increased
sensitivity to temperature and electrical conditions, and
strict requirements for fault tolerance and scalability.
These properties are determined not only by the choice
of IT equipment, but above all by the architecture and
quality of organizational and technological solutions in

construction (OTS) at the pre-investment and design and
construction stages of the facility’s life cycle (LC). Con-
sequently, the ability of a data centre to reliably and ef-
ficiently serve Al loads is a function of correctly adopted
and consistently implemented construction solutions.

A key feature of Al-ready data centres is the change
in limiting factors. While traditional design was dominat-
ed by the geometry of machine rooms and air-cooling ca-
pabilities, for Al clusters, the available electrical connec-
tion power, thermal load and required heat removal modes
become decisive. This predetermines the transition to
liquid cooling technologies (including direct-to-chip and
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rear-type heat exchange doors) and immersion systems,
as well as the development of low-potential heat uti-
lization through heat pumps and connections to heat supply
systems. The corresponding solutions have direct con-
struction implications: requirements for structural ele-
ments (load-bearing capacity of floors, foundations, input
nodes), layout (technological heights, piping and busbar
routing), vibration and noise protection for pump units,
corrosion resistance of materials, and installation tech-
nology for cooling and water treatment circuits.

The selection of a site and the standardization
of a project under Al loads are becoming multi-criteria in
nature, with the construction industry playing a decisive
role. Priority factors include: terms and conditions for
technological connection to electrical grids, availability
and quality of water resources, mesoclimatic parameters
(affecting free and adiabatic cooling modes), environ-
mental and urban planning restrictions, as well as geo-
technical and hydrogeological risks. The decisions made
at this stage determine the target efficiency indicators —
power usage effectiveness (PUE), water usage efficiency
(WUE), energy reuse (ERE/ERF) indicators — and criti-
cally affect the time-to-compute indicator, i.e. the time
required to achieve the design computing power. Practice
shows the effectiveness of modularity, the use of factory-
ready products and units, early ordering of long-cycle
equipment (transformers, switchgear, UPS, heat ex-
change and pump units) and cascaded power input.

The organizational and technological framework
for the construction of an Al-oriented data centre must
ensure the consistent translation of technological re-
quirements into engineering and construction regula-
tions and procedures.

Power supply and backup. Formation of N+1/2N
configurations for uninterruptible power supplies and
diesel generator sets, ensuring selectivity of protection
and power quality in the presence of powerful power
electronics, taking into account harmonics and transient
processes.

Cooling and heat removal systems. Design of lig-
uid circuits (including coolant distribution units, mani-
fold groups and bypass lines), standardization of heat
transfer fluid parameters (temperature, pressure, chemi-
cal composition), ensuring fault tolerance and maintain-
ability without stopping critical areas, preparation for
the use of immersion technologies.

Water treatment and environmental modes. Per-
forming volume balance calculations, organizing treat-
ment and feed systems, complying with discharge and
water footprint monitoring requirements, and including
relevant measures in the permitting documentation.

Architectural and planning solutions. Ensuring
load-bearing capacity for high point loads of rack rows
and immersion baths, forming technological spaces and
shafts for transporting large-sized equipment, separat-
ing “clean” and “dirty” installation areas.

Commissioning and start-up. Development of step-
by-step thermal and electrical testing programmes,
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stress testing, use of digital checklists and defect trace-
ability systems, use of information modelling to coordi-
nate engineering systems and installation logistics.

The regulatory and technical context is of signifi-
cant importance. International and national standards
(e.g., EN 50600 on the design and operation of data
centres; ASHRAE TC 9.9 recommendations on temper-
ature classes for liquid cooling; ISO/IEC 30134 series
on key performance indicators: PUE, WUE, ERE/ERF)
set out the framework requirements for the quality
of design and construction solutions. For Al loads, it is
essential that these requirements are correctly integrated
into the design: from energy consumption and water use
calculations to redundancy and security scenarios dur-
ing construction and operation. A number of jurisdic-
tions are introducing additional environmental criteria
(water footprint, noise levels, heat utilization require-
ments) that have a direct impact on the architecture
of the facility and the implementation schedule.

The dependence of Al loads on construction OTS
solutions is causal in nature and manifests itself at all
stages of the life cycle: from transport and resource pro-
vision for the site to the maintainability and upgrade-
ability of the engineering infrastructure for subsequent
generations of hardware accelerators. For the customer,
this translates into lower capital and operating costs,
risk management, and accelerated market entry for
computing power.

Contemporary scientific literature consistently de-
monstrates that the exponential growth in loads caused
by the use of accelerators for Al is leading to a rethink-
ing of the basic engineering paradigm of data centres
and shifting the focus from “classical” architectures to
solutions where heating, power supply and water use
are designed as interconnected elements of a single
organizational and technological construction circuit.
The most noticeable trend is a steady shift from air
cooling to liquid and immersion technologies: reviews
and applied research highlight the need for direct-to-
chip heat removal, the introduction of rear-type heat ex-
change doors and single/two-phase immersion as a re-
sponse to the growth in specific heat loads, as well as
a means of stabilizing operating modes at high Al rack
densities [1-6]. It has been shown that such schemes
not only expand the permissible operating ranges, but
also create the conditions for heat reuse, which is im-
portant for setting performance targets at the pre-design
stage and coordinating with urban and environmental
restrictions [7, 8].

At the same time, the importance of water foot-
print and water-energy trade-offs is increasing, which
directly affects the choice of site and the layout of cool-
ing systems. Studies emphasize that water consump-
tion varies widely depending on climatic conditions
and the technology chosen (adiabatic, “dry” and hybrid
solutions), which requires water efficiency metrics to
be taken into account alongside energy metrics [9—-11].
In hot, arid climates, optimal cooling modes inevitably
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involve compromises between reducing energy con-
sumption and increasing water use, and therefore design
solutions must include volume balance calculations,
water treatment and replenishment systems, as well
as scenarios for seasonal mode adjustments [10, 11].
The influence of the workload profile is also noted: Al
tasks, differing in the duration and intensity of accel-
erator use, form a different heat dissipation pattern and,
consequently, change the requirements for the water
circuit and its control algorithms [11, 12].

Significant attention is paid to the utilization of low-
potential heat from data centres and its integration into
heating systems. A series of studies demonstrates both
the investment viability of such projects and the en-
gineering prerequisites for their success: temperature
graphs of networks, the use of heat pumps (including
cascade solutions), and the use of organic Rankine
cycles (ORC) to increase the thermodynamic potential
of return heat [13—17]. Design and planning solutions
must provide for the placement of pump-heat exchange
units, transport corridors for large-sized equipment,
corrosion-resistant materials, and the possibility of ser-
vicing critical areas without shutdown — requirements
that must be laid down at the concept and design stages,
as they determine both the architecture of buildings and
construction schedules [15-17].

The selection of a site for the construction of data
centres designed for Al loads is considered a multi-
criteria task, in which the key factors are the availability
and timing of technological connection to power grids,
mesoclimate characteristics of the territory, water stress,
urban planning and environmental protection regimes,
as well as geotechnical and hydrogeological factors.
It has been shown that even within relatively compact
areas, the mesoclimate can have a significant impact
on energy consumption through potentially available
free and adiabatic cooling modes, which affects the total
cost of ownership [17]. In urban agglomerations, this is
compounded by business continuity risks and the pecu-
liarities of the local regulatory environment, which re-
quire developers to agree on engineering interfaces and
construction logistics at an early stage [14]. Geospatial
suitability models (GIS/MCDA) confirm the possibility
of a formalized assessment of a site’s “window of oppor-
tunity” — from proximity to sources and substations to
transport accessibility and sanitary protection zones —
and serve as the basis for justifying OTS decisions as
early as the pre-investment phase [18-23].

A separate area of research is devoted to the inter-
action of data centres with the power grid under high and
dynamic loads characteristic of Al clusters. Power dis-
tribution models and emulators are presented that take
into account the operation of powerful power electron-
ics (UPS, rectifiers, converters) and transient processes,
which allows planning backup configurations (N+1/2N),
ensuring selective protection and power quality on criti-
cal load buses [19, 20]. For construction practice, this
means the need to correctly specify busbar routes and

cross-sections, grounding parameters and operational
reliability of switchgear, as well as to include scenarios
in commissioning programmes that simulate real Al load
profiles and associated harmonic distortions.

The field of algorithmic cooling control and related
efficiency metrology is developing rapidly. The system-
atization of optimization control strategies proposed in
the relevant literature is based on extended sets of met-
rics that include not only traditional energy efficiency
indicators, but also indicators of energy reuse and wa-
ter efficiency. The importance of configuring automa-
tion systems and sensor subsystems for the climatic
and technological scenarios of a specific site is empha-
sized [21, 22]. This confirms the thesis of the need for
“engineering controllability” of the designed systems
from the moment they are included in the construction
documentation, including requirements for redundan-
cy, bypassing and sectioning of manifolds to maintain
maintainability without degrading the computational
readiness of the facility.

Finally, at the node and layout level, the potential
of engineering innovations aimed at reducing the total
thermal resistance between heat sources and the heat
removal circuit is demonstrated: from designs with
heat-dissipating “backs” to the optimization of hydrau-
lic modes and contact surfaces in coolant distribution
blocks [8]. Combined with the practice of implement-
ing direct-to-chip and immersion solutions, this leads
to an important organizational and technological con-
clusion: Al-ready data centre architecture requires not
only the selection of a basic cooling and power supply
scheme, but also the design of installation routes, main-
tenance sections, and the widespread use of modularity
and factory-ready products in MEP subsystems to reduce
commissioning risks and shorten the time to achieve
design computing power [3, 4, 6, 7].

A comprehensive analysis of the sources allows
us to conclude that “Al readiness” is an integral char-
acteristic of a data centre construction project, arising
from the coordination of decisions on heating, power
supply, water use and thermal integration with urban
infrastructure. Scientific results from recent years pro-
vide a methodological basis for translating Al techno-
logical requirements into engineering and construction
regulations and schedules: through early multi-criteria
site selection, standardization of target performance in-
dicators, development of testing programmes and oper-
ating modes, and the establishment of modularity and
prefabrication as basic organizational and technological
principles for project implementation [1-23].

MATERIALS AND METHODS

The scientific work takes a comprehensive ap-
proach and is based on data in the format of a convergent
analytical review with normative verification and design
and technological decomposition. The study considered
scientific works containing engineering parameters and
calculation methods, as well as standard documents and
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guidelines relevant to construction solutions. Works
of a purely informational and technological nature with-
out an infrastructure component, unverifiable reviews
and duplicate publications were excluded.

Contextual characteristics were extracted from
each source:

e climate;

* technology;

 quantitative indicators (thermal/hydraulic/elec-
trical parameters).

Thematic coding was then carried out according
to five criteria:

1. Cooling and heat removal.

2. Power supply and power quality.

3. Water use and environmental constraints.

4. Site selection, layout and logistics.

5. Regulations and performance metrics.

The synthesis was carried out through a logical and
structural comparison of “Al requirement — construc-
tion solution — verifiable parameter”, with the creation
of a “risk — measure — KPI — acceptance method”
diagram and a standards compliance matrix.

Verification consisted of cross-checking conclu-
sions against independent sources and aligning design
parameters with the standardized tolerances and testing
procedures described in the standards. The limitations
of the approach are related to the limited availability
of full-format operational data on immersion systems,
the heterogeneity of solution descriptions, and the vari-
ability of the national regulatory framework. Neverthe-
less, the chosen methodology provides reproducible
traceability from literature data to formalized construc-
tion solutions and control procedures.

RESEARCH RESULTS

The analysis confirms that “Al readiness” is not
derived from the choice of servers and accelerators, but
is an integral property of the data centre construction
project. In practice, the requirements profile is formed
long before the IT equipment is delivered — through
decisions on heat removal and power supply schemes,
water infrastructure, layout, redundancy, and commis-
sioning scenarios. A comparison of the trends identi-
fied in the literature with actual projects reveals a gap
between current practice and the target model: many
facilities are still designed in the “air by default” para-
digm with the late addition of liquid circuits and local
power supply amplifications, whereas the architecture
required for Al should assume liquid cooling as a basic
prerequisite and take into account the dynamics of pow-
erful power electronics already at the conceptual stage.

In terms of requirements, the greatest discrepan-
cy is observed in the areas of heat removal and pow-
er supply. The common practice of adjusting cooling
schemes at the design stage or even during construction
limits the layout, increases the load on the structure,
and complicates servicing. The target configuration,
on the contrary, requires an early decision in favour
of direct-to-chip and/or immersion circuits with sec-
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tional redundancy, with provision for collector groups,
bypassing, space for CDU and heat pumps, as well as
the possibility of non-stop maintenance. The power
supply must be designed not only with N+1/2N re-
dundancy, but also with proven resistance to transient
processes and harmonic distortions characteristic of Al
clusters; this requires calculations and field tests simu-
lating real load profiles. The water-chemical parameters
of the coolant and the water balance are independent
constraints: the design must include volume balance
calculations, water quality requirements, seasonal
modes and make-up scenarios, and provide for the uti-
lization of low-potential heat as part of the design brief,
rather than an optional extra. In organizational and tech-
nological terms, this means prioritizing modularity and
prefabricated products in MEP subsystems, cascaded
commissioning of capacities, and digitally controlled
CW with thermal and electrical stress tests.

The risk profile confirms the need to move from
fragmented management to an integrated risk map.
Traditionally, energy risks are covered by reserves
and capacity “stocks”, thermal risks by overestimat-
ing the performance of coolers, water risks by lo-
cal reservoirs, and regulatory risks by adjustments at
the examination stage. This approach does not ensure
the reproducibility of results in Al clusters. Target prac-
tice should link each risk to a specific project activity,
a measurable indicator, and an acceptance test method-
ology: for power supply — confirmation of the selectiv-
ity and quality of electricity in “Al profiles”; for heat-
ing engineering — sectioning and hydraulic decoupling
of circuits with the possibility of isolated maintenance,
vibration and noise protection of pumps, corrosion and
cleanliness control of heat exchange surfaces; for water
use — scenario balance with KPI WUE, technologi-
cal schemes for preparation and dosing; for the site —
GIS/MCDA assessment of mesoclimate, hydrogeology
and natural hazards with the transfer of restrictions to
planning decisions and schedules. The effectiveness
of this approach increases when using a digital twin
of the construction, which ensures traceability from
the initial restrictions to the CW acts.

The regulatory component remains critically im-
portant and largely determines the feasibility of design
solutions. There is a tendency to formally mention
EN 50600, ASHRAE TC 9.9 recommendations, and
ISO/IEC 30134 metrics (PUE, WUE, ERE/ERF) with-
out directly translating them into project parameters,
tolerances, material specifications, and testing proce-
dures. Proven practice requires something else: a com-
pliance matrix in which each standard requirement is
linked to a specific parameter in the “Project” section,
a controlled tolerance, a verification method, and an ac-
ceptance document. Within this matrix, KPI cease to
be “operational reporting figures” and become project
budgets distributed across systems: permissible hydrau-
lic loss per section, thermal budget per node, availabil-
ity classes and redundancy modes on electrical buses.
Environmental criteria — noise, emissions, thermal
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footprint — are transferred to the category of design
constraints that affect layout, materials, and deadlines.

The forecast for the next five years points to the con-
solidation of liquid and immersion technologies as
the industry standard for high-density Al loads and
the formation of compatible node interfaces (mani-
folds, fittings, materials), which will simplify design
and installation. Water and thermal efficiency metrics
will be institutionalized in design specifications, and
heat recovery will become a condition for approval in
urban and campus projects. The scale of prefabrication
will increase, reducing time-to-compute and mitigat-
ing CW risks; digital twins of construction will become
the norm for compliance and risk management. Envi-
ronmental requirements are expected to become more
stringent and the geography of projects will shift in fa-
vour of areas with a favourable mesoclimate, accessible
connection capacity and water resources; at the same
time, network organizations will increase their demand
for predictive demand models and field tests with Al
load profiles. Taken together, this will cement the con-
struction industry’s role as a coordinator, transforming
engineering and regulatory requirements into feasible
layout and technological solutions.

In summary, the results of the study demonstrate
that achieving the target indicators for Al-data cen-
tres — in terms of density, energy and water efficiency,
maintainability and commissioning times — is deter-
mined by the quality of the organizational and techno-
logical model of construction. An effective model in-
cludes early selection and “locking in” of cooling and
heat recovery schemes reflected in the design, a for-
malized risk map and regulatory compliance matrix,
KPI budgets at the design stage, a prefabrication and
cascading capacity commissioning plan, and a CW pro-
gramme that reproduces real Al load modes. This struc-
ture provides a cause-and-effect relationship between
on-site decisions and data centre operational readiness,
reduces overall risk, and accelerates the achievement
of design computing power. As part of the study, a ma-
trix was formed, which is presented in the Table.

CONCLUSION AND DISCUSSION

The study confirmed the initial thesis that “Al readi-
ness” is an integral property of a data centre construction
project and is formed at the stage of organizational and
technological decisions. A comparison of modern develop-
ments in heating engineering, power supply, water use and
thermal integration with design and const-ruction prac-
tices shows that the sustainable and effective placement
of high-density Al clusters is determined not by the choice
of computer racks, but by the consistency of decisions
on site selection, architectural and planning layout, con-
figuration of cooling and power supply systems, organiza-
tion of commissioning works and life cycle management.

In terms of requirements, the target Al-ready ar-
chitecture assumes the adoption of liquid cooling as
the default solution with a pre-planned evolution to im-
mersion technologies, confirmed power supply stability
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against transient processes and harmonic distortions,
as well as full-fledged water and heat KPI on par with
energy KPI. The construction concept should include
the utilization of low-potential heat and interfaces with
external heating networks, modularity and prefabrica-
tion of MEP subsystems, cascaded power input, and
programmable stress tests that reproduce the Al load
profile. In this scenario, construction solutions become
the primary determinants of operational performance
indicators, from PUE/WUE/ERE to maintainability.

Risk analysis has revealed the limitations of frag-
mented approaches and the need to transition to a unified
management scheme, where each risk is matched with
a project activity, a measurable indicator, and an accep-
tance control procedure. A practical tool is the “risk map”
and the associated regulatory compliance matrix, which
ensure traceability from the initial site and network in-
frastructure constraints to the CW acts. The inclusion
of GIS/MCDA assessments of mesoclimate, hydrogeol-
ogy and regulatory regimes at the pre-investment stage
allows external constraints to be translated into planning
decisions and schedules, reducing the likelihood of late
changes and technological conflicts.

The regulatory framework requires operationaliza-
tion: international guidelines (EN 50600, ASHRAE TC 9.9
recommendations, ISO/IEC 30134 series) must be trans-
lated from declarative references into design parameters
with explicit tolerances, test methods and acceptance cri-
teria. Environmental requirements — noise, emissions,
water footprint, energy reuse — should be enshrined in
the initial permitting documentation so that their impact
on layout, materials, and timelines is taken into account
before contracts for long-cycle equipment are signed. Such
institutionalization makes both target KPI and operating
limits for high-density Al clusters verifiable.

Expected industry trends over the next five years
point to the consolidation of liquid and immersion
technologies, an increase in the share of factory-ready
products, the widespread introduction of digital twins
for construction and operation, the institutionalization
of water and heat efficiency indicators, and the expansion
of heat utilization practices. At the same time, the inte-
gration of data centres with the energy system will be
strengthened through predictive load planning and field
testing, and the geography of projects will shift in fa-
vour of sites with a favourable mesoclimate, accessible
connection capacity and sustainable water resources.
These shifts will cement the construction industry’s role
as a coordinator, ensuring that engineering, environmen-
tal, and regulatory requirements are aligned with the lay-
out and technological solutions implemented.

The limitations of the study are related to the limited
amount of publicly available operational data on the long-
term operation of immersion systems, the heterogeneity
of the regulatory framework in different jurisdictions, and
the rapid technology cycle of hardware accelerators. Fur-
ther research is envisaged in the standardization of com-
ponents and interfaces of liquid and immersion systems
at the construction level, in the development of unified
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stress testing programmes with typical “Al profiles”, in
the co-optimization of energy and water efficiency, tak-
ing into account the mesoclimate, and in the accumula-
tion of empirical data on the economics of heat utiliza-
tion in various urban and campus scenarios.

Taken together, the results form a comprehensive
organizational and technological framework for the de-

sign and construction of Al-ready data centres. Its ap-
plication makes it possible to reduce the overall risk,
ensure the reproducibility of the required performance
indicators, and accelerate the achievement of the de-
sign computing power, which means transforming Al
requirements from a source of constraints into manage-
able parameters of the construction solution.
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