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HHEPEIMOBA

[TociOHUK  po3pobJieHO B pamMKax
BUKOHAHHS IIPOEKTY «UKRENERGY»
nporpamu  Erasmus+ KA2  (Po30ymoBa

MOTEHIAy y cdepi BUIIOi ocBiTy: Hampsmok 2
— IlaptaepcTBO M1 TpaHchopmamii BUIIOT
OCBITH ERASMUS-EDU-2022-CBHE-
STRAND-2). Ilpoext cmnpsiMmoBaHWil  Ha
3arpoBaKEHHS epeIoBUX MPAKTUK
€sporeiicekoro  Corozy,  TOB’S3aHUX 13
€Heproe(PeKTUBHICTIO  Ta  E€HEPreTUYHUM
TJIaHYBaHHSM, I Yac MiJITOTOBKU CTY/ICHTIB-
MaricTpiB B YKpalHCbKUX YyHIBEpCUTETax 3
METOI0 MOKpAallleHHsI €HEepProeeKTUBHOCTI Ta

3MEHIIICHHS BYTJICIICBOTO ciiay y
OyzaiBenbHOMY (QOHII YKpaiHHU.
ABTOpM  TOCIOHHMKAa  BHCIJIOBIIOIOTh

MOJAKY MPOPeCcOPChKO-BUKIIAIAIIbKOMY CKIIa Ly
VYuiBepcurery ['enyi, CioBanpKkoro TeXHi4HOTO
yHiBepcutery B bpatucnasi, VYHiBepcutery
Kammanii imeni Jlyimki Bassitemn Ta
INpanyo-meTanypriinoi akazemii IMeH1
CranicnaBa Cramuus.

PREFACE

The study guide was developed within
the framework of the UKRENERGY project of
the Erasmus+ KA2 programme (Capacity
Building in Higher Education: Strand 2 —
Partnership for the Transformation of Higher
Education ERASMUS-EDU-2022-CBHE-
STRAND-2). The project aims to introduce EU
best practices related to energy efficiency and
energy planning in the training of Master’s
students at Ukrainian universities in order to
improve energy efficiency and reduce the
carbon footprint of the Ukrainian building
stock.

The authors of the guide would like to
express their gratitude to the faculties of the
University of Genoa, the Slovak University of
Technology in Bratislava, the University of
Campania Luigi Vanvitelli, and the AGH
University of Krakow.
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BCTYII

Y cy4acHOMY CBITi, /¢ €KOJOTi4YHiI Ta
€KOHOMIUHI ~ BUKJIMKH  CTalOTh  Jejani
TOCTPIIIMMHU, THTAaHHA EHEPro30epeKeHHs
HaOyBae ocoOumBOi akTyanpHOCTI. OnHIE 13
KIIIOYOBMX raiy3ed 1H(pacTpyKTypH, 110 Mae
3HaYHUH BIUIMB HA HABKOJMIIHE CEPEIOBHIIE
Ta CIIOKMBaHHS EHEPropecypciB € Oy IiBHUIITBO
aBTOMOOUTBHMX Jjopir. Tomy momyk Ta
BIIPOBAKEHHS eHepro30epirarounx
TeXHOJIOTIH y mik chept € He mume

HEeOOX1/IHICTIO, ane 7§ CTpaTeriuyHuM
MIPIOPUTETOM.

Mepexa aBTOMOOUIBHHUX Jopir
3arajlbHOTO  KOPHCTYBaHHs YKpaiHM Mae

JTOBXUHY Onu3bko 169,6 tuc. kM. I3 3aranpHol
MPOTSKHOCTI JIOPIT 3 TBEPAUM TMOKPUTTSM,
JIOPOTH 3  YIOCKOHAJCHHWMH  THITAMH
(memeHnTo0eToH, acharbTOOETOH, YOPHI MIOCE)
cTaHOBIATH O61u3bK0 130,0 THC. KM (TIpU LILOMY,
yacTKa Jopir 13 acdanbToOETOHOM CKIIajae
noHaz 40 %), pemra — 3 IEpexiTHUMU TUITAMHU
(611 mebeneBi 1 rpaBiiiHi, OpykiBkH). Kpim
TOTO, /10 BYJUYHO-AOPOXKHBOI Mepexi MOKHa
BiiHECTH 01M3bKO 250 THC. KM MICHKHX BYJIHIlh
1 JIOpIT, a TaKOX BizoMu4i i
BHYTPIITHBOTOCIIOAAPCHKI JOPOTH, i€ TaKOX
MepPEBaXKaIOTh TBEp/Ii MTOKPUTTS 13
achanbToOCTOHY.

AchanbTobeToH, X04a ¥ Ma€ YHMCIEHHI
mepeBaru Iepea IHIIMMH —MarepiajlaMd, €
HaJ3BUYAITHO eHeproeMHUM. BupoOHUIITBO Ta
yKiIagaHHs — achaiabTOOCTOHHUX  CyMimIei
BHUMAarae 3Ha4HHUX BUTPAT eHeprii, 0coOIuBO Ha
eTam MOpuroryBaHHa. ToMmy, B yMOBax
3pOCTaHHS 1iH Ha €HEProHocli Ta MOCHUJICHHS
€KOJIOTTYHUX BHMOT, TIOIIYK Ta BIPOBAHKCHHS
eHeprosoepiraroynx TEXHOJIOT1H y
OyIIBHUIITBO aBTOMOOITLHUX  JIOpIr 3
acharbTOOCTOHHUM TMOKPUTTSIM € KPUTUYHO
BYKJIBHUM.

[eit HaBYaJIbHUMN MOCIOHUK
MPUCBSYCHUI BHUBYCHHIO Ta 3aCTOCYBAHHIO
€Hepro30epiratounx TeXHOJOr y Oy IIBHUIITBI
aBTOMOOUTBHMX  JIOpIr, 3 aKIeHTOM Ha
ac(anbTOOETOHHUX MOKPUTTSX, K1 € HAHOUTBIII
MOIIUPEHUMHU B YKpaiHi.

Metoro  mociOHMKAa €  HaJaHHS
3n100yBayaM BHIIOI OCBITH, IHXEHepaM Ta
iHIIUM (axiBLUsSIM JOPOXKHBOI raiy3i 3HaHb 1
HAaBUYOK, HEOOXIMHUX g ePEeKTUBHOTO
3aCTOCYBaHHS €HEproz0epirarouux TEXHOJIOTiH
y OyIiBHHUIITBI aBTOMOOITEHUX JOPIT.

6

INTRODUCTION

In today’s world, where environmental
and economic challenges are becoming
increasingly acute, the issue of energy saving is
becoming particularly relevant. One of the key
infrastructure sectors that has a significant
impact on the environment and energy
consumption is road construction. Therefore,
the search for and implementation of energy-
saving technologies in this area is not only a
necessity but also a strategic priority.

The network of public roads in Ukraine
is about 169,6 thousand kilometers long. Out of
the total length of paved roads, roads with
improved types (cement concrete, asphalt
concrete, black highways) account for about
130,0 thousand km (with the share of asphalt
concrete roads being over 40%), while the rest
are of transitional types (white gravel and gravel
roads, paving stones). In addition, the street and
road network includes about 250 thousand km
of city streets and roads, as well as departmental
and intra-economic roads, which are also
dominated by hard asphalt concrete pavements.

Even though asphalt concrete has
numerous advantages over other materials, it is
extremely energy-intensive. The production and
placement of asphalt mixtures requires
significant energy consumption, especially
during the preparation phase. Therefore, in the
context of rising energy prices and tightening
environmental requirements, the search for and
implementation of energy-saving technologies
in the construction of asphalt concrete roads is
critically important.

This study guide is dedicated to the
study and application of energy-saving
technologies in road construction, with an
emphasis on asphalt pavements, which are the
most common in Ukraine.

The purpose of the guide is to provide
higher education students, engineers and other
road industry professionals with the knowledge
and skills necessary for the effective application
of energy-saving technologies in road
construction.



CrpykTypa mOCiOHHMKA OXOILTIOE HU3KY
TEM, IMOYMHAIOYH BIJI aHaIizy
eHeproe(PeKTUBHOCTI  TPATUIIHHUX METOIiB
OyMIBHHULITBA JI0 PO3MJIALY PI3HUX CIOCOOIB
3a0IIa DKEHHS eHeprii (TeXHOJorii, MaTepialiB
TOIIO).

HagezeHi B ibOMy MiJpy9YHUKH METOH
Ta 3ax01u 3a0e3MevYeHHs] eHeproe()eKTHBHOCTI
HE € BHUYEPITHUMH 1 BCEOCSHKHUMH, OJTHAK, HA
JTYMKY aBTOPiB, BOHU € HAaHOUIbII HieBUMUA. Mu
CTOAIBaEMOCS, IIO el MaTepiall CTaHe HIHHIM
pecypcoM i THUX, XTO TMparHe 3poOUTH CBiil
BHECOK y CTBOPEHHS OLIBII €KOJIOTTYHO YUCTOL
Ta EKOHOMIYHO €(QEeKTHUBHOI TpaHCIOPTHOI

1H(ppacTpyKTypH.

The structure of the guide covers a
number of topics, ranging from the analysis of
energy efficiency of traditional construction
methods to the consideration of various ways to
save energy (technologies, materials, etc.).

The energy efficiency methods and
measures presented in this handbook are not
exhaustive and comprehensive, but the authors
believe they are the most effective. We hope
that this material will be a valuable resource for
those seeking to contribute to a more
environmentally friendly and cost-effective
transport infrastructure.



PO311JI 1. METOU BU3HAYEHHSA

EHEPI'OCIIOKXUBAHHA
Busnauenus €HEeProCIIOKUBAHHS
MIPOMHUCIIOBUX ITiIMTPUEMCTB € BaXKJIMBHM €TAIIOM
TUISL ornruMizarii BUTpAT, [T ABUIIIEHHS

eHeproeeKTHBHOCTI Ta 3MCHIICHHS BIUIMBY Ha
JIOBKULIA. 3a cmocoOOM OTpUMAaHHS JaHUX,
METOIH BU3HAYCHHS E€HEProCcroKMUBaHHS
YMOBHO MOJKHA TMOJUIMTA HA JBI TPYyIU:
pPO3paxyHKOBI METOAM Ta EKCIIePUMEHTAaJbHI
METO/IH.

Po3paxynkoBi Meroam 0a3yroThcs Ha
MaTeMaTHYHUX MOJENIX Ta (PI3UYHUX 3aKOHAX

JUIsi  OLIHKKA  €HEpProcroXKWBaHHSA.  BoHuU
BUKOPUCTOBYIOTHCSI HA €Tanax MPOEKTyBaHHS Ta
IJIaHYBaHHS, a TaKOX TS OIIHKH

eHeproeeKTUBHOCTI 1CHYIO4YMX 00’ekTiB. Jlo
1i€1 TPYNHU BITHOCATHCS METOJIN: EHEPTETUYHOTO
OanaHcy, CTaTUCTUYHOTO aHaizy,
MO/IETIOBAHHS.

ExcnepumenTanbHi MeTOoaM mepen-
0aJaroTh oe3rmocepeHe BUMIPIOBaHHS
€HEPTOCIIOKMBAHHS 32 JJOTTOMOT OO CIEIlaTbHUX
npuianiB. BoHu 3abe3nedyroTh OUTBII TOYHI
JaHl, ajleé BUMAaraloTh JO0JaTKOBHX BHUTpaT Ha
oOnaHaHHS Ta TPOBEIEHHS BUMIiprOBaHb. J[o
HUX BIJHOCSTH: BUMIPIOBaHHS 3a JIOTIOMOTOIO

JIYUIBLHUKIB, TEIJI0BI31MHE 00CTeKEHHS,
BHMIPIOBaHHS MOTY>KHOCTI.
Pi3Hi MeTroaum BHU3HAYCHHS EHEPro-

CTMOXKMBAHHS MOXHA 3aCTOCOBYBATH SIK OKPEMO,
Tak 1 B koMOiHamii. [Ipu BuOOpi meromy miis
OIIHIOBaHHSI BUTpAT €Heprii Ha BUPOOHUIITBO,
CJIiJl ypaXxOBYBaTH Taki GakTopu:

— PpO3Mip Ta CKIAIHICTh MiAMPUEMCTBA;

— HAafABHICTH HEOOXIIHOro oOJIaJIHAHHS
Ta (paxiBIliB;

— OlopKeT, BUIUICHUH Ha MPOBENCHHS
aHayizy;

— HeoOXiJJHa TOYHICTh Pe3yJIbTAaTIB.

Buxopuctanns  kom0OiHamii  MeTOIIB
JI03BOJIIE  OTPUMATH HAWOLIBII TOBHY Ta
JOCTOBIpHY 1H(OpMAIlI0O TMPO CHOKUBAHHS
eHeprii MiIpPHEMCTBOM.

CHAPTER 1. METHODS FOR
DETERMINING ENERGY
CONSUMPTION

Determining the energy consumption of
industrial enterprises is an important step in
optimizing costs, improving energy efficiency
and reducing environmental impact. Based on
the method of data acquisition, energy
consumption methods can be divided into two
groups: calculation methods and experimental
methods.

Calculation methods are based on
mathematical models and physical laws to
estimate energy consumption. They are used at
the design and planning stages, as well as to
assess the energy efficiency of existing
facilities. This group includes methods of
energy balance, statistical analysis, and
modeling.

Experimental methods involve the
direct measurement of energy consumption
using special devices. They provide more
accurate data, but require additional costs for
equipment and measurements. These include:
measuring with meters, thermal imaging,
power measurement.

Different methods of determining
energy consumption can be used individually
or in combination. The following factors should
be taken into account when choosing a method

for estimating energy consumption for
production:

- size and complexity of the
enterprise;

— availability of necessary equipment
and specialists;
— budget allocated for the analysis;

- the required accuracy of the results.

The use of a combination of methods
allows you to obtain the most complete and
reliable information on energy consumption by
an enterprise.



1.1 ExkcnepumentanbHuii (iHCTpY-
MEHTAJIbHMI) MeTO/I (eHepreTUYHUI Ay UT)

[HCcTpyMeHTanbHMIA METOI, abo
CHePreTUYHUN ayJIuT, € HaliJeTaJpHIIIUM Ta
HANTOYHIIINM CrIocooom BU3HAYCHHS
€HEePTOCTIOKHBAHHS MIPOMHCIIOBOTO
mianpueMcTBa. BiH mependavyae KOMIUIEKCHE
OOCTeXEHHS MIANPUEMCTBA 3 BHUKOPHUCTAHHSIM
CHelialbHUX TMpHIAAiB I BUMIpIOBaHHS
CIOXHMBAHHA  €HEpPrii  pI3HUMH  BUAAMHU
oOnanHanHs. Lleit meron no3BoJsie OTpUMaTH
TOYHI Ta JIeTajlbH1 JaH1 PO CIIOKUBAHHS €Heprii
B PI3HUX TOYKaX MIJIPHUEMCTBA.

3acTocyBaHHs IHCTPYMEHTAJILHOTO
metonay [1] 1ae MOXKIUBICTH: BHU3HAYCHHS
(haKTHYHOTO piBHS €HEepProCroKMBAHHS
MIJIPUEMCTBA,  BUSIBIIEHHS  Hee(EeKTHBHHX
JTUITHOK Ta BTpAT €HEpPrii, OIiHKH MOTEHIaTy
eHepro30epeKeHHs, PO3POOKH pPEeKOMEHAAIii
L1010 MIJBUIIEHHS €HEPreTHYHO1 €(PEeKTUBHOCTI.

PoGotn 3 mpoBeAECHHS EHEPreTHYHOTO
ayJMTy CKJIQJAIOTHCS 3 YOTHPHOX €TaIliB:

1. IMigroroBka. Ha wnpomy etami
BHKOHYIOTH 301p iH(OopMaItii mpo manpueMcTBO
(TexHosoriuHI Tpouecu, obimagHaHHS, rpadiku
po060TH), BU3HAYAIOTHh METY Ta 3aBAAHHS ayIUTY,
a TaKoX CKJIAaJaloTh  CKIQJaHHA  IUIaHYy
IIPOBEICHHS ayAUTY.

2. IncTpymentaibHe ob6crexenHsi. Ha
eTami OOCTEeKEHHS BUKOHYIOTh BHUMIPIOBaHHS
BIITOBIIHUX [MOKa3HHUKIB: CIIOKMBaHHS
€JIEKTPOCHEprii; BUTpAaT MajluBa; TEMJIOBOI
eHeprii; mapaMeTpiB  CHCTEM  OCBITJICHHS,
BEHTWJIALI], KOHJMWIIIOBaHHs. 3a TMOTpeOu,
BHUKOHYIOTh TEIUIOBI3iiiHE 00CTEeXeHHS Oy/1iBelb
Ta 00JaIHAHHS.

3. Amnaaiz panmx. Ha wnpomy erami
BUKOHYETbCS O0poOKa Ta aHaji3 pe3yJbTaTiB
BHUMIPIOBaHb, PO3PAXYHOK MUTOMUX MOKA3HUKIB
eHeprocrnoxusanHsi. Ha ocHOBI oTpumaHoi
iHpopmanii Mpo piBeHb EHEProClOoKUBAHHS
HiANPUEMCTBA BUKOHYIOTh BHUSIBJICHHS NPUYHH
Hee(EeKTUBHOTO BHKOPHCTAaHHS €Heprii Ta
OLIIHIOBAHHS MOTEHIIATY €HePro30epeKeHHS.

4. Po3poOka 3BiTy. 3a pesynbraTamu
MOTIEPEIHIX €eTamiB BHUKOHYETHCS CKIIAJaHHS
3BITY MNpO pe3yjibTaTH ayauTy, a TaKoxX, 3a

HEOOXITHOCTI, PO3pOOIEHHS  pEeKOMEeHaaIin
OJI0  BOPOBAKEHHS  €HEpro3oepiraroumnx
3aX0/IiB 1 OLIIHIOBAHHSA €KOHOMIYHOIL

e(EKTUBHOCTI IHX 3aXO/IiB.

1.1 Experimental (instrumental)

method (energy audit)

The instrumental method, or energy
audit, is the most detailed and accurate way to
determine the energy consumption of an
industrial  enterprise. It  involves a
comprehensive examination of the enterprise
using special devices for measuring energy
consumption by various types of equipment.
This method allows you to obtain accurate and
detailed data on energy consumption at
different points of the enterprise.

The use of the instrumental method [1]
makes it possible to: determine the actual level
of energy consumption of the enterprise,
identify inefficient areas and energy losses,
assess the potential for energy savings, and
develop recommendations for improving
energy efficiency.

The work on conducting an energy audit
consists of four stages:

1. Preparation. At this stage,
information about the enterprise (technological
processes, equipment, work schedules) is
collected, the goal and objectives of the audit
are determined, and an audit plan is drawn up.

2. Instrumental survey. At the survey

stage, measurements of the following
indicators  are  performed:  electricity
consumption; fuel consumption; thermal

energy; parameters of lighting, ventilation, air
conditioning systems. If necessary, thermal
imaging surveys of buildings and equipment
are performed.

3. Data analysis. At this stage,
processing and analysis of measurement results
are performed, and specific energy
consumption indicators are calculated. Based
on the information received on the level of
energy consumption of the enterprise, the
causes of inefficient energy use are identified
and the energy saving potential is assessed.

4. Report development. Based on the
results of the previous stages, a report on the
audit results is drawn up, as well as, if
necessary, recommendations  for  the
implementation of energy-saving measures and
assessment of the economic efficiency of these
measures are developed.



Ha erarti IHCTPYMEHTAILHOTO
OOCTEe)KCHHST JUII BHUMIPIOBAHHS BiJIIOBIIHHUX
MOKa3HHKIB MOXYTb 3aCTOCOBYBATUCH
PI3HOMaHITHI MPHUJIAAU Ta 00T THAHHS.

Hist BUMIPIOBaHHS CTIO)KMBAHHS
eJIeKTpOeHEePTii (OTYXKHICTh, CTPYM, HAIlpyTa) —
CJIEKTPONIYMIBHUKN (7151 OOJiKy 3arajbHOTO
CMOXHMBAHHSA  EJIEKTPOSHEprii);  aHali3aTopu
SKOCT1 €JIEKTpOeHepTii abo MyJIbTUMETPH (IS
BUMIPIOBAaHHS HANpyTH, CTPyMy, MOTY>KHOCTI,
KoeimieHTa MOTY>KHOCTI Ta HIINX ITapaMeTpiB);
KJIII CTPYMOBUMIPIOBAJIBHI (IJ11 BUMIPIOBAHHS
CTpyMy B €JIEKTpPUYHUX Koylax 0e3 po3puBy
JIAHITIOTA).

JUis  BUMIpIOBaHHS TEIUIOBOI €Heprii
(mapa, rapsya Boja) — TEIUIOMIYMIIBHUKA (JI7Is1
OONIKy CIOXHMBaHHS TEIUIOBOi €Heprii B
cucTemMax OTIaJICHHS Ta rapsaoro
BOJIONIOCTaYaHH ); TETIOBI30pHU (IJ1s1 BUSIBIIEHHS
BTpaT TEIUIa); TEPMOMETPU Ta Tepmorpadu (ass
BUMIPIOBAaHHS ~TEMIIEPaTypyd TIOBEPXOHb Ta

MOBITPSI)  BOJAOMIYMJIBHUKHA (A1 OOJiKy
CIIO’KMBAHHS XOJIOJHOI Ta Tapsiaoi BOIM).
Jis  BUMIpIOBaHHA BMTpaT [aJuBa

(mM3enpHE ManuBO, ras, Ma3yT, BYT1LUIS TOIIO) —
JTYUIBHUKHA Ta BUTPATOMIPH, aHEMOMETPHU (15
00JTIiKy BUTpATH a3y, PIAKOTO MajlvBa Ta IHITAX
€HEPTOHOCIIB); razoaHajizaTopu (s
BH3HAUYEHHS CKJIaJy TAMOBHX Ta3iB Ta OILIHKH
e(hEeKTUBHOCTI 3rOPSIHHSI ITAJINBA).

Jlis BUMIpIOBaHHS IapaMeTpiB CHCTEM
OCBITJICHHS, BEHTHWJIALII, KOHIMI[IIOBAHHI —
JOKCMeTpH  (mpuiaa  Juisi  BUMIPIOBaHHS
OCBITJICHOCTI); aHEMOMETPH (JIJIs1 BUMIPIOBaHHS
MIBUJIKOCTI 1 HampsMKy pPyXy IOBITps);
MIpOMETPH Ta TirpoMeTpu (i1 BUMIpPIOBaHHS
napaMmeTpiB MiKpOKIIMATY).

[HcTpyMeHTANIBHUN  METOZ  Mae€
HEJIOJIIKIB 1 IepeBar.

J1o HeToMiKiB MOKHA BiJIHECTH HACTYIIHE:
BHCOKa BapTicTh (MpuaAOaHHS Ta BCTAHOBJICHHS
BHUMIPIOBAIBHUX NPUIAJIIB MOXKe OyTH JOCHUTh
JIOPOTUM); HEOOXI1JHICTh 3aIy4eHHs
KBaJIi(hiKOBAaHOTO MEPCOHATY (Uil MPOBEICHHS
BHUMIPIOBaHb Ta aHaNI3y AaHUX NOTPiOHI (axiBIi
3 BIANOBITHUMH 3HAHHSAMH Ta HaBUYKAMU;
TPYAOMICTKICTb (BCTaHOBJICHHS BUMIPIOBAJIbHUX
MNPUCTPOIB Ta 30ip JaHUX MOXeE 3aiiMaTu 6araTo
yacy). Cepen mepeBar 1IbOro METO/AY €: BUCOKa
TOYHICTbH (JI03BOJISIE OTPUMATH JOCTOBIPHI AaHi
Ipo CHOXKMBAHHS €Heprii); geramizamis (mae
MOJKJIMBICTh BHUMIPSTH CIIOKMBAHHS €HEprii B
OKpEeMHX TOYKaX MiANPHEMCTBA Ta HA OKPEMOMY
o0JaHaHH1); MOXJIUBICTh MOHITOPUHTY

paa
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At the stage of instrumental survey,
various devices and equipment can be used to
measure the relevant indicators.

To measure electricity consumption
(power, current, voltage) — electricity meters
(for accounting for total electricity
consumption); electricity quality analyzers or
multimeters (for measuring voltage, current,
power, power factor and other parameters);
current clamps (for measuring current in
electrical circuits without breaking the circuit).

For measuring thermal energy (steam,
hot water) — heat meters (for recording thermal
energy consumption in heating and hot water
supply systems); thermal imagers (for detecting
heat losses); thermometers and thermographs
(for measuring surface and air temperature);
water meters (for recording cold and hot water
consumption).

For measuring fuel consumption (diesel
fuel, gas, fuel oil, coal, etc.) — meters and flow
meters, anemometers (for recording gas, liquid
fuel and other energy sources); gas analyzers
(for determining the composition of flue gases

and assessing the efficiency of fuel
combustion).

For measuring the parameters of
lighting, ventilation and air conditioning

systems — luxmeters (a device for measuring
illumination); anemometers (for measuring the
speed and direction of air movement);
pyrometers and hygrometers (for measuring
microclimate parameters).

The instrumental method has a number
of disadvantages and advantages.

The disadvantages include the
following: high cost (purchase and installation
of measuring devices can be quite expensive);
the need to hire qualified personnel (for
measurements and data analysis, specialists
with appropriate knowledge and skills are
required; laboriousness  (installation  of
measuring devices and data collection can take
a lot of time). The advantages of this method
include: high accuracy (allows you to obtain
reliable data on energy consumption); detailing
(makes it possible to measure energy
consumption at individual points of the
enterprise and on individual equipment); the
possibility of monitoring (allows you to track



(to3BOJISIE BIACTEXKYBAaTH 3MIHM B CIIOKMBaHHI
€Heprii B peXKUMi pEaIbHOTO Yacy); MOXKIIUBICTh
BUSIBJICHHS npobiem (3@ pomomororo
IHCTpYMEHTAJIbHUX  BUMIPIOBaHb  MOJKJIMBO
BUSIBUTH MicCl BTpaT €Heprii, HepalioHalbHE
BUKOPUCTaHHS PECYPCIB Ta IHII TPOOIEMH).
OnmHak, He3BaXaroud Ha 3a3HadeHi
HEJIOJTIKH, nepeBaru IHCTPYMEHTAIILHOT'O
BHUMIPIOBaHHS JO3BOJISIIOTH OTPUMATH TOYHI Ta
JeTanbHi JaHi, SKi HeoOXimHi i po3poOKu Ta
peatizariii 3aX0/IiB 3 eHEepPro30epeKCHHSI.

1.2 MeToa eHepreTHYHOr0 6ajgancy

Metox eHepreTM4Horo OanaHcy — IIe
IHCTPYMEHT, SKUW JO3BOJIIE OTPUMATH TIOBHY
KapTUHY HAJIXO/PKCHHS Ta BAKOPUCTaHHS SHepril
Ha miampuemctBi [2]. Bin mnokasye, Kkyau
HA/IXOJMTh €HEPTisl, IK BOHA IIEPETBOPIOETHCS Ta
ne BTpavaeTrbcs. OCHOBHI CKIIQIOBI METOMY
BKJIIOUYAIOTh: MPUOYTKOBY YaCTHUHY (SIKa BKJIIOYA€E
BCl DKepena  HaaXODKEHHS  €Heprii  Ha
MIMPUEMCTBO), BHUAATKOBY YacTUHY  (sKa
MOKa3ye, KyJAU BUTpPAYA€ThCs €HEpris), OanmaHc
(Tabmur 1.1).

changes in energy consumption in real time);
the possibility of identifying problems (using
instrumental measurements, it is possible to
identify places of energy loss, irrational use of
resources and other problems).

However, despite  the above
disadvantages, the advantages of instrumental
measurement allow you to obtain accurate and
detailed data that are necessary for the
development and implementation of energy
saving measures.

1.2 Energy balance method

The energy balance method is a tool that
allows you to get a complete picture of the
receipt and use of energy at the enterprise [2].
It shows where energy comes from, how it is
transformed and where it is lost. The main
components of the method include: the income
part (which includes all sources of energy
receipt at the enterprise), the expenditure part
(which shows where energy is spent), the
balance (table 1.1).

Ta6muist 1.1 — OCHOBHI CKJIaJIOBI METOTy EHEPTETUYHOTO OaTaHCy
Table 1.1 — The main components of the energy balance method

IIpudyTrkoBa yacTuHA BunarkoBa yactuna bananc
Income part Expenditure part Balance
Enexrpoeneprist 3 | Electricity from | Bupoouuui Production [TopiBHAHHS
MEpPEexi. the network. IPOIIECH. processes. npuOyTKOBOT
IMpupoauwmii ras. | Natural gas. OcCBiTIIEHHSL. Lighting. Ta BHIATKOBOI
Byrims. Coal. OmnaineHHs ta | Heating and | vactuH
MasyT. Fuel oil. BEHTHJISALIIS. ventilation.
Temnosa enepris | Thermal energy | Po6ora Equipment Comparison of
(mapa, rapsiua | (Steam, hot | obnagHaHHs. operation. the income and
BOJIA). water). Brparu  eneprii | Energy  losses | expenditure
BigHoBimroBani Renewable (rerutoBi  BTpaty, | (heat losses, | parts
JpKepena eHeprii | energy  SOUrCeS | BTpaTH B | losses in
(consuHa, (solar, wind). Mepexax). networks).
BITPOBA).
CknaiaHHs  €HEPreTUYHOro  OajaHcy The energy balance is compiled in four

BUKOHYETHCSI Y UOTUPHU €Tallu:
1. 30ip nanux:

a) 30ip iHdopmamii mpo Bci mKepena

HAJXO/KEHHS Ta BUTPATH CHEPTii.

0) BumiproBaHHSI CIIOXXMBaHHS EHEPTii

PI3HUMH BUJAMU OOJIaTHAHHSL.

B) AHaJi3 paxyHKIB 3a €HEeprOHOCIi.
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stages:

1. Data collection:

a) Collecting information on all sources
of energy input and output.

b) Measuring energy consumption by
various types of equipment.

c¢) Analysis of energy bills.



2. Po3paxyHok:

a) Po3paxyHOK KiJIBKOCTI €Heprii, IIo
HA/IXOJUTh Ta BUTPAYAETHCS.

0) IlepeBencHHs Pi3HUX BUIIB CHEPrii B
€TMHY OJMHHIIIO BUMIpY (Hampukiaa, KBT-rox).

3. Ckuaaganns Oanancy. CkiamaHss

Tabimii, mo BimoOpakae npPUOYTKOBY Ta
BUJIATKOBY YaCTHHM OaJlaHCy.
4. Amnami3. Amnam3 OamaHcy A

BHSIBJICHHSI HEBIIIIOBIIHOCTEH Ta BTPAT €HEPTii.

Meton eHepreTuyHoro OajlaHcy — II€
BOKJIMBUM  ITHCTPYMEHT  JUIsl  HIABHUILEHHS
€HepreTUYHOl  €QEKTHUBHOCTI  MPOMHUCIOBUX
MIJIPUEMCTB 1 cepell Horo mnepeBar MOXHa
BIJI3HAYUTH, 110 BiH:

- JI03BOJIIE ~ OTPUMATH  TOBHY
KapTUHY €HEeprocroXUBaHHS MIANPUEMCTBA;

— JIOTIOMara€e BUSIBUTH Hee(hEeKTHUBHI
TUISTHKY Ta BTPaTH €HEeprii;

— cpusie  po3poOIll  3axoliB 3
eHepro30epeKeHH

- nae MOKJINBICTE OL[IHUTH
e(eKTHBHICTb  BUKOPHUCTaHHS  C€Heprii Ta

pPO3pOOUTH 3aX0/IM 3 ONITUMI3AIlli CHEPreTHIHUX
MPOIIECIB HA 1 TPUEMCTBI.

1.3 MeToa CTATHCTHYHOT'O aHATI3Y

AHamiTHYHUN METOI BU3HAUYECHHSI
€HEepProCloXKUBAaHHS IPOMHUCIOBUX MIANPUEMCTB
— IIe KOMIUICKCHUW TiaXia, sSKuil 0a3yeTbcs Ha
aHai3l HasBHMX JAHUX Ta CTATUCTUYHOI
iHdopmarrii. Bin JI03BOJISIE OLIIHUTH
e(eKTHBHICTb BUKOPHUCTAHHS €HEPrii, BUSBUTH
TeHJIEHIIII Ta 3aKOHOMIPHOCTI, a TaKOX
CIPOTHO3YBaTH MaiOyTHE EHEProcro)XKUBaHHS
[3].

AHaMITUYHUIA METOH CKJIANAeThCcsa 13
II’SITU OCHOBHUX eTamiB: 30ip JaHuX; oOpoOka
JaHWX, aHami3 JJaHuX; Bi3yami3amis HaHUX;
1HTepHpeTallist pe3yJbTaTiB.

Eran 300opy naHux nepeznbadae
OTpUMAaHHS iHpopmarii IE; aHaJi3zy
€HEeProCIOKUBAHHS Ta BHUPOOHUIITBA
(MOKa3HUKIB 13 JIIYMJIBHHUKIB €JIeKTPOCHEPrii,
TeIJia, ra3y, BOAU Ta IHIIUX €HEProHOCIiB), 30ip
iHpopMalii Mpo TEXHOJOTiYHI MpOLEecH Ta
YMOBHU BUPOOHHIITBA (TEXHOJIOT1YHI KapTH, 3BITH
PO BUPOOHUIITBO, METEOPOJIOTIHHI JaHi, TOILO),
3 MeTolo (QopMmyBaHHS 0a3u JaHUX  JUIs
MOJIAJBIIIOTO aHAII3Y.
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2. Calculation:

a) Calculating the amount of energy
input and output.

b) Converting different types of energy
into a single unit of measurement (for example,
KW-h).

3. Balance sheet compilation.
Compilation of a table reflecting the income
and expenditure parts of the balance sheet.

4. Analysis. Analysis of the balance
sheet to identify discrepancies and energy
losses.

The energy balance method is an
important tool for improving the energy
efficiency of industrial enterprises and among
its advantages it can be noted that it:

- allows you to get a complete
picture of the enterprise’s energy consumption;

- helps identify inefficient areas
and energy losses;

- contributes to the development
of energy saving measures;

- makes it possible to assess the
efficiency of energy use and develop measures
to optimize energy processes at the enterprise.

1.3 Statistical analysis method

The analytical method for determining
the energy consumption of industrial
enterprises is a comprehensive approach based
on the analysis of available data and statistical
information. It allows you to assess the
efficiency of energy use, identify trends and
patterns, and also predict future energy
consumption [3].

The analytical method consists of five
main stages: data collection; data processing;
data analysis; data visualization; interpretation
of results.

The data collection stage involves
obtaining information for the analysis of energy
consumption and production (indicators from
electricity, heat, gas, water and other energy
meters),  collecting information  about
technological processes and production
conditions (technological maps, production
reports, meteorological data, etc.), in order to
form a database for further analysis.



Ertan  o0po0km jgaHMX  BKIIOYae
nepeBipky ~ orpumanoi  iHdopmamii  Ha
JIOCTOBIPHICTh Ta TOBHOTY, BHJAJCHHI a0o
KOpUTYBAaHHS aHOMAJIbHUX 3HA4Y€Hb, a TAKOX
NEPEeTBOPEHHS TaHWX Y 3PYYHHUH Ui aHaizy
dopmar.

Ha erami anajisy JaHuX BUABISIOTH
TEH/IEHIII Ta 3aKOHOMIPHOCTI y CIOXHBaHHI
€Heprii, BU3HAYalOTh TUTOMI BUTPATH €HEpPrii Ha
OJIMHHMIIIO TIPOJYKIIii, TTOPIBHIOIOTH CIIOKUBAHHS
eHeprii 3 HOpMaTUBAMHU Ta TTOKa3HUKAMH THIIUX

MIJIPUEMCTB  Tally3l, a TaKOX BUSBJISIOThH
MPUYMHU  BIIXUJICHB BIJI HOPMaJIbHOT'O
CIIO’KMBAHHS eHeprii. Hns 1[bOTO

BHKOPUCTOBYIOTh CTATUCTHYHI METOJU aHAI3Yy.
[acTpyMeHTaMH JUISL aHAMI3y JaHUX MOXYTh
OyTu: mporpamMHe 3a0e3neueHHs s O0JIKy Ta
aHaJli3y  EHEProCIIOKMBAHHS,  CTAaTHCTUYHI
naketn (Microsoft Excel, Google Sheets, R,
Python Ta immi).

Eran Bisyanizamii manux nepenbavae
CTBOpEHHS Bi3yaJIbHUX MIPEJICTaBJICHb
pe3yabpTaTiB  aHami3y, W0 JIO3BOJIAE Kpallle
3pO3YMITH 3aKOHOMIPHOCTI Ta TEHIEHII Yy
CIOKMBaHHI ~ eHeprii. Bisyamizamis  maHux
BHKOHYETBHCS 32 JOTIOMOTOI0 rpadikiB, giarpam.

Ha erami iHTepmperauii pe3yJbTartiB
(hOpMYITIOIOTBCSI BUCHOBKM Ha OCHOB1 aHaI3y
JTaHUX, PO3POOISIIOTECS PEKOMEHAAIl 11010
3aXO/iB 3 EHepro30epeKeHHs Ta OIIHIETHCS
€KOHOMIYHA €()eKTHBHICTh IIUX 3aXO/IIB.

AHaJi3 JaHMX € JOCHTh 3PYyYHUM 1
MOTY)KHUM ITHCTPYMEHTOM JIJI1  ONTHUMI3aIlii
€HEepProcroXKHUBaHHS MIPOMHUCIIOBUX
MiAIpUeMCTB. BiH [103BOJISIE BUSIBUTU pe3epBU
€Hepro30epeKeHHsI Ta MiIBULTUTH €HEePreTUUHY
e(eKTHUBHICTh BUPOOHUIITBA.

1.4 MeToa MOaeII0BAHHSA

MopentoBaHHS CHEeProCHOXHBAHHS
IPOMHUCIOBUX MIJIPUEMCTB — II€ CTBOPEHHS
MaTeMaTHYHUX a00 KOMIT I0TepHUX MOJIeNel [uis
NPOTHO3YBAaHHS Ta aHaji3y EHepProBUTpaT Ha
BUPOOHMIITBI. ITpu IPOTHO3YBaHHI1
€HEepProClOKMBAHHA METOJIOM  MOJICJIIOBAHHS
OLIIHIOETHCS BIUTMB Ha CIIOKUBAHHS €HEprii 3MiH
y pekuMax poboTH 00IaIHAHHS, TEXHOJIOTTYHHX
nporecax abo 30BHIIIHIX YMOBax (HampuKIas,
Temreparypa). MoJenoBaHHs J1Ta€ MOKJIMBICTb
ONTUMI3yBaTH  EHEProCIOKMBAaHHSI  LUIIXOM
BUSIBJICHHS PEXHUMIB poOOTH OOIaJHaHHS Ta
TEXHOJIOTIYHUX TMPOIECiB, SKi 3a0e3nedyroTh
MiHIMaJbHE  CIIOKMBAaHHSA  €Heprii  mpu
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The data processing stage includes
checking the received information for accuracy
and completeness, removing or correcting
anomalous values, and converting data into a
format convenient for analysis.

At the data analysis stage, trends and
patterns in energy consumption are identified,
specific energy consumption per unit of output
is determined, energy consumption is
compared with standards and indicators of
other enterprises in the industry, and the causes
of deviations from normal energy consumption
are identified. Statistical analysis methods are
used for this purpose. Data analysis tools can
be: software for accounting and analysis of
energy consumption, statistical packages
(Microsoft Excel, Google Sheets, R, Python,
and others).

The data visualization stage involves
creating visual representations of the analysis
results, which allows for a better understanding
of patterns and trends in energy consumption.
Data visualization is performed using graphs
and charts.

At the results interpretation stage,
conclusions are formulated based on data
analysis, recommendations are developed for
energy saving measures, and the cost-
effectiveness of these measures is assessed.

Data analysis is a very convenient and
powerful tool for optimizing energy
consumption in industrial enterprises. It allows
you to identify energy savings reserves and
increase energy efficiency in production.

1.4 Modeling method

Modeling energy consumption of
industrial enterprises is the creation of
mathematical or computer models for
forecasting and analyzing energy consumption
in production. When forecasting energy
consumption by modeling, the impact on
energy consumption of changes in equipment
operating modes, technological processes, or
external conditions (for example, temperature)
is assessed. Modeling makes it possible to
optimize energy consumption by identifying
equipment operating modes and technological
processes that ensure minimal energy
consumption while maintaining the required



30epekeHHI HeOoOXiHOi MPOAYKTUBHOCTI, a
TaKOK MPOTHO3YBATH, SIK BIIPOBAPKEHHS TUX YU
IHIIKUX eHepro30epirarounx 3axo[iB BIUIMHE Ha
CMOXKMBAHHSA €HEPrii Ta eKOHOMIYHI MOKa3HUKHU
HiAPUEMCTBA.

Jnst Tounoi mMojeni 30uparTh IaHi mpo
TAN BUPOOHUIITBA, TEXHOJIOTii, BUPOOHHUI
nporecu, OOJaHAHHS, EHEeProCHOKHBAHHS,
eHeproeeKTHBHICTL OyaiBeNlb, KIIMAT Ta 1HIII
dakropu, TOTIM  OOHMpAIOTh  MOJENh  —
CTaTUCTHYHY, (i3uyHy ab0  MAaIIMHHOTO
HaBYaHHSI — Ta TMEpeBIPSAIOTh 11 TOYHICTb,
MOPIBHIOIOYH TPOTHO3H 3 PEATbHUMH JIaHWMH.
Mojienb 103BOJISIE aHANTI3YBAaTH BIUIUB (DaKTOPiB
Ha €HEPrOCMOKMUBAHHS, 3HAXOJUTH MOYKIMBOCTI
onTUMI3aIli Ta MPOTHO3yBaTh  MalOyTHE
CIIO’KMBAHHS, BAKOPUCTOBYIOUH P13HI IPOrpaMu.
MoxXyTh BHKOPHUCTOBYBAaTUCh pI3HI METOJIU
MOJIEJIIOBAHHA, TaKi SK:

— IAHAMIYHE  MOJEIIOBAHHSI  —
B1/100pakae 3MiHM MapaMeTpiB CUCTEMH B 4aci;

- CTaTUCTHYHE MOJICTIOBAaHHI —
BUKOPHCTOBYE CTATHCTUYHI METOIH JUIS aHAITIZY
JAHUX Ta IPOTHO3YBaHHS €HEProCHOKUBAHHSI,

- IMITaliiHE  MOJIEJIIOBAHHA  —
BIITBOPIOE  TIOBEAIHKY pEAJIbHOI  CHUCTEMU
MUISIXOM IMITaIlii i1 OKpeMHUX €JIEMEHTIB;

B E€HEPTreTUYHOMY MOJI€JTIFOBaHHI
BHUKOPHUCTOBYIOTHCS MaTeMaTUYHUI Ta
KOMIT FOTEPHUH TUIIH MOJICIICH.

MartemaTnuni MoaeJi ONUCYIOTh

TEXHOJIOT1YH1 MPOLECH Ta €HEeProeMHI CHUCTEMU
3a JIOTIOMOTOI0 MaTeMaTHUYHUX piBHAHb. Taki
MOJeNII MOXYTh OyTH aHaTITHYHUMH (1110
JO3BOJISIIOTh  OTPUMAaTH TOYHI PO3B’s3KH) abo
YUCIOBUMHU (1[0 BUMAaramTh BUKOPHUCTAHHS
KOMIT FOTEPIB I PO3B’SI3aHHA).

Komm’orepHi Mojesi CTBOPIOIOTHCS 3a
JIOTIOMOTOI0  CIEIIaTi30BaHOr0  MPOTPAMHOTO
3a0e3neyeHHss 1 JO3BOJIAIOTH  MOJETIOBATH
CKJIaJIHI TEXHOJIOT1YHI MpOILIECH Ta €HeproeMHi
CHCTEMH 3 BUCOKOIO TOUHICTIO.

Jlisi MOZAENIOBaHHS E€HEPrOCIOKUBAHHS
MIPOMHUCIIOBHX MiIPUEMCTB MOXYTh
3aCTOCOBYBATUCh PI3HOMAHITHI 1HCTPYMEHTH,
30KpeMa:

— MporpaMu sl CTAaTUCTHYHOTO
aHaii3y: MOBH mporpamyBanHs R, Python;

— mporpaMu s MOJETIOBAHHS
¢iznunux npouecie: MATLAB, Simulink.

— IHCTPYMEHTH JUIsl MAalIMHHOTO
HaBuaHHs: TensorFlow, Scikit-learn;

- nporpamMHe 3a0e3NedeHHs Ul
C€HEPreTUYHOTO MEHEKMEHTY.
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productivity, as well as predicting how the
implementation of certain energy-saving
measures will affect energy consumption and
economic indicators of the enterprise.

For an accurate model, data is collected
on the type of production, technology,
production processes, equipment, energy
consumption, energy efficiency of buildings,
climate, and other factors, then a model is
selected — statistical, physical, or machine
learning — and its accuracy is checked by
comparing forecasts with real data. The model
allows you to analyze the impact of factors on
energy  consumption, find optimization
opportunities, and predict future consumption
using various programs. Various modeling
methods can be used, such as:

- dynamic modeling — reflects
changes in system parameters over time;

- statistical modeling — uses
statistical methods to analyze data and predict
energy consumption;

- simulation modeling -
reproduces the behavior of a real system by
simulating its individual elements;

Energy modeling uses mathematical
and computer types of models.

Mathematical models  describe
technological processes and energy-intensive
systems using mathematical equations. Such
models can be analytical (allowing for
obtaining accurate solutions) or numerical
(requiring the use of computers for solution).

Computer models are created using
specialized software and allow modeling
complex technological processes and energy-
intensive systems with high accuracy.

Various tools can be used to model the
energy consumption of industrial enterprises, in
particular:

- programs for statistical analysis:
programming languages R, Python;

- programs for modeling physical
processes: MATLAB, Simulink;

- machine learning
TensorFlow, Scikit-learn;

- energy management software.

tools:



MonentoBaHHs CHEProCIOXHBAHHS
CKJIAJIA€ThCS 3 HACTYIHUX €TaIliB:

1) 306ip manmx (30ip iH(OpMalii mpo
CHEProCIOXHMBaHHsS,  BUPOOHHMYI  TPOLECH,
oOJyiaHaHHs, KIIMAaTH4HI YMOBH).

2) Bubip mMozeni (BU3HAUYCHHS HAHOLIbII

MIIXOASIMIOT  MOJeNi  Juii  KOHKPETHOTO
MiAPUEMCTBA).
3) TIlobymoBa momemi  (po3pobOka

MaTeMaTHYHOI a00 KOMIT' FOTepHOT MOJIEITi).

4) Bamimamis  mozeni  (mepeBipka
TOYHOCTI ~ MOJENl  LUISIXOM  TOpPIBHSAHHSA
MIPOTHO31B 3 PEAJIbHUMU JIaHUMMU ).

5) Amnani3 pesynbraTiB (aHai3 BIUIUBY
pi3HUX  (aKTOpIB HA EHEProClOXKHUBaHHSA,
BUSIBJICHHS MOXXJIMBOCTEH JIJIs1 OMITUMI3allii).

6)  BmpoBamkeHHs
(po3pobka Ta  BIPOBAKECHHS
eHepro30epeKeHH).

3acTOCYBaHHS METOJy MOJICITFOBAHHS
JO3BOJISE  TIANPUEMCTBAM  TPHATH  JIO
OOTPpYHTOBAaHOTO TPHUAHSATTS PIIMIEHb MI0JIO:
3HIDKCHHSI BUTPAaT Ha CHEPTil0; 3MCEHIICHHS
BIUIMBY Ha JOBKULIS; MOJIMIIEHHS YIPaBIiHHS
CHePreTUYHUMH pecypcaMHd Ta  ITiBUIICHHS
KOHKYPEHTOCITPOMOKHOCTI.

Pazom 3 THM, MeTOJ MOJEIIOBaHHS Mae
JesIKi HEJIOJIIKH, Cepell IKUX: CTBOPEHHS TOYHHX
1 HamIHUX MOJENed BHUMarae 3HaYHUX 3HAHb 1
JOCBiy, a  CIeliajJi3oBaHe  IporpamHe
3a0e3reueHHsI Ta 00J1aTHAHHSI 1Tl MOJICITIOBAHHS
MOXYTh OyTH JOPOTHMH, PO3pOOKa Ta aHaIi3
CKJIAJITHMX MOJICJIEH MOJXKe 3aiiMaTu OaraTo Jacy,
HETPaBUIbHI MPHUITYIIEHHS MOXYTh MPHU3BECTH
0 3HAYHUX T[OMHJIOK Yy  pe3yJbrarax
MOJIEIFOBAHHS. BiamnosigHo, BaXKJIMBO
BpaxoOBYBaTH IIi HEJOJIKA MpPU BUKOPUCTAHHI
MOJICJIFOBAHHS i PETEIHHO ITiIXOJAUTH J0 BUOOPY
TUIy MoAeni, 300py J[JaHuUX 1 aHalizy
pe3yJIbTaTiB.

peKOMeHaI i
3ax0diB 3
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Energy consumption modeling consists
of the following stages:

1) Data collection (collection of

information  on  energy  consumption,
production processes, equipment, climatic
conditions).

2) Model selection (determination of the
most suitable model for a particular enterprise).

3) Model construction (development of
a mathematical or computer model).

4) Model validation (verification of the
accuracy of the model by comparing forecasts
with real data).

5) Analysis of results (analysis of the
impact of various factors on energy
consumption, identification of opportunities for
optimization).

6) Implementation of recommendations
(development and implementation of energy
saving measures).

The use of the modeling method allows
enterprises to make informed decisions
regarding: reducing energy costs; reducing
environmental impact; improving energy
resource  management and  increasing
competitiveness.

However, the modeling method has
some disadvantages, including: creating
accurate and reliable models requires
significant knowledge and experience, and
specialized modeling software and equipment
can be expensive; developing and analyzing
complex models can be time-consuming; and
incorrect assumptions can lead to significant
errors in the modeling results. Accordingly, it
is important to consider these disadvantages
when using modeling and to be careful in
choosing the type of model, collecting data, and
analyzing the results.



PO3JILI 2. PO3PAXYHOK
EHEPTOEMHOCTI BYJJIBHUIITBA
JTOPOXKHBOI'O OJATY
ABTOMOBLJIBHOI JOPOT'H

[Ipenmer mociiKeHHS BOTO PO3ALTY —
po3paxyHOK BUTpar eHeprii ta emicii CO2 mifg
Yac YJAITYBaHHS TOKPHUTTS HEKOPCTKOTO
JIOPOXKHBOTO OaTy. MeTta — OOIpyHTYyBaHHS
BUOOPY THIY acgaabTOOETOHHOI CyMiI, IO
Mae 3a0e3neunTH MaKCUMAJIbHY
eHeproe(eKTUBHICTh Ta 3MEHIIECHHS
BYIJIELIEBOTO CJIi/ly Ha eTanax il BUTOTOBJIEHHS,
TPaHCIOPTYBAaHHS Ta OyAIBHULTBA.

Hwxue HaBeneHi ocHOBHI (opmyiu, 3a
SKAMH MOKHA BUKOHATH po3paxyHok. [Tpukman
pPO3paxyHKy  €HEpProeEMHOCTI  OyIIBHHLITBA
JOPOKHBOTO OJISITY HAaBEICHO B OJATKY 1.

2.1 OcHoBH nepeaayi TenJ0Boi eHeprii

Kinpkicth TemnoBoi eHeprii, OTpUMaHOi
(a00 BTpayeHoi) TULIOM, MO BITHOLIEHHIO J0
Macu TijJa Ta 3MIHM BHACIIIOK ILOTO KOr0
TeMIepaTypu 3a3BUYal BUPAXKAETHCS
HACTYTHUM PIBHSIHHSAM:

Q=m-

ne Q — KUTBKICTh TeIlIa, 10 MepeaacTbCst
00’exTy ab0 BTpayaeTbcs HUM, JIK;

m — Maca 00’€KTa, KT

C — IMTOMAa TEIJIOEMHICTh MaTepiaiy, 3
SIKOTO CKIIafmaeThbest 00’ exT, JIx/(kr-°C);

AT — pe3ynbTyroua 3MiHa TeMIIEpaTypH
00’exTa, °C.

[IBuaKicT, TIepemaui eHeprii MoKHa
BUPA3UTH HACTYITHUM YHHOM:

P

ne P — mBuakicTe mnepenadi eHeprii
(motyxHicTh), BT;
At — 3MiHa yacy, c.

2.2 EHeprocno:kMBaHHsi Ha Pi3HUX
eranax BHPOOHHUUTBA achaabTOOETOHHOI
cymini

[IpoanamizyBaBIIM  JKUTTEBUH LUK
BUPOOHMIITBA ac(habTOOETOHHUX CyMIIIeH JUist
JIOPOXXKHIX  TOKPHUTTIB, MOXHa  3pOOHTH
BHCHOBOK, II0 3arajibHe CIIOXHBaHHA eHeprii E

CHAPTER 2. CALCULATION OF
ENERGY INTENSITY OF ROAD
PAVEMENT CONSTRUCTION

The subject of this section is the
calculation of energy consumption and CO:
emissions during the construction of non-rigid
road pavement. The goal is to justify the choice
of the type of asphalt mixture that should ensure
maximum energy efficiency and reduce the
carbon footprint at the stages of its production,
transportation and construction.

Below are the basic formulas that can be
used to perform the calculation. An example of
calculating the energy intensity of pavement
construction is given in Appendix 1.

2.1 Fundamentals of heat transfer

The amount of heat energy gained (or
lost) by a body in relation to its mass and the
resulting change in temperature is usually
expressed by the following equation:

c- AT (2.1)
where Q is the amount of heat transferred
to or lost by the object, J;

m — mass of the object, kg;

¢ — specific heat capacity of the material
of which the object is composed, J/(kg-°C);

AT — resulting change in the temperature
of the object, °C.

The energy transfer rate can be expressed
as follows:

Q
A (2.2)
where P is the energy transfer rate
(power), W;

At — time change, s.

2.2 Energy consumption at different
stages of asphalt mix production

After analyzing the life cycle of asphalt
pavement mixtures production, it can be
concluded that the total energy consumption E
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Ha eTami BUTOTOBJICHHS MOXHa TOJUIMTH Ha
YOTHPHU OCHOBHI eTanu (piBHsAHHS 2.3):

1) BuaneHHs MuiTy i3 3aMOBHIOBAYA;

2) BUCYIILYBaHHS 3aII0BHIOBAYa;

3) HarpiBaHHs OiTyMy;

4) 3MinTyBaHHS CyMilIi.

E=ZEL

l

ne E — cymapHi BUTpaTH €Heprii Ha eTartl

BUpOOHUIITBA  acalbTOOETOHHOI  CyMIIIl,
KBT-TOI;
E1 — eHeprocnoxuBaHHS Ha eTai

BHIAJICHHS MUY 31 mebeHto, kBt-rox;

E> E€HEPrOoCIIOKMBAaHHS Ha eTarl
BHCYIITyBaHHS 3allOBHIOBaYa, KBT-TOI;

Es E€HEepPTOoCIIOKMBAHHS Ha eTari
po3sirpiBy 6itymy, kBT-roz;

Es — eHeprocnoxuBaHHsS Ha eTai
3MilyBaHHS  ac(aabTOOETOHHOI  Cymill,
KBT-TOI;

N = 4 — KiTbKICTh CTAIIN.

3aranpHa GopMyIia CIIOKUBAHHS €HEPTii
Ha KO’)KHOMY €Talli BUTJISIa€ HACTYITHUM YHHOM:

Eile"

e M 3arajibHe  CITO’KMBaHHS
eJIeKTpOoeHeprii abo majauBa Ha MIEBHOMY €Tarli,
kBTt'Tron abo kr;

NCV; (net calorific value — wumcre
3HAYCHHS KaJOpPIMHOCTI) — MHTOMAa TEIIoTa
3rOopsHHSA (HM)KYa TEIJIOTBOPHA 3/IaTHICTH)
najguBa, sIke BUKOPUCTOBYEThCS Ha i-ili cramil,
(xBt'ronx)/xIx abo (kBt-rom)/kr (tadm. 2.1).

dakropu, 110 BILIMBAIOTh Ha
CIOKMBAaHHA €HEeprii Ha KOXXKHOMY eTari,
PI3HATBCS, HacaMmIepena, 3aleKHO BiJl TMOPH
pPOKy, THUITy CYMIlli Ta BUKOPHCTOBYBaHOI
texniku [4]. o BumiB  eHeprii, IO
CMOXXHMBAIOTbCA TEXHIKOIO, HajlexaTb JH3€llb,
MPUPOJHUI T'a3 Ta eNEKTPOCHEPTIs.

Jlns  KUIBKICHOI OLIHKH CIOKUBAaHHS
pi3HUX BUAIB €Heprii BUKOPUCTOBYIOTHCS
3Ha4eHHs nUToMOi TerioTu 3ropsHHs (NCV)
s pi3HUX Jprepen eHeprii. i xoedimienTn
BHU3HAYAIOTHCSA [UITXOM nabopaTopHUX
JIOCITI/DKEHb, BUMIPIOIOUM 3arajibHy KUIBKICTh
TEIUIa, 0 BUAUIAETHCS MiJ Yac CHaTrOBaHHS
eHeprii, 1 BIOHIMAIOYM TEMJIO, BTpauCHE

during the production phase can be divided into
four main stages (Equation 2.3):

1) dust removal from the aggregate;

2) drying of the aggregate;

3) heating of the bitumen;

4) mixing of the mixture.

n
(2.3)

=1

where E is the total energy consumption

at the stage of asphalt mix production, kW-h;

E1 — energy consumption at the stage of
dust removal from crushed stone, kW-h;

E> — energy consumption at the stage of
aggregate drying, kW-h;

E3 — energy consumption at the stage of
bitumen heating, kW-h;

E4 — energy consumption at the stage of
mixing the asphalt mixture, KW-h;

n = 4 —number of stages.

The general formula for
consumption at each stage is as follows:

energy

NCV; (2.4)
where M; is the total consumption of
electricity or fuel at a certain stage, KW-h or kg;

NCV; — net calorific value (lower heating
value) of the fuel used at the i-th stage,
(KW-h)/kJ or (kW-h)/kg (Table 2.1).

The factors affecting energy
consumption at each stage vary, primarily
depending on the time of year, the type of
mixture and the machinery used [4]. The types
of energy consumed by machinery include
diesel, natural gas and electricity.

To quantify the consumption of different
types of energy, the net calorific values (NCV)
of different energy sources is used. These values
are determined through laboratory tests by
measuring the total amount of heat released
during the combustion of energy and subtracting
the heat lost due to the evaporation of moisture
and other volatile substances in the fuel. The
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BHACTIIOK BUIIAPOBYBAaHHS BOJIOTH Ta IHIIMX
JETKUX PEYOBHH, M0 MicTIThcs B nanuBi. NCV
B OCHOBHOMY  BHKOPHUCTOBYETHCS  JUIs
NepeTBOpeHHsT (I3MYHMX KUIBKOCTEH eHeprii
(Takux sSK Byruurst, HapTa 1 IPUPOAHUN Ta3) y
CTaHJApPTHI OJMHMIII CHEeprii U1 yHi(iKOBaHHX
pPO3paxyHKiB 1 moOpiBHAHL. Halmommperinri
3nadeHHss NCV nHaBeneni B Tabm. 2.1.

NCV is mainly used to convert physical
quantities of energy (such as coal, oil and natural
gas) into standard units of energy for uniform
calculations and comparisons. The most
common NCV values are shown in Table 2.1.

Tabmuus 2.1 — 3navenns mutomoi tertotu 3ropsHas NCV 1u1s pisHUX BHIIIB HTaTUBa
Table 2.1 — Net calorific values NCV for different types of fuel

Enextpoenepris,
(xBt-rom)/xx
Electricity, (kW-h)/kJ

Bun nanuBa
Fuel type

Huzens, IIpupoaHnii ras,
(xBt-rom)/xr

Diesel, (kW-h)/kg

(xBt-rom)/xr
Natural gas, (kW-h)/kg

3nauenns NCV

NCV value 1/3600

12,6 10,6

Hacrtymsi PIBHSHHS (2.5)-(2.8)
OTPUMAHO HAa OCHOB1 MOJIEJI, MIPEJICTABJICHOI B
po6oti Wang C. [4].

2.2.1 Po3paxyHox enepzocnoicuanus
Ha emani 6UOAIEHHA RUTLY i3 3ANOCHIN6AYA

Bunanenns mwimy i3 3amoBHIOBaua B
OCHOBHOMY TIOKJIQJa€ThCSI Ha BUKOPUCTAHHS
EIeKTPUYHOI  EHeprii, 10 3aJeXUTh BIJ
MOTY>KHOCTI JIBUTYHA Ta TUITY cyMitti. @opmyra
CIIOKMBAHHS €HEPrii HA IbOMY €Talli BUTJISIAE
HACTYITHUM YMHOM, KBT-TONI:

k
E =a, 11

ne a1 — KoedilleHT, KUl BpPaxoBye
ce30HHI (haKTOpH 1 CTaHOBUTH 2,855...2,966 s
mTa, 3,701...3,783 miug 3umu ta 3,278...3,375
U1l BECHH Ta OCCHI;

kit — koedimieHT BTpaT |y JIiHil
eJleKTporepeaayi, akuii Mae 3HaueHHs 1,05 mis
MIHUX Ta aIFOMiHIEBUX APOTIB,;

Kiz —  KoedillieHT  BHUKOPHCTAHHS
MOTYXHOCTI, SIKHH 3aleXKUTh BiJ KUIBKOCTI
POKIB BUKOPUCTAHHS 00J1aIHAHHS;

kis —  koedimieHT — epeKTHBHOI
MOTYXHOCTI JIBUTYHA, SIKHH 3HAXOAWUTHCA B
Mexax Bix 0,8 10 0,9;

N1 — HOMiHaJIbHA MOTYXKHICTh JBUTYHA
(xB1);

t1 — vac BumaneHHs nuiy (Tox).
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The following equations (2.5)-(2.8) are
derived from the model presented in Wang C.

[4].

2.2.1 Calculation of energy
consumption at the aggregate dust removal
phase

Dust removal from aggregate mainly
relies on the use of electrical energy, which
depends on the engine power and the type of
mixture. The formula for the energy
consumption at this stage is as follows, KW-h:

fra 1 (2.5)

where a; is a coefficient that takes into
account seasonal factors and is given as
2,855...2,966 for summer, 3,701...3,783 for
winter, and 3,278...3,375 for spring and autumn;

kiz — line loss coefficient, which has a
value of 1,05 for copper and aluminium wires;

kio — capacity utilization coefficient,
which varies with the number of years of
mechanical use;

kiz — effective power coefficient of the
motor, which is in the range from 0,8 to 0,9;

N1 — rated power of the motor (kW);

t1 — aggregate dust removal time (h).



2.2.2 Po3paxyHoK eHep2oCnOMNCUBAHHA
Ha emani UCyUy6aHHA 3aN06HI06AYA

Cranmis BHCYIIyBaHHS  3allOBHIOBaya
MEPEeBAXHO TMPAIIOE 33 PAXYHOK CIHAIIOBAHHS
Ma3yTy/AU3eIpHOr0 mnanuBa abo MPHPOIHOTO
razy. CrnoxwBaHHS eHeprii Ha Wid cramil
OB’ s13aHE 3 TAKUMH (PaKkTOpaMHu, sIK 110pa poKy,
BOJIOTICTh, TEMIIEpaTypa Ha BXOJI Ta BUXOI,
¢dakTHYHA TPOAYKTHBHICTH  3MIIIyBaJIbHOTO
oOJlafiHaHHs, MOTYXHICTh JIBUTYHA Ta TEIUIOTa
3rOpsiHHSA nanuBa, KBT-rox:

w w
E2 =a2'[mz'(l—_)'(Tzz—T21)'C1+m2'_'(1000C—T21)'C2+m2'_

100

- (Tzz - 1000(:) b C3 + k21 - k22 - N2 " Gz " NCVZ " tz]

ne a2 — KOCQIIIEHT, KU 3aJeKUTh Bi
TUMy cymimi (Tabi. 2.2);

M2 — Maca 3aloBHIOBaYa, IO MiIsArac
HarpiBaHHIO (KT);

W — BOJIOTiCTh 3amoBHIOBa4a (%);

C1 - MUTOMA TEIUIOEMHICTh
3amoBHIOBa4a, craHoBUTH 0,89 k/[x/(kr-°C) abo
2,472-10* (xB1-Ton)/(xr-°C);

C2 — THMTOMAa TEIUIOEMHICTh BOJH,
cranoBuTh 4,184 KJIx/(xr-°C) a6o 1,162-107
(xBtrom)/(xr-°C);

C3 — THTOMA TEIUIOEMHICTh BOMISHOI
nmapu, craHoButh 1,83  kJDk/(kr-°C) abo
5,083-10* (xB1-Ton)/(xr-°C);

T21 — TemmepaTypa 3alOBHIOBaua Ha
Bxoxi (°C);

T2 — TemmepaTypa 3alOBHIOBaua Ha

Buxozi (°C);

ko1 — xoedimieHT BTpar ManuBa, SKHi
nopieHtoe 1,03;

Koo —  KoehillieHT = BHKOPHCTAHHS
MOTYXHOCTI, IO 3MIHIOETHCS 3aJEKHO BiJ
KUTBKOCTI POKIB €KCILTyaTallii o0nagHaHHs,

N2 — HOMiHaNbHA MOTYXKHICTH ABUTYHA
(xB1);

G, — mnuTOMa BUTpaTa  MaluBa,
kr/(kBt'ron), mpu weomy Gz = 0,340
kr/(kBt-ron) ans GeH3uHOBUX ABUTYHIB 1 G2 =
0,270 xr/(xkBt-Tom) 1uis qu3enbHUX ABUTYHIB;

NCV: — mnuTomMa Temjaora 3ropsiHHA
nanusa, (kBt-rom)/kr (Tadn. 2.1);

t> — yac BuUCyIIyBaHHS 3alOBHIOBayda
(rom).

19

2.2.2 Calculation of energy
consumption at the aggregate drying stage

The aggregate drying stage is
predominantly powered by the combustion of
heavy oil/diesel or natural gas. The energy
consumption at the stage is related to factors
such as seasonal impact factors, moisture
content, input and output temperatures, the
actual production capacity of the mixing
equipment, engine power, and fuel calorific
value, KW-h:

w

100
(2.6)

100

where a; is a coefficient related to the
mix type (Table 2.2);

m, — amount (mass) of aggregate that
needs to be heated (kg);

W — moisture content (%);

c1 — specific heat capacity of the
aggregate, 0,89 kJ/(kg-°C) or 2,472:10*
(kW-h)/(kg-°C);

c2 —specific heat capacity of water, 4,184
kJ/(kg-°C) or 1,162-10 (kW-h)/(kg-°C);

c3 —specific heat capacity of water vapor,
1,83 kJ/(kg-°C) or 5,083-10* (kW-h)/(kg-°C);

To1 — input temperature of the aggregate
(°C);

T22 — output temperature of the aggregate
(°C);

ko1 — fuel loss coefficient, equal to 1,03;

koo — capacity utilization coefficient,
varying with the number of years of mechanical
use;

N2 — rated power of the engine (kW);

G2 — specific fuel consumption,
kg/(kw-h), with G2 = 0,340 kg/(kW-h) for
gasoline engines, and G2 = 0,270 kg/(kW-h) for
diesel engines;

NCV2 — net calorific value coefficient of
the fuel used, (kW-h)/kg (table 2.1);

t> — aggregate drying time (h).



Tabmuus 2.2 — 3HadeHHs Koe(iLi€HTIB 82 1 84 A PI3HUX THUMIB ac(aabTOOCTOHHHUX

cyMimiei
Table 2.2 — Values of coefficients a, and a4 for different types of asphalt concrete mixtures
Tun aC(i)aJIbTO6eTOHH01-CyM1LH1 SMA-13 AC-13 AC-20 AC-25
Type of asphalt mix
Suaneitis KoeQILenTa da | g e 9 g9 | 1045 1081 | 1,028..1,088 | 1,020..1,087
Value of the coefficient a,
SHANCHIA KOCQILICHTA & | 515 3419 | 3005 3301 | 3,197..3,223 | 3,116..3,306
Value of the coefficient as
2.2.3 Po3paxyHoK enepzoCnodCUu8aHHs 2.2.3 Calculation of energy

Ha emani po3izpigy Gimymy

Ha cnoxuBaHHs eHeprii Ha erarl
MIJIrpiBy OITyMy BIUIMBAIOTh Taki (akTopH, sIK
IIoYaTKoOBa TeMIieparypa 01TymMy, €epeKTUBHICTh
HarpiBaJpHOTO OOJIATHAHHS, TUT acdanbTy Ta
BUJI nanvBa. PIBHSHHS €HEProCrnoKMBaHHS Ha
eTami po3irpiBy OITyMy BUIJISIIa€ HACTYIHUM
yuHOM, KBT'TON;

Es =az-[m3-(Ts; —T31) -y + k3q - ksp - N3+ Gz - NCVs - t3]

e a3 — Koe(iIenT, Mo BPaxoBYE THI
achaabTOOCTOHHOT CyMIlI, 3HAYEHHS SIKOTO
KOIUBAaeThCI B Mexkax 7,569..8,054 nmnsa
achanpTobeTony, MmoaudikoBaHoro CbC, Ta
8,129...8,269 nns 3BuuaiiHoro achaibToOETOHY;

ms — wMaca OiTymy, MO MHijsrae
HarpiBaHHIO (KT);

T32 — Temmeparypa OiTyMy Ha BHUXOJl

(°C);

Ta1 — Temmeparypa HaBKOJMIIHBOTO
cepenosuina (°C);

C4 — TMHUTOMAa TEIUIOEMHICTh OITyMmy,

nepedyBae B miamaszoni 0,9...1,0 xJ[x/(xr-°C)
abo (2,5..2,778)-10* (xBrron)/(xr-°C) s

3BU4aiiHOro acdanproberony ta 1,0...1,1
kJx/(kr-°C) abo (2,778...3,056)-10*
(xBt-rom)/(xr-°C) JUTSt ac¢anbToOeToHy,
moaupikoanoro ChC;

ka1 — koedimieHT BTpaT masMBa,
npuiiMaeTbes piBHUM 1,03;

k2 —  KOedillieHT  BHUKOPHCTAHHS

MOTYXHOCTI, SKHM 3MIHIOETHCS 3aJIEKHO BiJ
KUTBKOCTI POKIB €KCILTyaTallii o0aJHaHHS,

N3 — HOMiHaJbHA MOTYXKHICTh JBUTYHA
(xB1);

Gz — nmnuroma BUTpaTa TaJMBA,
kr/(kBt-ron), nopisatoe 0,200 kr/(kBt-ron) ans
ra30BOT0 MAJLHHUKA;
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consumption at the asphalt (bitumen) heating
phase

The energy consumption during the
asphalt heating stage is influenced by such
factors as the initial temperature of the asphalt,
the efficiency of the heating equipment, the type
of asphalt, and the type of fuel. The energy
consumption equation for the asphalt heating
stage is as follows, kW-h:

2.7)

where as is a coefficient which accounts
for the type of asphalt with values ranging
7,569...8,054 for SBS-modified asphalt and
8,129...8,269 for base asphalt;

m3 —amount (mass) of asphalt that needs
to be heated (kg);

T3> — output temperature of the asphalt
(°C);

Ta1 — ambient temperature (°C);

cs — specific heat of the asphalt, with a
range 0,9...1,0 kJ/(kg-°C) or (2,5...2,778)-10*
(kW-h)/(kg-°C) for base asphalt and 1,0...1,1
kJ/(kg-°C) or (2,778...3,056)-10*
(KW-h)/(kg-°C) for SBS-modified asphalt;

ka1 — fuel loss coefficient, set at 1,03;

ks — capacity utilization coefficient,
which varies depending on the number of years
the equipment has been in use;

N3 — rated power of the engine (kW);

Gs — specific fuel consumption,
kg/(kwW-h), equals to 0,200 kg/(kW-h) for gas
burner;



NCVs — mnuTomMa Temiaora 3rOpsiHHA
nanusa, (kBT-rom)/kr (Tadim. 2.1);
t3 — yac HarpiBaHHs 6iTymy (rom).

2.2.4 Po3paxynoK enepzoCHOMCUBAHHA
Ha emani 3MiWYBaAHHA cymiui

Ce3onHi (hakTOpH, THIT CyMilli, Mapka
oOllafiHaHHS Ta BHUJ TMajHBa € OCHOBHUMH
dakTopaMu, SKi BIUIMBAIOTh HA CIIOKUBAHHS
eHeprii Ha oMYy eTarti, KBt-rox:

E, =a,

ne a4 — KOCQIIIEHT, KU 3aJeKUTh Bi
TUmy cymimi (tabu. 2.2);

ks1 — xoedimieHT BTpaT |y JiHIl
eJIEKTpoIiepeiayi, 3HAYCHHS SIKOTO CTaHOBUTH
1,05 ams MiTHUX Ta aJIFOMiHIEBHUX JPOTIB;

ksz  —  KoedillieHT  BHUKOPUCTAHHS
MOTY>KHOCTI, SIKHH 3aJeKUTh BiJ KUIBKOCTI
POKIB €KCILTyaTaIrii o0IaTHaHHS;

ks —  koedimieHT — eeKTHBHOI
MOTY>KHOCTI IBUTYHA, SIKUW TIepeOyBae B Mekax
Bixg 0,8 1o 0,9;

N4 — HOMIHAJIbHA TIOTY>KHICTh JIBUTYHA
(xBr);

t4 — gac mepeminryBaHHs cyMmiti (roxm).

kio = ko = ks = ko = 1 mist HOBOTO
oOiagHaHHs Ta > 1 ans craporo oOiagHaHHS,
sKa TepeOyBae B HEiACATBHOMY TEXHIYHOMY
CTaHI Ta Ma€ O3HAKU BTPATH MPOILYKTHBHOCTI.

2.3 EHeprocmokxmBaHHSI Ha Pi3HHX
eranax OyAiBHUITBA JOPOKHbOI0 OAATY

Moens PO3paxyHKy eHepro-
CIIOKMBAHHsI, BUKOPHCTaHA B I[LOMY PO3.IiJi,
6asyerbcs Ha poboti Woodrow J.H. [5].

Pi3Hi Buam eHeprii BHU3HAUYAIOTHCSA
HACTYITHUM YHHOM:

— Temmora 3ropsHHs  (KajopiiiHa
eneprisi) (Eca) — TemioBa eHepris, sKka

BUAUISETHCS TIPH IOBHOMY CIaJIFOBaHHI MaJIBa
a00 1HIIIOTO MPOAYKTY.

— Enepris nepepobku (Epr) — enepris,
HeoOXiJHa Ui BUPOOHUITBA abo  1HIIO]
00poOku oauHUI Martepiany. Taki MaTepianu
3a3BMYail BUKOPHCTOBYIOTHCS SIK KOMIIOHEHTH
KOHCTPYKIIii a00 OyiBeIbHOI OAMHHIII.

— Tpancnoptra eneprist (Eyr) — enepris,
sIKa BUKOPUCTOBYETHCS y BUTTISL MATBHOTO JUIs
TPaHCIOPTYBaHHs MaTepiajiB BiJ Micls IXHBOT'O
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k41 ' k42 'N4
—_— . t4
ks

NCV3 — net calorific value coefficient of
the fuel used, (kW-h)/kg (table 2.1);
t3 — asphalt heating time (h).

2.2.4 Calculation of energy
consumption at the mixture blending phase

Seasonal factors, mix types, machinery
models, and fuel types are the main influencing
factors of energy consumption at this stage,
kW:h:

(2.8)

where a4 is a coefficient related to the
mix type (table 2.2);

ka1 — line loss coefficient, with values of
1,05 for copper and aluminium wires;

ks — capacity utilization coefficient,
which varies with the number of years the
machinery has been in use;

kss — effective power coefficient of the
motor, which is between 0,8 and 0,9;

N4 — rated power of the engine (kW);
t4 — mixing time for the mixture (h).

kig = ko2 = ka2 = kg = 1 for new
machinery and > 1 for older machinery not in a
perfect technical condition with signs of
productivity loss.

2.3 Energy consumption at different
stages of pavement construction

The energy consumption calculation
model used in this section is based on Woodrow
J.H. [5].

The various types of energy are defined
as follows:

— Calorific energy (Ecar) — the heat energy
released when a fuel or other product is
completely burned.

— Processing energy (Epr) — the energy
required to manufacture or otherwise process a
unit of material. Such materials will usually be
used as components of a structure or unit of
construction.

— Transport energy (Ew) — the energy
used as fuel for transporting materials from the



MOXO/DKEHHsT a00 BUPOOHUITBA 10 MICIs
BUKOPHUCTaHHS.

— byniBenbHa enepris (Ec) — enepris, sika
BUKOPUCTOBYETbCS K TalbHE (BKIIOYAIOUU
EJIEKTPUYHY €HEeprito) i pobotu OyniBeabHOT
TexHikd. Jlns OyaiBHUITBA aBTOMOOUTBHUX

Iopir 1e OeTOHO3MIIyBaJbHI  yCTAHOBKH,
KOHBEEPH, YKIIQIaTbHUKH, KOTKH TOIIO.
2.3.1 Buxioni oani

OcHOBI JaHi Il pO3paxyHKy: BMICT
0iTyMy B CyMillli; BMICT BOJIOTH B 3aIIOBHIOBAYi;
B1JICTaHb TPaHCIIOPTYBAaHHS oiTymy,
3all0OBHIOBaYa  Ta  CyMimli;  Koe(ilieHT
VIIIJTbHEHHS OCHOBH JIOPOXKHBOTO TOKPHUTTS,
€Heprisi JUid HarpiBaHHd Ta BUCYLIyBaHHS
3al0BHIOBAYa.

2.3.2 Po3paxynok

Butpatu eneprii B 1bOMYy poO3ALIL
BUMIPIOETECSA B JI/(KM-CM), IO SIBISE COOOIO
JTU3EIIbHAM €KBIBAJICHT €HEPTii, HEOOX1aHOT st
BUKOHAaHHA pPOOOTH 3 YJAIITyBaHHS IIapy
JIOPOKHBOTO  TIOKPHUTTS JIOBKHHOIO | KM
mupuHoio 7,32 M (24 gyTH) 1 ToBIIKMHOIO 1 cM.

byoisenvua enepeis

BupanenHs mnuiay Ta BUCYLIYBaHHS
3aroBHIOBAYA, JI/(KM*CM):

2

Ec_dust_dry_aggr = CFpqse

ne CFpase — KOEQIIIEHT yIIUILHCHHS
OCHOBH JIOPOKHBOT'O OZSTY, KI/(KM*CM);

Casph — BMICT acdanbTy (OiTymy) B
cywmiri, %;

SEdust dry aggr — TIMTOMAa €HEpris Ha
BUJIAJICHHS ATy Ta BUCYIITYBaHHS
3allOBHIOBAYa, JI/KT:

SEdust_dry_aggr =

ne pd = 0,84 xr/n — rycTuHa qU3eIbHOTO
nanuBa npu 15 °C;

1000 — pmns mepeBeleHHS 3 TOHH Y
KIUJIOTpaMu;

Ei1, E2 Ta NCVqy — quB. po3gin 2.2.

SEdust_dry_aggr MOJKHA TaKOX OTPHMATH 3
J0AaTKy 6.

HarpiBanHs Ta 3MilryBaHHs acQaibTy,
1/(kM-cM):

.(1

point of their origin or manufacture to the point
of their use.

— Construction energy (Ec) — the energy
used as fuel (including electrical energy) in
operating construction equipment. For highway
construction this includes mixing plants,
conveyors, distributors, rollers, etc.

2.3.1 Input data

The main data for the calculation:
content of asphalt (bitumen) in a mixture;
moisture content in aggregate; transportation
distance of asphalt, aggregate and mixture;
compaction factor for a base of road pavement;
energy for heating and drying aggregate.

2.3.2 Calculations

Energy consumption is this section is
measured in I/(km-cm) which represents a diesel
equivalent of energy needed for performing a
certain work on a pavement layer of 1 km long,
7,32 m (24 ft) wide and 1 cm thick.

Construction energy
Dust removal and drying of aggregate,
I/(km-cm):

_ Casph
100

) ’ SEdust_dry_aggr (2-9)

where CFpase — compaction factor for a
base of road pavement, kg/(km-cm);

Casph — content of asphalt (bitumen) in a
mixture, %;

SEdust dry aggr — Specific energy for dust
removal and drying of aggregate, I/kg:

E,+E,

1000 - NCV, - py (2.10)

where pq¢ = 0,84 kg/l — density of diesel
fuel at 15 °C;

1000 — to convert from tonnes to
kilograms;

for E1, E2 and NCVq — see section 2.2.

SEdust dry aggr May  alternatively be
obtained from Appendix 6.

Heating and mixing
I/(km-cm):

of asphalt,
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CF, - SE, i
Eheat_mix — baseCE heat_mix (211)
fuel
ne CEwer — Temmora  3ropsiHHSA where CEsel — calorific energy of fuel
(xanopiitHa eHepris) MajvBa, mo | used for mixing, kJ/I or (KW-h)/I;

BHUKOPUCTOBYETHCS JUTsI 3MIITyBaHHs, K[ /11 260
(xBt-Tom)/m;

SEheat_mix — IIMTOMA €HEPTis HArpiBaHHs
Ta 3MinryBaHHs, KJK/Kr:

SEheat_mix = 10

ne 3600 — s mepepaxyHky 3 KBT-ron y
k/Ix (sxmo Es Ta Es4 pospaxoByroTecs B
kBT-TON).

SEheat mix MOYKHA TaKOX OTPHMATH 3
JIoJaTKy /.
VYknanaHHs Ta yUIUIbHEHHS, J1/(KM-CM):

Es +E,

_ CFpase - SEspr_comp

SEneat mix — Specific energy for heating
and mixing, kJ/kg:

-3600 (2.12)

00

where 3600 — conversion from kW-h to
kJ (when Ez and E4 are calculated in kW-h).

SEneat mix May alternatively be obtained
from Appendix 7.
Spreading and compacting, I/(km-cm):

Ec_spr_comp -

ne  SEspr_comp IMTOMAa  €HEpris
YKJIQJaHHs Ta YIIUIbHEHHS cyMminri, kJ[k/kr abo
(xBt-rom)/xr (Woodrow J.H., ¢.15 [5]);

CEfuel — Teruiora 3ropsiHHs (KajopiiiHa

EHepris) rajnBa (mm3enn), SIKE
BUKOPDUCTOBYETBCS Uil YKJIQJaHHS  Ta
yutinsHeHHs, KJ[x/1 abo (kBt-rom)/m.

3aranpHa Oy/iBebHA eHepris,
1/(KM-CM):

Ec_total = Ec_heat_dry_aggr + Ec_mix + Ec_spr_comp

Tpancnopmua enepeis
Acdanst (6iTyM), J1/(KM-CM):

Casph
Etr_asph = CFpgse '%

ne  Dasph BIJICTAaHb TEPEBE3CHHS
acanbTy (OITYMY), KM;

FUasph BUTpaTH
BaHTAXKHUMH aBTOMOOITAMU
nepeBeseHHs acanbry (OiTymYy),

(momarox 8).

MMaJIBLHOTO
i yac
/(KT +KM)
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(2.13)
CEfuel

where SEspr comp — Specific energy for
spreading and compacting of a mix, kJ/kg or
(KW-h)/kg (Woodrow J.H., p.15 [5]);

CEfel — calorific energy of fuel (diesel)
used for spreading and compacting, kJ/I or
(KW-h)/L.

Total construction energy, I/(km-cm):

(2.14)
Transport energy
Asphalt, I/(km-cm):
“Daspn 2+ FUgspn (2.15)

where Dasph — transportation distance of
asphalt (bitumen), km;

FUasph — fuel use by trucks during asphalt
hauling, I/(kg-km) (Appendix 8).



3amoBHIOBaY, JI/(KM:CM):

Etr_aggr = CFpgse * (1

1€ Waggr — BOJIOTICTH 3aIlOBHIOBaYa, %0;

Daggr  —  BiICTaHP  TIEpPEBE3CHHSA
3allOBHIOBAYA, KM;

FUaggr — BUTpATH MaJIbHOT O
BAHTOKHUMHU aBTOMOOUTIMU mijg  gac

MepEeBE3EHHS 3all0BHIOBAYa, JI/(KIr-KM) (J101aTOK

8).

Cywmim, 1/(kM-cM):

Etr_mix = CFygse " Dix " 2 " FUpix

ne  Dumix BiJICTaHb
ac(arbTOOETOHHOI CyMilll, KM;

FUnmix — BUTpaTH MajabHOr0 BaHTAKHUMHU
aBTOMOOUISIMHM TiJ 4Yac MEepeBE3eHHsS CyMIlll,
1/(kr-kMm) (mopatok 8).

MePEBE3CHHS

3arajibHa
1/(kmM-cm):

TPaHCIIOPTHA EHEepris,

Enepeis nepepooxu
3anoBHIOBaY, JI/(KM*CM):

Epr_aggr = CFygse

ne PEaggr — muToMa enepris nepepoOku
3anmoBHIOBaua, KJDK/Kr  abo

_ Casph) .
100

| Aggregate, I/(km-cm):

Waggr
(1+5397) *Daggr * 2" FUaggr (2.16)
where Waggr — mMmoisture content in
aggregate, %;
Daggr — transportation distance of

aggregate, km;
FUaggr — fuel use by trucks during
aggregate hauling, 1/(kg-km) (Appendix 8).

Mix, I/(km-cm):

(2.17)
where Dnmix — transportation distance of

asphalt mixture, km;

FUmix — fuel use by trucks during mixture
hauling, I/(kg-km) (Appendix 8).

Total transport energy, I/(km-cm):

Etr_total = Etr_asph + Etr_aggr + Etr_mix (2-18)
Processing energy
Aggregate, I/(km-cm):
Casph) PEaggr
(1 100/ CEfye (219
where PEaggr — Specific processing
(xkBt'rom)/xr | energy of aggregate, kJ/kg or (kW-h)/kg
(Appendix 9);

(momatok 9);

CEfuer — Termora 3ropsiHHs (KajopiiiHa
CHEprisl) MaJiMBa, SIKE BUKOPUCTOBYETBHCS IS
nepepoOKH 3amoBHIOBava (au3enp), kJx/1 abo
(xBt-rom)/m.

Acdanbt (6iTyM), 11/(KM*CM):

Epr_asph = CFpgse *

ne PEasph — mUTOMa eHeprist nepepooKu
acanbry (OiTy™my), kJ[x/Kr abo (kBt-rom)/kr
(momarok 9);

CEfuel — TermioTa 3ropsHHs (KanopiliHa
SHepris) NajuBa, SIKE BUKOPUCTOBYETBHCS IS

CEfel — calorific energy of fuel used for
processing aggregate (diesel), kJ/ or (KW-h)/I.

Asphalt, I/(km-cm):

Casph . PEasph (2-20)
100  CEpye

where PEaspn — specific processing
energy of asphalt, kJ/kg or (kW-h)/kg (Appendix
9);

CErel — calorific energy of fuel used for
processing asphalt (diesel), kJ/l or (kW-h)/I.
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nepepoOku acdansTy (mu3ens), kJx/m abo
(xBtrom)/m.

3arajibHa CHepris nepepooKH, Total processing energy, I/(km-cm):
1/(KM-CM):
Epr_total = Epr_aggr + Epr_asph (2-21)
Tennoma 32opsanns (kanopitina enepeis) Calorific energy
Acdanbt (6iTy™m), J1/(KM*CM): Asphalt, I/(km-cm):
Casph CEqspn
Ecal_asph = CFpqse - L (2.22)

ne  CEasph TETUIOTa  3TOPSHHS
acganproderony, k/x/kr ado (kBT-rom)/Kkr;

CEfiel — TerutoTa 3rOpsiHHS MajuBa
(IM3enbHOr0), 10 BHUKOPUCTOBYETHCS IS
o0poOku  achamproberony, kJ/x/m  abo

(xBt:rox)/n (momatok 9).

IIPUMITKA: y piBHsHHSX BHIIE «100»
B 3HAMCHHHKY — ]ISl TIEPEBEACHHS BIJICOTKIB Y
YACTKU OJUHHII.

2.4 Po3paxynok BukuaiB CO>

Bukumn  mapuukoBux razie (I
BUMIPIOIOTHCS B TpaMax €KBiBAJICHTY JABOOKHCY
Byriemto Ha KigoaT-roguHy (r CO2/kBt-rox).
ExBiBaJieHT BYTJIEKHCIOTO Ta3y — Iie Mipa, sKa
BUKOPHUCTOBYETBCS ISl TIOPIBHSIHHS BHKH/IIB
pI3HUX MAapHUKOBHX Ta3iB. [loka3HUKM BUKHUIIB
MOXYTh CYTTEBO BIJIPI3HATHCA JIsi KOXHOTO
Tuny manuBa. lle moB’s3aHO 3 THM, IO
e(pEeKTUBHICTh  BHKOINHHUX  BHUJIIB  MajuBa
3MIHIOETBCSI 3alIeKHO BiJ] TOr0, HACKUIbKU
e(heKTHBHI €JIEKTPOCTAHIIIT Ta K
BUJI00YBA€EThCS MAINBO.

[Ilo6 BU3HAYUTH BYTJICHEBUI  CIiJ
(emicito) CE (kr COz2) Big criO’KMBaHHS €HEprii,
MOTPIOHO TOMHOXKUTH CIHOXUTY eHeprito E
(xBt'rom) Ha TUTOMI BUKHUIOM  JABOOKHUCY
ByTJeno (ByrieueBy iHTeHcuBHicTb) Cl 1poro
mxepena eneprii (kr CO2/(kBt-ron)):

CE=E-Cl

Cl moxxHa orpumaTtu 3 Tabm. 2.3.

100 CEpyer

where CEaspn — calorific energy of
asphalt, kJ/kg or (kW-h)/kg;

CEfel — calorific energy of fuel (diesel)
used for processing asphalt, kJ/I or (kW-h)/I
(Appendix 9).

NOTE: in equations above “100” in
denominator converts from a percent unit to a
decimal number.

2.4 Calculating CO2 emissions

Greenhouse gasses (GHG) emissions are
measured in grams of carbon dioxide equivalent
per kilowatt hour (g CO2/kW-h). Carbon dioxide
equivalent is a measure used to compare
emissions of different greenhouse gases. The
numbers for emissions may differ significantly
for each fuel type. The reason is that the
efficiency of fossil fuels varies, depending on
how efficient the power plants are and how the
fuel is extracted.

To determine the carbon footprint CE (kg
CO>) from the energy consumption, you need to
multiply consumed energy E (kW-h) by the
carbon intensity CI of that energy source (kg of
CO2 per KW-h):

(2.23)

| CI can be obtained from table 2.3.
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Tabmuus 2.3 — Bukuau CO2 Bij pi3HHX JDKepen eHeprii
Table 2.3 — CO2 emissions from different energy sources

[Muromi Bukuam (Byrienesa inrencuBHicts) Cl, | Jkepeno
Jlxeperno eneprii kr CO2/(xBt-Ton) JAaHUX
Energy source Specific emissions (carbon intensity) Cl, Data
kg CO2/(kW-h) source
Enexrpuxka (Electricity) 0,260 [6]
JHuzens (Diesel) 0,267 [7]
[Mpupoauuii ra3 (Natural gas) 0,201 [7]
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PO3JILT 3. ATPETATH AC®AJIBTO-
3MIITYBAJILHAX YCTAHOBOK TA
EHEPT I, 11O CIIOJKABACTHCS
3ABOJIOM

OCKiIbKH B CTPYKTYpi OyiBeIBHUX POOIT
3 ynamTyBaHHA ac(aabTOOETOHHUX  IIApiB
JOPO’KHBOTO OJIATY HAWOLIBIIO YaCTKOK 3
TOYKK 30py eHeproButpar (monam 50 %) e
NPUTOTYBaHHS  ac(albTOOCTOHHUX CyMIIIEeH,
HACTyIHI pO3AUIM TPHUCBSIYEHI METoAaM Ta
3axo/aM 3a0e3neueHHsl eHeproe(eKTUBHOCTI Ha
eTari BUTOTOBJICHHS MaTepialliB.

3.1
MarepiaJjiB

CkianyBaHHsi Ta 30epiraHus

3amoBHIOBaY PI3HUX PO3MIPIB TMOBUHEH
30epiraTucs PO3IBHO, CKIIaJICHUI
TOPU30HTAIIBHUMU IIapamMu abo IIapamu, 10
MaroTh HeBenMKui yxwi. [lin dac BaHTaXHO-
PO3BAaHTAXKYBATLHUX POOIT CJIIJT CTEKUTH 32 TUM,
mo6 cerperamis (Toxia) 3amoBHIOBada Oyia
MiHIMalIbHOI. SKIo  cerperaiisi  BCEe-TaKu
BiIOyBa€ThCSA, TO CIIJ TEpEeMIlIaTd  TaKUi
3allOBHIOBAY TMepesi HOro 3aBaHTAXEHHSIM Yy
OyHkepu arperaTiB >kuBjieHHs. JlisiTu Tpebda
obepexxHo, 100 1mIe OuTbIIe HE MOCHUIIUTH 1|
HETaTUBHUU €(EKT.

3anoBHIOBaY HEOOXiAHO 30epiratd Ha
YUCTIH, CyXid, pIiBHIA 1 TBepAill MOBEpPXHI,
obepiraroun HOro BiJ MOTPAIUISTHHS CTOPOHHIX
MarepiaiiB. Tpeba cTexuTH, oo 3aroBHIOBAY HE
nokpuBaBcs nwioMm. Ckimaaun MawTh OyTH
3a0e31nedeHi BOJAOBIIBEICHHM, 1100 MaTH CYXUi
3amoBHIoBadY. IlifgBHINEHA BOJIOTiCTH, OCOOJIMBO
NpiOHOTO 3armoBHIOBaYa, 30UIbIIyE dYac HOTo
MpOCYyIIyBaHHSA B CyHIMJIbHOMY Oapabani, 110
NPU3BOAUTH JO 3HIDKEHHS NPOAYKTUBHOCTI
yCTaHOBKH. BoJOricTh 3amoBHIOBaYa KOKHOTO
BUJly HEOOXiHO TMepeBipsATH [BiUl HA JIEHb 1
BpaxoByBaTH 1ii Mig 4ac BHOOPY pexUMY
cyumipHoro 6apadana.

SIkmo BUTpaTy Temja Ha HarpiBaHHs
matepiany Bia 10 1o 160 °C npuitasaru 3a 100 %,
TO KOKEH BiJICOTOK BOJIOTH B MaTepiajli BUMAarae
301IBIIEHHS] BUTPATH TEIUIAa HA HOrO CYIIiHHS Ha
20 %.

3a mOCTIHHOI TEIUIOBOi  IMOTY)KHOCTI
(OpPCYHKH 1 TOMKOBOTO arperaty 30LUTbIICHHS
BOJIOT'OCTI Marepiary Bele 0 Pi3KOro 3HMKEHHS
npoayKTUBHOCTI. 3a manumu ¢ipmu Wacklesey-
Seeley (CILA), mnpoayKTHBHICTh YCTaHOBOK
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CHAPTER 3. ASPHALT MIXING
PLANT UNITS AND ENERGY
CONSUMPTION BY THE PLANT

Considering that asphalt mixtures
account for the largest share of energy
consumption (over 50 %) in the structure of
construction works on asphalt pavement
layers, the following sections are devoted to
methods and measures to ensure energy
efficiency at the stage of material preparation.

3.1 Warehousing and storage of
materials

Aggregates of different sizes should be
stored separately, stacked in horizontal layers
or layers with a slight slope. During loading
and unloading operations, ensure that
segregation (separation) of the aggregate is
kept to a minimum. If segregation does occur,
mix the aggregate before loading it into the
hoppers of the power units. Care must be taken
not to aggravate this negative effect further.

The aggregate must be stored on a
clean, dry, flat and hard surface, protected
from foreign material. Make sure that the
aggregate is not covered with dust.
Warehouses should be provided with drainage
to ensure that the aggregate is dry. Increased
moisture content, especially of fine aggregate,
increases the drying time in the drying drum,
which leads to a decrease in plant productivity.
The moisture content of each type of aggregate
should be checked twice a day and taken into
account when selecting the drying drum mode.

If the heat consumption for heating the
material from 10 to 160 °C is assumed to be
100 %, then each percentage of moisture in the
material requires a 20 % increase in the heat
consumption for drying it.

Given a constant heat output of the
nozzle and the furnace unit, an increase in the
moisture content of the material leads to a
sharp decrease in productivity. According to
the data of Wacklesey-Seeley (USA), the
productivity of plants depending on the



3aJI©KHO  BiA  BOJIOTOCTI  MiHEPaJIbHOTO
3aroBHIOBaYa HaBeeHo B Tabmmmi 3.1.

3.2 Arperatu ;KMBJICHHS

ArperaT  KMBJIEHHS  3a0e3MleuyroTh
nojady MarepiajiB y CymwibHUE OapabaH y
CHIBBIIHOIICHHI, 33IaHOMY CKJIQJIOM cyMimm. Y
0almTOBMX YCTaHOBKAaX TOJIOBHMM J03yBaJbHUM
€IIEMEHTOM € BaroBHH  J03aTOp  Taps4ux
MaTepianiB, mo 3ale3nedye IT03yBaHHS IICKY 1
mebeHro 3 mnoxubkor +3 % 1 J03yBaHHS
MIHEpaJIbHOTO OPOLIKY 3 TOXHOKOI0 3,5 %.

JUia mojaudl marepianiB y CYIIMJIBHO-

3MmilyBanbHl ~ OapabaHu  BUKOPHCTOBYHOTHCS
BUKIIFOUHO arperaru KUBJICHHS 3
aBTOMaTUYHUMU J103aTOpPaMH. Cucrema

YOpPaBIIIHHA arperatoM >KHMBJICHHS J1a€ 3MOTy 3
MyJIbTa 3MIHIOBATH MPOAYKTUBHICTD SIK OKPEMHUX
7103aTOpPiB Ui 3MIHM pEelenTypH CyMimli, Tak 1
MPOMOPLIHHY 3MIHY MPOAYKTUBHOCTI  BCIX
no3atopiB 1 AC yCTaHOBKH 3arajiom.

moisture content of the mineral aggregate is
shown in Table 3.1.

3.2 Feeding units

Feeding units ensure the supply of
materials to the drying drum in the ratio
specified by the composition of the mixture. In
tower plants, the main dosing element is a
weighing batcher for hot materials, which
ensures the dosing of sand and crushed stone
with an error of £3 % and the dosing of mineral
powder with an error of 3,5 %.

The materials are fed into the drying
and mixing drums exclusively by feeding units
with automatic dosing devices. The control
system of the power supply unit allows you to
change the capacity of individual dosing units
to change the mixture recipe, as well as
proportional changes in the capacity of all
dosing units and the AC system as a whole.

Tabmuust 3.1 — IIpoayKTUBHICTH YCTaHOBOK 3aJIe)KHO BiJI BOJIOTOCTI MIHEpaIbHOTO

3aII0BHIOBa4a
Table 3.1- Productivity of plants depending on the moisture content of the mineral
aggregate
JliameTp 1 JOBKHUHA [IpoyKTUBHICTH YCTAaHOBKH (T/TOJT) IPHU BOJOTOCTI
CYIIMJIbHO-3MIITYBaJIbHOTO 3aroBHIOBauBi, %
Oapabana, MM Plant capacity (t/h) at aggregate moisture content, %
Diameter and length of the
drying and mixing drum, mm 2 3 4 5 6 7 8 9 10
1524 x 6705 178 | 140 | 116 | 100 | 84 79 | 74 | 63 58
1830 x 7315 278 | 220 | 178 | 158 | 137 | 121 |116| 100 | 89
2134 x 9144 420 | 336 | 273 | 236 | 205 | 184 | 163 | 147 | 137
2438 x 9754 541 | 430 | 352 | 305 | 263 | 236 | 210 | 194 | 173
2743 x 10973 719 | 578 | 478 | 410 | 357 | 315 | 284 | 257 | 236
3050 x 12192 956 | 761 | 630 | 541 | 473 | 430 | 378 | 341 | 315

HanamryBaHHs 1 nepiogUuHUA KOHTPOJIb
7103aTOpPiB (TapyBaHHS) 3JIHCHIOIOThCS
YCTQHOBKOIO TEPEKHIHOTO JIOTKa 1 TMOAaYero
MaTepiay neBHoi (pakuii B TapyBalbHUIN KiBIII.
3a yacoM 1 Macor HaOpaHOTro B KiBILI MaTepiary

po3paxoByeTbCsi  (paKTHUHA  TMPOIYKTHUBHICTH
JAHOT'O0 >KMBWJIBHHKA 1, 3a HEOOXITHOCTI,
MIPOBOUTHCS KOPHUT'yBaHHS CHCTEMH

aBTOMATHYHOI'O JIO3YBaHHS.

Henonik 1mx pgo3aTopiB  moOJsrae B
HEY3TOJDKEHOCTI MK OJHOYAaCHHM JI03YBaHHSM
yCiX KOMITOHEHTIB 1 pI3HOYACOBUM iX BBEJICHHIM
y 3MillyBaJbHy KaMmepy; OITyM BBOIUTHCSA B
MOMEHT JIO3yBaHHS (3aTpUMKa YacTKU

Setting up and periodic control of the
dosing units (taring) is carried out by installing
a tipping tray and feeding the material of a
certain fraction into the taring bucket. Based
on the time and weight of the material
collected in the bucket, the actual capacity of
this feeder is calculated and, if necessary, the
automatic dosing system is adjusted.

The disadvantage of these dosing units
is the inconsistency between the simultaneous
dosing of all components and their
simultaneous introduction into the mixing
chamber; bitumen is introduced at the time of
dosing (delay — fractions of a second), mineral
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CeKYH/H), MIHEpaJbHUN MOPOLIOK BBOAUTHCS 13
3arpumkoro 0,5...1,2 cekyHau, a mcok 1 mediHb
HAJXOMATh Yy 3MIIIyBaJIbHYy Kamepy uepe3 2...3
XBWJIMHH. Y Ce 11¢ BIUTUBAE HA SKICTh CyMIIIi, 110
BUITyCKA€THCSI, OCOOJIMBO B mepiofu Ii MyCKy,
3YNUHOK 1 3MiHH CKJIaly CyMIiIli.

3.3 BbirymocxoBuma Ta  Gitrymo-
HarpiBaui
bitymocxoBuIIa  BEJIMKOi  MiCTKOCTI

OyayloTbcs B yMOBax HepuUTMIYHOI abo 3
BEJIMKOIO TEPIOJIMYHICTIO JIOCTaBKH OITyMy.
Axmo € HeOesmeka OOBOJHEHHS OITymMy, TO
MIATPUMYBaTH OITyM Yy CXOBHINI 3a poOouoi
TeMIepaTypu HEeKOHOMIUHO. ParionanbHime B
TakMX  BUIaAKax  30epiratu  OiTym  3a
TeMIlepaTypy HaBKOJMIIHBOIO CEpEJOBHUIIA, a B
30H1 MICIIEBOTO OOIrpiBy JOBOJUTH HOTr0 10
teMiieparypu nepekauysanss (~90 °C) Hacocamu
B OiTyMOHarpiBaibHi KOT/IM (OiTyMOHarpiBaui),
ne  BIH  3HEBOJHIOETHCS,  MOJUQIKYETHCH,
nokpartyerbes pisaumu [IAP 1 noBoguThes 10
pobodoi Temmeparypu.

HeoOximno Martum Ha  yBasi, IO
BUIIAPIOBAHHSA BOJOTH YK€ EHEProeMHHI 1
TpuBanuii npomec. KokeH BiACOTOK BOJIOTH, 11O
MICTHTBCSI B O1TyMi, 301IbIITy€ BUTpPATy €HEprii i
yac miarotoBku 6iTymy Ha 20 %.

B ymoBax  kopoTKomepiogu4HOi 1
PUTMIYHOI IOCTaBKH OITYMY ISl HOTO 30€epiraHHs

3aCTOCOBYIOTh ~ IHBEHTapHi  pe3epByapu 3
00IrpiBOM 1 TEIUIOI30MAIIEI0, B SKHX OITyM
30epiracTbCs  KOPOTKOYACHO TpH  POOOUiid
TeMIIeparTypi. Sk OiTyMoHarpiBaui

BUKOPUCTOBYIOTHCS TOPU3OHTANIbHI IUITIHAPUYHI
pe3epByapu MicTkicTio Big 10 10 25 T.

Sk okepena Temia Ui MIATPUMAaHHS
pobouoi  Temmeparypu  OITyMy  MOXYTh
BUKOPUCTOBYBATHUCS: 3MIMOBHUKOBI MiJirpiBadi 3
MapoBUM 200 MacIsSHUM TEIIOHOCIEM, TpyOJacTi
MiirpiBayi 3 ra30BUM (BOTHEBUM) TETIJIOHOCIEM 1
eJIEKTPUYHI MiJirpiBadi.

ITin yac BHOOpY cHucTEeMH HarpiBaHH
0iTyMy HEOOXiTHO BHXOJWUTH 31 CTymeHs ii
BIUIMBY Ha BJACTUBOCTI OiTyMiB. 3a BHCOKOI
TeMIIepaTypy TEeIJI000MIHHHMX arapatiB Ha IXHIN
MOBEPXHI BiI0YBa€ThCS ASCTPYKIis acalbTeHIB
i3 BHUAUICHHSAM  JIETKUX  BYIJIGBOJHIB  Ta
YTBOPEHHSIM  TBEPAUX  BHCOKOBYIJIEIIEBUX
3’€IHaHb — KapOeHiB 1 kapOoiniB, 110 HETATUBHO
BIUITMBAIOTh HAa 3[aTHICTh OITYyMY NMpPUJIMIIATH JI0
MOBEpXHI MiHepanbHUX MarepiaiiB. OTxe, 110
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powder is introduced with a delay of 0.5...1.2
seconds, and sand and gravel enter the mixing
chamber after 2...3 minutes. All of this affects
the quality of the produced mixture, especially
during periods of start-up, shutdown and
changes in the composition of the mixture.

3.3 Bitumen storage facilities and
bitumen heaters

Large-capacity  bitumen  storage
facilities are built in conditions of irregular or
frequent bitumen delivery. If there is a risk of
bitumen watering, it is uneconomical to keep
the bitumen in the storage facility at operating
temperature. In such cases, it is more rational
to store bitumen at ambient temperature and, in
the local heating zone, bring it to the pumping
temperature (~90 °C) by pumps to bitumen
heating boilers (bitumen heaters), where it is
dehydrated, modified, improved with various
surfactants and brought to the operating
temperature.

It should be borne in mind that
moisture evaporation is a very energy-
intensive and time-consuming process. Each
percentage of moisture contained in bitumen
increases energy consumption and bitumen
preparation time by 20 %.

In the context of short-period and
rhythmic bitumen delivery, heated and
insulated inventory tanks are used for its
storage, where bitumen is stored for a short
time at operating temperature. Horizontal
cylindrical tanks with a capacity of 10 to 25
tonnes are used as bitumen heaters.

The following heat sources can be used
to maintain the working temperature of
bitumen: coil heaters with steam or oil coolant,
tube heaters with gas (fire) coolant and electric
heaters.

When selecting a bitumen heating
system, the degree of its influence on bitumen
properties must be taken into account. At high
temperatures of heat exchangers, asphaltenes
are destroyed on their surfaces with the release
of light hydrocarbons and the formation of
solid high-carbon compounds — carbenes and
carbides — which negatively affect the ability
of bitumen to adhere to the surface of mineral
materials. Thus, the lower the temperature of



HIDKYa TemIeparypa TeIUIOHOCIS 1 CTIHOK
TEMJIOOOMIHHOTO ~ amapatry, TO M SKIIe
HarpiBaHHs 1 MEHIIUN HOTO0 HEraTWBHUU BIUIHB
Ha OiTyM.

[lepeBara mapu SK TEIJIOHOCIS MOJISTAE B
il Hu3bkil Temmnepatypi (me Bume 200 °C) i
HallMEHIIOMY HETaTMBHOMY BIUTHBI Ha OiTym
HaBITh 32 TPUBAJIOTO BILUIUBY.

Henmoniku mapu TakoX MOJATAIOTH y i
HU3bKIH ~ Temmeparypi, MajoMmy  Tepemaji
TeMIEePaTypH MK TEIIJIOOOMIHHUKOM 1 O1TYMOM 1
BEJIMKIN TUIONI TEIUIOOOMIHHHKIB, TPHUBAJIOMY
HarpiBi Ta Hu3bkomy KKJI, wactiii BrpaTi
TEPMETUYHOCTI i 0OBOIHEHHI OITyMYy.

[lepeBara Macma  SK  TEIUIOHOCIS:
«M’sxuit» Harpis (270... 320 °C) 1 meH1Ia 11o1a
3MiiloBUKIB, a Takox Bucokuil KK/I. HarpiBanus
Macia MO)KHa BECTH Ta30BUM (BOTHEBHMM) 1
eIIEKTPUYHIMH HarpiBaduamu.

Henoniku macnsHoro o6irpisy — B Horo
nokexkoHeOe3neni.  3acTOCYBaHHS — 3aMICTh
MacTHja CHEIaIbHUX BHCOKOTEMITEPAaTypHHX
OpraHIYHUX TEIUIOHOCIIB BUMarae 3a0e3reueHHs
BHCOKOi T€pMETUYHOCTI, OCKUIBKH BOHU MAaIOTh
BHCOKY TOKCHUYHICTb.

TpyOuacri migirpiBagi (Teruto-
OOMIHHUKH) 3 BOTHEBUM MiIITPiBOM
BHUTOTOBJISIFOTH JIBOX THIIIB: Tapsdl Ta3u B TpyOax,
3aHypeHux y OiTym (kapoBi TpyOu); OiTym y
Tpy0ax, 1o 00IrpiBarOTHCS TapsIYMMH Fa3aMH.

HarpiBaui 6iTymy 3 >kapoBUMH TpyOaMu
MPOCTI B KOHCTPYKTUBHOMY BUKOHaHHI, HaIMHI
B eKCIUlyaTallli, aje TOoXXeKOoHeOe3meuHi i
CTBOPIOIOTb ~ KOPCTKMH  pEXHM  HarpiBy.
HarpiBaui 3 xxapoBumu Tpy0aMu 3aCTOCOBYIOTH B
aBTOTy/IpOHATOpax 1  aBTOOITyMOBO3ax 1
BUKOPUCTOBYIOTh BUKIIIOYHO JJIsl HiATPUMAHHS
pobouoi Temmeparypu O0iTyMy (KOpOTKOYaCHUI
nigirpi). TpyOuacTi posirpiBadi Ipyroro TUITY
MaloTh JYyXK€ JKOPCTKHM PEeXUM HarpiBy, B HUX
BHUCOKA MIBMJKICTh YTBOPEHHS KapOeHiB 1
KapOOoiiB 1 MOXKIIMBE HABITh BIIKIAJCHHS KOKCY
Ha CTIHKax TpyO, yepe3 L0 B IXHIX KOHCTPYKLIAX

nepeadavaeTbCs MO>KJIMBICTh OYUILEHHS
BHYTpPIIIHBOI TOBEpXHI TpyOd MeEXaHIYHUMHU
crocodamu.

Enexktpuuni  HarpiBaui  mpocTti  3a

KOHCTPYKIII€I0, HAaIiiH1 B eKCILTyaTalii 1 MOXYTh
Oyt mpsamoi Aii (BiAKpUTa cripaib 3aHypeHa B
6iTym) 1 Hempsmoi mii (cmipaini 3 i301aTOpamMu
posramoBaHi B TpyOax). HarpiBaui mpsimoi nii
CTBOPIOIOTH JIy’KE€ JKOPCTKHI pPEXUM HarpiBy
O0itymy (Mana TIoma Cripajii 3a BEJIHKOL
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the heat carrier and the walls of the heat
exchanger, the milder the heating and the
lesser its negative impact on bitumen.

The advantage of steam as a heat
transfer medium is its low temperature (no
higher than 200 °C) and the least negative
impact on bitumen, even with prolonged
exposure.

The disadvantages of steam are its low
temperature, low temperature difference
between the heat exchanger and bitumen and
large heat exchanger area, prolonged heating
and low efficiency, frequent loss of tightness
and watering of the bitumen.

The advantage of oil as a heat carrier:
“soft” heating (270...320 °C) and smaller coil
area, as well as high efficiency. QOil can be
heated with gas (fire) and electric heaters.

The disadvantage of oil heating is its
fire hazard. The wuse of special high-
temperature organic heat transfer fluids instead
of oil requires high tightness, as they are highly
toxic.

Tubular heaters (heat exchangers) with
fire heating are made of two types: hot gases in
pipes immersed in bitumen (flame pipes);
bitumen in pipes heated by hot gases.

Bitumen heaters with flame tubes are
simple in design, reliable in operation, but fire
hazardous and create a rigid heating mode.
Heaters with flame tubes are used in tar trucks
and bitumen trucks and are used exclusively to
maintain the working temperature of bitumen
(short-term heating). Tubular heaters of the
second type have a very rigid heating regime,
they have a high rate of carbenes and carbide
formation and even coke deposits on the pipe
walls, which is why their designs provide for
the possibility of cleaning the inner surface of
the pipes by mechanical means.

Electric heaters are simple in design,
reliable in operation and can be direct-acting
(an open coil immersed in bitumen) and
indirect-acting (coils with insulators located in
pipes). Direct-acting heaters create a very rigid
bitumen heating regime (small coil area at high
power), and their use is highly undesirable.



MOTYKHOCTi), 1 iX 3acTOCyBaHHS  BKpai
Hebaxxane. HarpiBaui Henpsamoi aii 3a TepMidHAM
BIJTMBOM Ha OiTYM JEMIO >KOPCTKIIIi, HDK KapoBi
TpyOH, ame HabaraTo M’sKmm, HDK HarpiBadi

psiMOi ii. Enexrpuuni HarpiBaui
MOKEKOHEOe3NeyHl  Ta  MalTh  HU3bKY
€KOHOMIUHICTb.

Y  CBiTOBIM  TpakTUIl  Halyacrime

3aCTOCOBYIOTh KOMOIHOBaHI CHCTEMH HarpiBy,
IO CKJIQJAIOTHCA 3 JIBOX CTYINEHIB. Y INEpUIOMY

CTYHEeHI TpPOBOIUTHCS HArpiB Macia, Je
BUKOPUCTOBYIOTbCA  TpyOdacTi HarpiBaui 3
BOTHEBUM  MIJITpIBOM  a00  eNeKTpUuYHi 3

HENpSIMUM HarpiBaHHSM, SIK JPYTHil CTyIiHb
CIIyrye MacisiHUM 3MIHOBUKOBHM HarpiBad-
TEII00OMIHHMK Y OITYMHIN IIUCTEPHI.

[IpakTnka excrulyaTtamii  TpyO4acTux
TEIUTIOOOMIHHHMKIB ~ 3acBIg4miIia, IO B  pasi
MAacCJSIHOTO TEIJIOHOCIS IUIOIIa

TEIUTOTIepeIaBATBHOT TOBEPXHI MAa€ CTaHOBHTH
0,5... 1 M? Ha KO)Hy TOHHY MiCTKOCTi IIUCTEPHHN.
Y pa3l BHUKOPUCTaHHS TIJIAOKUX TpyO s
3a0e3neyeHHs] Il€] yMOBH TOTpiOHA BelMKa
NOBXKMHAa TpyO, M0 Beae [0 3HIKEHHS
HagIAHOCTI, [T IBUAIEHHS METaJIOEMHOCTI,
3HMKEHHSI KOPUCHOTO 00’ €My IICTEPHHU.

HaiinonuisHinne pobutu TEILI0-
OOMIHHUKH 3 OpeOpeHux TpyO i3 BHYTPINIHIM
miamerpom  50..75 MM, ki 3a0e3meUyIOTh
HU3BKUU Omip pyxy oOfii, M0 TOJAEThCA
0e3rnepepBHO 3 HarpiBaua HaCOCOM.

bitym, Harpitmii y komiax a0 pobodoi
TEeMIIepaTypH, CJiJ] BUKOPUCTOBYBATH MPOTITOM
5 roa. 3a HEOOXigHOCTI OUIBII TPHUBAJIOTO
30epiraHHs TeMIeparypy B SI3KOro OiTymy
HeoOxiaHo 3uu3uTH 110 80 °C, pigkoro — 1o 60 °C
1 30epiratu He OinbIe 12 rog.

bitym i3 pgonaBanusm IIAP, monimepis,
PO3pLIKYyBayiB (rutactudikaTopin) abo
CTPYKTYpOYTBOPIOBAIBHUX KOMIIOHEHTIB  CIIiJ
nepeMilyBaTd 10 OTPUMaHHS  OJHOPITHOI
CyMilIl B OKpeMili MiCTKOCTI, 00Ja{HaHii mapo-,
eJIeKTpo- a0o0 ONIMHOMIAIrPIBOM 1 HACOCHOIO
ycTaHOBKOI0. ['0TOBe B’spKyde MepekadyroTb y
BUJIATKOBY €MHICTh 1 HArpiBaioTh J10 poOouoi
TEMIEPaTypH.

3.4 CymniibHi 0apadaHu yCTaHOBOK

CymiiHHS 1 HarpiBaHHS MarepiajiB y

cymapkax  0apabaHHOrO  TUIy  IIMPOKO
3aCTOCOBYIOTBCS B pI3HUX ramyssx. [ling dac
obepranHs moxwiaoro OapabaHa  Marepiai

MMIHIMAETLCSA JIOMATAMUA 1 CKHUIAETLCS B IOTIK
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Indirect heaters are somewhat more severe
than heat pipes in terms of thermal impact on
bitumen, but much milder than direct heaters.
Electric heaters are fire hazardous and have
low efficiency.

In world practice, combined heating
systems consisting of two stages are most often
used. The first stage involves heating the oil,
where tubular heaters with fire heating or
electric heaters with indirect heating are used,
and the second stage is an oil coil heater-heat
exchanger in a bitumen tank.

The practice of operating tubular heat
exchangers has shown that in the case of an oil
coolant, the heat transfer surface area should
be 0.5...1 m? per tonne of tank capacity. In the
case of smooth pipes, this condition requires a
large length of pipe, which leads to reduced
reliability, increased metal consumption, and a
reduction in the useful volume of the tank.

It is most expedient to make heat
exchangers from finned pipes with an internal
diameter of 50...75 mm, which provide low
resistance to the movement of oil supplied
continuously from the heater by a pump.

Bitumen heated to  operating
temperature in boilers should be used within 5
hours. If longer storage is required, the
temperature of viscous bitumen should be
reduced to 80 °C, liquid bitumen —to 60 °C and
stored for no more than 12 hours.

Bitumen with the addition of
surfactants, polymers, diluents (plasticisers) or
structure-forming components should be
mixed until a homogeneous mixture is
obtained in a separate container equipped with
steam, electric or oil heating and a pumping
unit. The finished binder is pumped into the
delivery container and heated to the working
temperature.

3.4 Drying drums of installations

Drying and heating of materials in
drum-type dryers are widely used in various
industries. During the rotation of the inclined
drum, the material is lifted by the blades and
thrown into the stream of hot gases. Heat



rapsunx rasiB. Ilepemaua Tterua Bim rasy a0

Marepiany 3MIIACHIOETHCS pamianiiftHuM
BUINIPOMIHIOBAaHHSIM TOIYM’ss 1 3a paxyHOK
KOHBEKTHBHOT'O  TEIUIOOOMiHY. 3a  BHCOKOI

HIUTBHOCTI MUITY (SIK 3aBica) BiH MOTJIMHAE 3HAYHY
9acTKy padialliiHOTO  BHIIPOMIHIOBaHHS, 1

OCHOBHa  Maca  MaTepially  HarpiBaeThCs
KOHBCKTUBHUM TCHJIOO6MiHOM.
[Mornmuuanus Teria Marepiajiom

3IIIACHIOETHCS Yepe3 BIAKPUTY A0 ra3zy HOBEPXHIO
MaTepiairy, o JEeKHUTh Ha CTiHKax OapabaHa i Ha
JIOTIATAX, a TaKOX Yepe3 CyMapHy IOBEPXHIO
YaCTUHOK, 10 MaJaroTh 13 MOJHUIL OapabaHa.
KinpkicTh Teruia, mo nepeaaeTscss Ha BIAKPUTY
MOBEPXHIO Marepially, a TaKOoX CTIHKaMHu
OapabaHa 1 JlomaTsIMH, HE3HAYHA, 3BAXKAIOYH HA
Majly  IJIOmy  3ITKHEHHS 1 3HWKEHY
TEMIIEpPaTypOIPOBIIHICTh TOPUCTOIO MaTepiaiy.
Bognodac KinmbKICTh TeIUia, IO TMEPEAAEThCS
yepe3 CyMapHy NOBEPXHIO NMaJal0YMX YaCTHHOK y
CEPENIOBHUIIll TapsSYuX Tas3iB, JOCUTh BEJHKA,
3BKAIOYU HA BEJIMKY IXHIO IUIOLLY.

VY cepenaboMy edEKTUBHICTh Mepeaadi
TeIvia MaJarovuoMy MOTOKY maTepiany B 70 pasiB
BHIIIA, HK MaTepiaiy, 0 JEKUTh Ha eJIEMEHTax
CyHmmiIbHOTO OapabaHa.

Jlnst migBuieHHsT e(pEeKTUBHOCTI poOOTH
(IpOMYKTUBHOCTI)  cymwibHOro  OapabaHa
HEOOXIHO  3a0e3MeUnTH  XOpOIly  3aBicy
(po3monin mo momnepevyHomy rnepepizy OapabaHa)
3 MaJar04YuX MaTepiaiiB 1 30UIBIIUTH iX JOJIO B
rapsdoMy IOTOIl Ta3y, a TaKOX 30LIbIITUTH
4acTOTY CKHJaHHS Marepiajly B IOTOLl rapsaoro
rasy.

4 KOHCTPYKTUBHOMY BiTHOIIICHHI
OapabaH sBisiE CO00I0 CTaNIeBY TPYOY MOCTIHHOTO
nmiametrpy (puc. 3.1, a), e yMOBHO MOXHa
BUJIUIMTA TPH TEXHOJOTIYHI 30HU: | — 30Ha
MiirpiBy MaTepiady 1 BOJOTH BiJl MOYaTKOBOI
iXHpoi ~ TemmepaTypu A0  TemIepaTypu
IHTEeHCUBHOI0 BUNapoByBaHHs Bosioru (=100 °C);
Il — 30Ha BUIapoByBaHHS BOJIOTM Ta MiJIrpiBY
napiB BOJIM JI0 TeMIepaTypu AUMOBHX rasis; |11 —

30Ha  HarpiBy  marepiagiB 10  pobodoi
TeMIepaTypHu.
Jlo BepxHboro Topus Oapabana 1

NpPUEAHAHO TOpLEBE KiIblle 2, IO 3amobdirae
NEPEeCUNaHHI0 3aBaHTaXeHoro warepiamy. o
TOPLIEBOIO KUIbLIA 2 NMPUMHKAIOTh Biarpidaroui
jomnaTi 3, BCTaHOBJIEHI J10 oci 6apabaHa i KyToM
~50...60° 1 mpu3HaueHi i1 1HTEHCHUBHOTO
3MIIIEHHS ~ 3aBaHTaXEHOI'O  Marepiany  Bif
TOPIIEBOTO KiJBIIA 2.
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transfer from the gas to the material is carried
out by the radiation of the flame and by
convective heat exchange. At high dust density
(as a curtain), it absorbs a significant portion of
the radiation, and the bulk of the material is
heated by convective heat exchange.

Heat absorption by the material is
carried out through the surface of the material
open to the gas, lying on the walls of the drum
and on the blades, as well as through the total
surface of the particles falling from the shelves
of the drum. The amount of heat transferred to
the open surface of the material, as well as
through the walls of the drum and blades, is
insignificant, due to the small contact area and
reduced thermal conductivity of the porous
material. At the same time, the amount of heat
transferred through the total surface of the
falling particles in the hot gas environment is
quite large, given their large area.

On average, the efficiency of heat
transfer to the falling flow of material is 70
times higher than that of the material lying on
the elements of the drying drum.

To increase the efficiency
(productivity) of the drying drum, it is
necessary to ensure a good curtain (distribution
along the cross-section of the drum) of the
falling materials and increase their fate in the
hot gas flow, as well as increase the frequency
of dropping the material into the hot gas flow.

In terms of construction, the drum is a
steel pipe of constant diameter (Figure 3.1, a),
where three technological zones can be
conditionally distinguished: 1 — the zone of
heating the material and moisture from their
initial temperature to the temperature of
intensive moisture evaporation (=100 °C); II —
the zone of moisture evaporation and heating
of water vapour to the flue gas temperature; I11
— the zone of heating the materials to the
operating temperature.

An end ring 2 is attached to the upper
end of the drum 1 to prevent overfilling of the
loaded material. The end ring 2 is adjacent to
the raking blades 3, which are mounted to the
drum axis at an angle of =50...60° and are
designed to intensively shift the loaded
material away from the end ring 2.



Hami mo oci Oapabana po3TamioBaHi
i IHOMHO-CKU/IHI Jiomati 4, pi3Hi K 3a (GopMoIo,
Tak 1 3a kutepKicTio s |, 11 1 111 30m.

V 30Hi | yacTilie BCTAaHOBIIOIOTH ILJIOCKI,
pamianeHO po3TamoBaHi Jomari (puc. 3.1, 0).
Bonu MoxyTh OyTH BUTHYTI IO cepenHiil JiHii Ha
15...20°, wMoxyMBe IXHE BIOXWIEHHS Bif
pazianbHOTO HANPSIMKY B Oik oOepTaHHs 10 15°.

a)

Further along the drum axis, there are
lifting and discharge blades 4, which differ in
shape and number for zones I, 1l and 11I.

In zone I, flat, radially arranged blades
are more often installed (Figure 3.1, b). They
can be curved along the center line by 15...20°,
and can deviate from the radial direction
towards rotation by up to 15°.

5

e

6)

Pucynok 3.1 — CymmipHuil 6apadaH i3
JIOTIATSAMU: a — CYIIUIbHUI OapabaH; 6 — TUIH
JonaTeil nepioi 30HU; B — TUIH JIONIATeN Apyroi
30HU; T — THIIH JIoNIaTell TpeThoi 30Hu; 1 —
Kopmyc 6apabana; 2 — TopleBe IPOTUIIEPECUITHE
KUIbIlE; 3 — JIOMAaTi, 0 BiArpioarTh; 4 — monari,
K1 IIHIMAIOTh 1 CKUJAIOTh; 5 — KiJIbIIE
KOPCTKOCTI; 6 — JIOMAaTh TUITY «3aKPUTHHA KiBIIDY
Ui 30HU A0Broro (akena. CTpUIKK HA PUCYHKY
BKa3yIOTh HAMPSAMOK PYXy MiHEpaTbHUX
Mmarepiais.

V 3o0ni II yacTimie BCTaHOBIIOIOTH JIOMATI,
BIIXWJIEHI 3a XOJOM pyXy BiJl paaiaJbHOro
HanpsMmKy Ha 10...25° 3 KO3UpKOM 3aBIIMPIIKH
20..40 mm (puc. 3.1, B), BIOXWUJCHHM Bif
TUIOLIMHY Jtonati mifg Kytom 30...40°.

V 30ui III MOXHA BCTaHOBIIIOBATH JIONATI,
noni6Hi g0 30nu Il (puc. 3.1, 1), ane 3 mUpIIAM
KO3UPKOM 1 KyToM yctaHoBku  60...75°.

33

Figure 3.1 — Drying drum with blades: a —
drying drum; b — types of blades of the first
zone; ¢ — types of blades of the second zone;

d — types of blades of the third zone; 1 — drum
body; 2 — end anti-spill ring; 3 — raking
blades; 4 — lifting and discharging blades; 5 —
stiffening ring; 6 — “closed bucket” blade for
the long flame zone. The arrows in the figure
indicate the direction of movement of mineral
materials.

In zone Il, blades are more often
installed that are deviated from the radial
direction by 10...25° with a 20...40 mm wide
canopy (Figure 3.1, c), deviated from the blade
plane at an angle of 30...40°.

In Zone 111, blades similar to Zone 1l
can be installed (Figure 3.1, d), but with a
wider canopy and an installation angle of



Hajiuacrime, sx somati B 3ol III
BUKOPHUCTOBYIOTh WIBEJIEPU 3 BHUCOTOIO CTIHKH
0,08...0,12 giamerpa G6apabaHa.

KinpkicTh ~ 5omareld  BCTAHOBIIOIOTH
BUXOJSIYM 13 3a0e3Me4YeHHs PIBHOMIPHOTO 1
MOBHOTO  3allOBHCHHsI  rmepepidy  OapabaHa
MaJar0uYMMy TOTOKaMu Matepiany (puc. 3.2, a). Y
pa3i 3MEHIICHHS TOAayi 3HWXKYETbCA CTYIIHB
3aITOBHEHHS Oapabana Marepiaiom i
3auepIryBajbHa 3JaTHICTh KOBIIIB IOBHICTIO HE
peamizyerbcsi, IO  CIOPUYUHSE  yYTBOPEHHS
BibHOTO BikHa | (puc. 3.2, 6). 3i 30UIbIICHHAM
nojaqi CTYIHb 3alI0BHEHHS Oapabana
Marepiaiom ~ Moxe ~ OyTW  BHIIUM  3a
pO3paxyHKOBHUH, 1 3adepryBajibHa 37aTHICTh
nmomnaTeil Oy/e HEIOCTaTHBOIO, 1, SIK HACIIJOK,
BHHHKHE 30HA «3aBanmy» 2 (puc. 3.2, B), sika
CHJIPHO  TIEPEBAHTAXYE  JBUTYH  TPUBOIY
Oapabana. 3 wi€l NpUYMHHU 3apyOiKHI (ipMH
4acTo 3MIHIOIOTh KyT Haxuity OapabaHa 3a1ekKHO
Bl MPOJYKTHUBHOCTI 3a MPHUHLHUIIOM: OiJbIIa
BOJIOTICTh — MEHIIA MPOAYKTUBHICTh — MEHILIUI
KyT Haxuiry OapabaHa, 1 HaBIIaKHU.

Pucynok 3.2 — 3anoBHeHHs1 6apabaHa
MaJaluiMy MOTOKAMH MaTepialliB MU Pi3HOMY
3aBaHTAXXCHHI: a — HOpMaJbHE; O — MEHIIe
HOpMH; B — OLIbIlIe HOpMH, 1 — BikHO 0Oe3
MaTepiaiy; 2 — 30Ha «3aBally»

3a  cmocoboM  CymIiHHSA — Marepiany
O6apabaHu MOXyTb OYyTH 3 HPOTHTEUIMHUM 1
MOTOKOBUM CyIIiHHSM (puc. 3.3).
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60...75°. Most often as blades in zone Il use
channels with a wall height of 0.08...0.12 of the
drum diameter.

The number of blades is set on the basis
of ensuring uniform and complete filling of the
drum cross-section with falling flows of
material (Figure 3.2, a). When reducing the
feed decreases the degree of filling the drum
with material and scooping ability of buckets
is not fully realized, which causes formation of
free window 1 (Figure 3.2, b). As the feed rate
increases, the degree of filling of the drum with
material can be higher than the calculated one
and the scooping ability of the blades will be
insufficient, and as a consequence there will be
a zone of “blockage” 2 (Figure 3.2, c), strongly
overloading the drum drive motor. For this
reason, foreign companies often change the
drum inclination angle depending on the
productivity according to the principle: more
moisture — less productivity — less drum
inclination angle, and vice versa.

Figure 3.2 — Filling of the drum with falling
streams of materials at different loading: a —
normal; b — less than normal; ¢ — above
normal, 1 — window without material; 2 —
“blockage” zone

According to the method of drying the
material, the drums can be counter-current and
flow drying (Figure 3.3).
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Pucynok 3.3 — Cxema TemioBHUX NPOIIECIB Y
CymMJIbHHUX OapabaHax: a — OapabaH i3
MPOTUTEHIMHUM CITIOCOOOM CYILIHHS MaTepiaiB,
0 — 6apabaH 13 MOTOKOBUM CIIOCOOOM CYIIIHHSA
Marepianis; 1 — Temnepartypa matepiaiy; 2 —
TeMIleparypa rasis; 3 — Temneparypa rasiB npu
noBrogakeIbHOMY TOPiHHI MaduBa

[lin yac MpOTUTEUIHHOrO CYIIIHHSA, IO
3aCTOCOBYEThCSl ~ HalyacTilie, Marepiaii B
noxusjaoMy OapabaHi pyXarOThbCsl BiJl BEPXHHOTO
3aBaHTAXXYBAJIbHOIO  TOPLS /10  HIDKHBOTO
po3BaHTaxXyBajbHOTO (pHC. 3.3, a). ["aps4i rasu,
OTPUMaH1 BiJI CHAIIOBAaHHS TaJMBa, PyXalOThCS
Ha3yCTpl4 pyxy Marepiaiy.

[lepeBarn MPOTUTOYHOTO CYIIIHHS —
HU3bKa Temmeparypa aumoBux raszi (120...150
°C) 1 Bucokuii Teriopuit KKJ[ 6apabana.

Hemoniku mpoTUTOYHOTO CYIITIHHSA:

1. Iy>xe JacTi sIBUIIA, KOJIHM TeMIIEpaTypa
nuMoBHX rasiB Ty mamae Hwk4de 100 °C 1 mapu
BOJIM TIOYMHAIOTh KOHJICHCYBATHCS B T'a30X07aX,
OMKJIOHAX 1 JUMOCOCI, IO TACHE 3a CO000I0
OCiJaHHS MWy Ha BOJOTY TMOBEPXHIO 3
YTBOPEHHSM OpY/Ty 1 MOAAJIBIINM «3aPOCTAHHIM»
ra3oxoJiiB, IIHEKa, KPWIbYaTKH AuMoxomay. Lle
SBUIIE HAN4YacTile TMPOSIBIAETHCA PAHHBOIO
BECHOIO 1 TI3HBOIO OCIHHIO, IO 3arpoxye
3Mep3aHHSIM Opyay B IIHEKaxX 1 AMMOCOCaX Yy
HIYHUI 9ac 1 IXHBOIO MMOJIOMKOIO ITi]T Yac 3aImycKy.

2. YV mnepwiif 30HI HIiAICPIB BOJIOTOTO
MaTepiaiy 3A1HCHIOETbCS TEIJIOM rapsYuX rasis i
KOHJICHCAIlI€I0 MapiB BOAM, IO MPU3BOAUTH JI0
3MEHIIIEHHS JIOBKUHU nepioi 30HH,
MEePEe3BOJIOKCHHST 1 3aluMaHHS Marepialy Ha
JIOTIATSX.

3 Uepe3s Benmukuii mepemam  Mix
CepeIHhOI0 TEMIIEpaTypO0 Ta3iB y TPETiil 30HI
(=1200...1300 °C) i cepeaHbOIO TEMIIEPATYPOIO
MmatepianiB 'y wiil 3oni (=130 °C) HaBiTh npu
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Figure 3.3 — Diagram of thermal processes in
drying drums: a — drum with countercurrent
drying of materials, b — drum with flow
drying of materials; 1 — material temperature;
2 — gas temperature; 3 — gas temperature
during long-flame combustion

In counter-current drying, which is the
most commonly used method, the materials in
the inclined drum move from the upper feed
end to the lower discharge end (Figure 3.3, a).
Hot gases from the combustion of fuel move to
meet the movement of the material.

The advantages of countercurrent
drying are the low flue gas temperature
(120...150 °C) and high thermal efficiency of
the drum.

Disadvantages  of  countercurrent
drying:

1. Very frequent phenomena when the
flue gas temperature Tq falls below 100 °C and
water vapour begins to condense in flues,
cyclones and smoke exhausters, which entails
dust settling on a wet surface with the
formation of dirt and subsequent “overgrowth”
of flues, auger, and chimney impeller. This
phenomenon most often occurs in early spring
and late autumn, which can lead to freezing of
dirt in the augers and smoke exhausters at night
and their breakdown during start-up.

2. In the first zone, the wet material is
heated by the heat of hot gases and
condensation of water vapour, which leads to a
reduction in the length of the first zone,
waterlogging and sticking of the material on
the blades.

3 Due to the large difference between
the average temperature of the gases in the
third zone (=1200...1300 °C) and the average
temperature of the materials in this zone (=130



HE3HAUYHUX KOJMBAHHAX MPOAYKTUBHOCTI abo
BOJIOTOCTI Martepiany (IO TParuII€ThCS YacTille)
MalOTh MICIIe CTPUOKH TEMIIepaTypu HarpiBy
Matepiamy. [lpm 1mbOMy HEJOOTpIiB  MEHII
HeOe3NeyHnid, HiXK TeperpiB, 3a SKOr0 BUHUKAE
Opax.

4. 3 npu4MHYU, 3a3HAYEHOI Y 2-My IYHKTI,
3o | i Il B cymi 3aiiMaioTh OUTBIY YaCTHHY
noBxuHU Oapabana, a 3oma |l (Hemomik,
3a3HaYeHWH Yy TyHKTI 3) 3aiimMae He3HauHy
JIOBXHUHY OapabaHa, B SKid peaJlbHO MOXKHA
3MIMCHUTH XOPOIY 3aBICYy 3CHMaHHS TOTOKIB

Marepiaigy, IO 3CHNAIThCA, IO Mepepizy
Oapabana.
Axmo B OapabaHi  3aCTOCOBYETHCSA

noBroakenpbHe CHATIOBAaHHS MalWBa, TO IS
YCYHEHHSI HETAaTMBHMX SIBHI BIJ KOHIEHCAIi
MajguBa Ha KaM STHUX Marepiajgax y 30HI (akemna
BCTAHOBJIIOIOTH JIOMATI, SIKI IPOHOCATh MaTepiai
Haj (akeroM 1 3a0e3MeuyroTh 3CUMaHHS TIIbKU
no #oro mnepudepii. Lle 3abesmeuye BiuIbHE
TOPIHHS 1 XOpOoIle BUTOPSHHS NaJIMBa, ajle KpuBa
TEeMIepaTyp TapsuuX Tra3iB pO3TAlIOBYETHCS
Habararto BUIIIC 3a pallioHaJIbHY, 3pOCTAE TMepera,l
TeMIepaTyp MDK razamMu 1 MarepiajioM, 3pocTae
MPONYKTUBHICT,  Oapabana, aje BOJHOYAC
30UTBITYIOTBCS TeMIlepaTypa IUMOBUX Ta3iB 1
MUTOMa BUTpaTa MajMBa Ha HarpiBaHHs | T
Marepiany.

Haoynum moka3HMKOM  e(EeKTUBHOCTI
poboTu cymuiabHOro OapabaHa € HOro muToMa
NpoAyKTHBHICTE (y T/rog Ha 1 M® 00’emy
OapabaHa).

[Ipu motoxoBomy cymrinHi (puc. 3.3, 0)
TONKOBUM arperaT po3TallloBaHUN 3 OOKy
3aBaHTaXXEHHs  Marepiamy. Y  Oapabani
MPOTIKAIOTh Ti cami Mpolecd, mo W y pasi
MPOTUIIOTOYHOTrO CYIIiHHA. JIMMOBI rasu, 1o
3aUIIAlOTh  CyIIWIbHUM  OapabaH, MaroTh
temnepatypy Ha 50..70 °C Bumy, HIX
TeMIlepaTypa HarpiBaHHs Marepiany.

Henoniku moTokoBOro cnoco0y CyuIiHHs:
menmuii KKJI; cnamroBaHHs majamBa — TiIBKH
KOpOTKO(akeIbHe.

[lepeBaru MoTOKOBOroO COCOOY CYLIIHHS:
MOBHICTIO BUKITIOUAETHCS neperpiBaHHs
MaTepiany; y ra3oxojax, MHMKJIOHaX i JUMOCOCI
BHUKJIFOUEHO YTBOPEHHS KOHJIeHCaTy
(TemmepaTypa mapiB BOJIM Ta AMMOBUX Ta3iB >
200 °C); 3ona 1l HaitnpoTspkHiIma (OpiEHTOBHO —
MOJIOBMHA JIOBXKWHU OapabaHa), ¢ JIeTKO
3MIHCHUTH pPIBHOMIpPHY 3aBiCy 3 THaJalouux
MOTOKIB 3aloBHIOBaYa 3a mepepizoM OapabaHa,
3HH3UTH TEMIIepaTypy MapiB BOAM Ta AUMOBUX
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°C), even with slight fluctuations in
productivity or material moisture (which is
more common), there are jJumps in the material
heating temperature. At the same time,
underheating is less dangerous than
overheating, which causes rejects.

4. For the reason stated in point 2,
zones | and Il together occupy most of the
length of the drum, and zone III (the
disadvantage mentioned in point 3) occupies a
small length of the drum in which it is
realistically possible to achieve a good curtain
of the flow of material being poured over the
cross-section of the drum.

If long-flame combustion is used in the
drum, then to eliminate the negative effects of
fuel condensation on stone materials, blades
are installed in the flame zone to carry the
material over the flame and ensure that it is
deposited only along its periphery. This
ensures free combustion and good fuel
burnout, but the hot gas temperature curve is
much higher than the rational one, the
temperature difference between the gases and
the material increases, the drum capacity
increases, but at the same time the flue gas
temperature and specific fuel consumption for
heating 1 tonne of material increase.

A good indicator of the efficiency of a
drying drum is its specific productivity (in t/h
per 1 m® of drum volume).

In inline drying (Figure 3.3, b), the
furnace unit is located on the material loading
side. The same processes take place in the
drum as in countercurrent drying. The flue
gases leaving the drying drum have a
temperature of 50..70 °C higher than the
material heating temperature.

Disadvantages of the flow drying
method: lower efficiency; fuel combustion is
only short-flare.

Advantages of the flow drying method:
overheating of the material is completely
excluded; condensation is excluded in gas
ducts, cyclones and smoke exhausters
(temperature of water vapour and flue gases >
200 °C); zone Il is the longest (approximately
half the length of the drum), where it is easy to
create a uniform curtain of falling aggregate
flows across the drum, reduce the temperature
of water vapour and flue gases to 170...175 °C



razie. 1o 170...175 °C i OiABUIIUTH THUTOMY
NPOAYKTHBHICT, Marepian y 30Hi | He
NEPE3BOJIOKYETHCA, OT)KE, HE HAJTUITAE HA JIOTATI.

Temmeparypa HarpiBy 3aloBHIOBada
3aJIOKUTh BiA dYacy MHoro mnepeOyBaHHS B
CymIMjibHOMY  OapabaHi, 10 BHU3HAYAETHCA
TakuMHU (pakTopamu: JOBKHHOIO 1 JiaMeTpoM
OapabaHa, KyToM Haxwiy OapabaHa, YHCIIOM i
KOHCTPYKIII€IO JIONATEH, MBUAKICTIO 00epTaHHS
OapabaHa i Po3MipOM YaCTHHOK 3alOBHIOBAYa.
3a3Buyail 4ac MPOXOHKECHHS 3alIOBHIOBAaYA Yepes3
CYIIMJIBHAN (CymMIBbHO-3MIITYBaJIbHUIN)
OapabaH CTaHOBUTH Big 2 10 3 XB.

Temneparypa MiHepalbHMX MaTepiaiB
MiJ] yac BUXOIY 13 CyHIWIbHOTo OapabaHa Mae
BIJIMTOBIJATH 3HAYEHHSM, 3a3HAYEHUM Y TaOIuIi 2

[8].

3.5 T'apsui exeBaTopu Ta COPTYBAJIbHI
arperaTu

T'apaui enesamopu. Jlns migiiomy
rapsyux MarepiaiiB y COpTyBaJIbHUN arperat
3MIITyBaJIBHOL BEXI BUKOPUCTOBYIOTHCS
JIAHITIOTOB1  KOBIIOB1  eneBaTopu. EneBaTopu
Majioi TMPOJAYKTHBHOCTI 1 HEBEIUKOi BHUCOTH
MiJIIOMy YacTO BCTAaHOBIIOIOTH Yy MOXUIOMY
MoJIOKeHHI. EyleBaTopu BEIMKOT MPOAYKTUBHOCTI
1 BUCOTH THOMY TIOHaT 6 M BCTAHOBIIIOIOTh, SIK
MPaBWJIO, Yy BEPTHUKAIBHOMY IMOJIOKEeHHI. J[is
HOPMaJIBHOI IXHBOI €KCILTyaTallii HelpUIyCTHMI
MEPEBAHTAXKEHHS 1 MOTPAIITHHS B MPHIMAalIbHY
BOPOHKY eJieBaTopa BEJIMKOrabapuTHUX
npenMetiB.  Jlis  yJOBIIOBaHHS — BEIHKUX
MpPEeIMETIB CTaBJISITh PEILIITKA TONEpPeIHbOro
BiOOpy B OyHKepw arperaty >KUBIEHHS 1
KOJIOCHUKOBI PEIIITKH TMepe] 3aBaHTaXEHHSIM
Matepiany B CyIIHIbHUI OapabaH.

Copmyesanvni acpezamu. Haiibinpmit
KK rpoxouenns (~0,9) wmaroTe BiOpariiini
TPOXOTH, aje 4epe3 TPYAHOIIl raciHHs BiOpaii
BOHM He HaOyIud M[IMPOKOrO TOIIMPEHHS.
Haityacrime  3acTOCOBYIOTH  €KCLIEHTPHKOBI
TPOXOTH 3 TOCTIHHOIO aMILTITY0I0 KOJHMBaHb 1
XOPOIIUM BPIBHOB)XEHHSIM, ajie JEU[0 MEHIIUM
KK/I.

Jns migBumenHss KKJ[ rpoxoueHHs i
MiJBUIICHHS  JOBIOBIYHOCTI  CHT  T'POXOTH
poOJIATE OaraTosiPyCHUMHU 3 PEXUMOM POOOTH
KOXKHOTO SIPYCY «HKHIN-BEPXHIN MPOTYKT.

Ha sxicth cywmimi, 10 TOTYyeThCH,
COpTYBaJIbHI arperaTy YNHATh HETaTUBHUI BILIUB
came uepe3 Hu3bkuii KKJ[ mpocitoBanHsA, 110
MOPYIIY€ 3€PHOBHM CKJIaJ CyMillli.
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and increase specific productivity; the material
in zone | is not waterlogged, and therefore does
not stick to the blades.

The heating temperature of the
aggregate depends on the time it stays in the
drying drum, which is determined by the
following factors: drum length and diameter,
drum angle, number and design of blades,
drum rotation speed and aggregate particle
size. Typically, the time it takes for aggregate
to pass through the drying (drying and mixing)
drum is 2 to 3 minutes.

The temperature of mineral materials at
the exit of the drying drum should correspond
to the values specified in Table 2 [8].

3.5 Hot elevators and sorting units

Hot elevators. Chain bucket elevators
are used to lift hot materials into the mixing
tower’s sorting unit. Elevators with low
capacity and low lifting heights are often
installed in an inclined position. Elevators of
high capacity and lifting heights of more than
6 m are usually installed in a vertical position.
For their normal operation, overloads and large
objects falling into the elevator’s intake hopper
are unacceptable. To catch large objects, pre-
screening grates are placed in the hoppers of
the power unit and the grate before the material
is loaded into the drying drum.

Sorting units. Vibrating screens have
the highest screening efficiency (~0,9), but due
to the difficulty of damping vibration, they are
not widely used. Eccentric screens with a
constant oscillation amplitude and good
balance are more commonly used, but with
somewhat lower efficiency.

To improve screening efficiency and
increase the durability of screens, screens are
made into multi-tiered screens with a “bottom-
up product” mode of operation for each tier.

Sorting units have a negative impact on
the quality of the prepared mixture due to the
low screening efficiency, which disrupts the
grain composition of the mixture.



3.6 [lo3yBanbHi arperatu

Ha YCTaHOBKAX
J103aTOPH; Barosi TUIS
MOPOIIKOMOAIOHNX —MaTepialis,
Oitymy i pigkux no6aBok (ITAP).

Jlo 103aTOpiB BHCYBAIOTh OJIHY 3arajbHy
BUMOI'Y — 3a0€3MeueHHsl JOMYyCTHUMOI NOXUOKHU
J03yBaHHS TICKy 1 (pakmiii mebento +3 %,
MiHEpaJILHOTO TIOPOMIKY 1 OiTymy £1,5 %.

Ha ycranoBkax, 1o BUITYCKaJIUCS paHile,
MiHEpaJIbHUN TIOPOIIOK JO3YBaBCS B J03aTOPi
MicKy 1 mebeHto. SIKIo MiHEpaJIbHUM MOPOIIOK
JIO3Y€ETHCSl B 3arajbHOMY BaroBoMy OYHKepi, TO
MoXWOKa J03yBaHHS MIHEPAJIBHOIO MOPOLIKY
Oynme BHIIOIO 3a nmormyctuMy. Ha Bcix cydacHHX
YCTaHOBKaX MiHEPATHHUI MOPOIIOK JI03YETHCS B
OKpPEeMOMY BaroBOMy J03aTopi, IO 3a0e3redye
JOITYCTHMY TTOXHOKY JTIO3yBaHHS.

Jis no3yBaHHS OITyMy B YCTaHOBKax
MEePIOMYHO] 1T 3aCTOCOBYIOTH 3/1€01THIIIOTO JABA
TUMH JI03aTOPIB: TOIUTABIEBHNA 13 J03yBaHHSIM
0iTyMy B pe3epByapi Ta MOIUIABIEM K JATYNKOM
BiAMIpsiHOT 1103M 1 Oe3mepepBHO-00’€MHUN 13
J03yBaHHSAM OITyMy BHTPAaTOMIpoM 00’€MHOT Jii
(mecrepenHuii abo JIOMaTEBUH HACOC-I03aTOP).
Jlo3aTopu OiTymy 3a0e3medyroTh TO3yBaHHS 3
MIEBHOIO MOXMOKOIO: Y J03aTOPiB MOTIABIIEBOTO
TUIy noxuOka ao3yBaHHs +1,5 %, y nmozaTopiB
Oe3rmepepBHO-00’eMHOI 1ii moxuOka Big £0,5 10
+1,0 %.

3aCTOCOBYIOTHCS
CUITyUUX i
0o0’eMHI  uIs

3.7 3mimyBadi 51 NPUTOTYBaHHSA
achanbT00ETOHHMX CyMilel

3MilmyBad B YCTaHOBI[I € OJHUM 3
OCHOBHHX arperaris, 110 MAlOTh 3HAYHHI BILIUB
Ha SIKICTh MPUTOTYBAHHS CyMilli. Y BITYM3HSHII
1 3apyODKHIA  MpaKTUIl  MPUTOTYBAHHS
ac¢anbToO0eTOHHUX cyMimiei 3HAWILIN
HaNO1IbIIE 3aCTOCYBaHHS 3MilllyBayi JBOBaJbHI
NepioANYHOT i MPUMYCOBOTO 3MIilllyBaHHA 1
Oe3nepepBHOI JIii BITLHOTO 3MIITyBaHHS.

3Iminysaui 0606anbHi 0806abHI
nepioouunoi oii

V 3MinryBavax nepioanyHoi aii (puc. 3.4)
mig 4ac oOepTaHHs BaliB JOMaTi MEPEMIIyIOTh
CyMiI y MOTIEPEYHOMY HanpsMKY,
3abe3neuyroun ii nupkyssmiro. Jlomati Ha
KPOHIITEHHAX BCTAaHOBJIIOIOTHCA MiJ KyTOM J0
0cCl BaJia, 110 CTBOPIOE MOXKIIUBICTD MEPEMIILIEHHS
CyMIIII1 B3I0BX BaJIiB. 3aBaHTAKEHHs 3MilllyBaya
3IIHACHIOETBCSL 3 BaroBoro OyHKepa-no3aropa, a
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3.6 Dosing units

Plants use dosing units; weighing for
bulk and powdered materials, volumetric for
bitumen and liquid additives (surfactants).

One general requirement for batchers is
to ensure that the permissible dosing error for
sand and crushed stone fractions is +3 %,
mineral powder and bitumen £1,5 %.

In previous plants, mineral powder was
dosed in a sand and gravel batcher. If the
mineral powder is dosed in a common
weighing hopper, the dosing error of the
mineral powder will be higher than the
permissible one. In all modern plants, the
mineral powder is dosed in a separate
weighing  batcher, which ensures the
permissible dosing error.

For bitumen dosing in batch plants, two
types of dosing devices are mainly used: float
dosing with bitumen dosing in a tank and a
float as a measured dose sensor and
continuous-volume dosing with  bitumen
dosing by a volumetric flow meter (gear or
vane dosing pump). Bitumen dispensers
provide dosing with a certain error: for float-
type dispensers, the dosing error is +1,5 %, for
continuous-volume dispensers, the error is
from £0,5 to £1,0 %.

3.7 Mixers for the preparation of
asphalt mixtures

The mixer in an asphalt plant is one of
the main units that have a significant impact on
the quality of the mixture. In the domestic and
foreign practice of preparing asphalt mixtures,
the most commonly used mixers are twin-shaft
mixers of periodic forced mixing and
continuous free mixing.

Twin-shaft batch mixers

In batch mixers (Figure 3.4), when the
shafts rotate, the blades move the mixture in
the transverse direction, providing its
circulation. The blades on the brackets are
installed at an angle to the shaft axis, which
creates the possibility of moving the mixture
along the shafts. The mixer is loaded from a
weight hopper and unloaded through a hole in
the bottom, which is closed with a gate.



pPO3BaHTAaXEHHS — Yepe3 OTBIp Yy MAHMINI, IO
3aKpUBAETHCS 3aTBOPOM.
J1o 3MinryBaya BUCYBAIOTHCS TaKi BUMOTH:
— PIBHOMIPHO 1 32 KOPOTKMH HPOMIKOK
4acy pO3MOJUIMTA KOMIIOHEHTH CyMIillli 1O Maci
3aMicy;

— 3a0e3Me4YuTH PIBHOMIPHUNA PO3MOALI
0iTyMy IO TIOBEPXHSX MiHEPAIBHOTO MaTepiay;

3a0e31eunTH OTIEPATUBHICTH
PO3BaHTaXEHHsI 3MiIlIyBaya.

Ha mBuaxicTe IMPKYJIAMiT  cyMimll
BIUIMBAIOTh: CXE€Ma pO3MIIIEHHS JIOTaTeH;
napaMeTpH 3MillyBaya, skl 3aj1eKaTh Bil GopMu
KOpIyCy 3MilllyBaya, OI[IHIOBAaHOI BiTHOIICHHSIM
JIOB’KWHHU KOPITyCY 3MilllyBaya JI0 HOTro MHUPUHHU.

5

1

0|

The has the
requirements:

— distribute the components of the
mixture evenly and in a short period of time
over the mass of the batch;
ensure uniform distribution of
bitumen over the surfaces of the mineral
material;

— to ensure that the mixer is unloaded
quickly.

The circulation rate of the mixture is
influenced by: the arrangement of the blades;
mixer parameters, which depend on the shape
of the mixer body, estimated by the ratio of the

length of the mixer body to its width.

mixer following
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Pucynok 3.4 — Cxema IBOBaJILHOT'O JIOMATEBOTO
3MimyBava: 1 — kopnyc; 2 — pyTepyBaHHs; 3 —
BaJl; 4 — onopa Bana; 5 — KpOHIITEIH; 6 —
JIOTaTh; 7 — 3aTBOP; 0. — KYT YCTaHOBIIEHHS
Jonaren

3aiexHO  Big  CIOCOOy  pO3MILEHHS
jJomaTe Ha Bajax 3MilllyBaya pO3Pi3HAIOTh
MPOTUTEUIMHY 1 TOTOYHO-KOHTYPHY CXEMH PYXY
cyMilri B kopmyci 3mimryBaua. Huni 31e6i1b10ro
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Figure 3.4 — Scheme of the twin-shaft paddle
mixer: 1 — case; 2 — lining; 3 — shaft; 4 — shaft
support; 5 — bracket; 6 — blade; 7 — gate; a —
angle of installation of blades

Depending on the way the blades are
arranged on the mixer shafts, there are
countercurrent and flow-circuit schemes of
mixture movement in the mixer body. Today,



3aCTOCOBYIOTH OCTAHHIO CXEMY, KOJH B KOPITYCi
3mimryBava (puc. 3.5) nomari Ha OJHOMY Bally
BCTaHOBJICHI TaK, OI0 3MII[YIOTh CyMill Bif
JiBOrO TOpUSA 3MillyBaya J0 [paBoOro, a
HANPUKIHII O/IHA-/[BI ITAPH JIONATEH yCTaHOBICHO
31 3BOPOTHUM KyTOM JJIsl 3MIIIEHHS CyMiIIi B
3ycTpiuHOMYy HamnpsMi. Ha npyromy Bamy sjomnaTti
BCTAaHOBJICHI y 3BOPOTHOMY HAmpsMKy 1
3MIIYIOTh CyMiIll BiJl IPAaBOTO TOPILS 3MillTyBaya
710 JIiBOTO.

VY mporeci mpUroTYBaHHS CyMilli CIij
JIOMaraTucsi MOBHOIO OOBOJIIKAHHS MOBEPXHI
3epeH MIHEpaJIbHOT0 MaTepiajy IUIIBKOIO OITyMy
MOCTIMHOI TOBUIMHU. Yac TOCATHEHHS 1 MOBHOTA
OOBOJIIKaHHSI TOBEPXHI 3€peH MIHEPaJbHOro
Marepiamy ~ OITyMOM,  MIIHICTh  IXHBOTO
3UEIUIEHHSI 3yMOBJIEHI TNPUPOJOI0  IOBEPXHI
MIHEpaAJIbHOTO MaTtepiaiy, SKICTI0 0ITyMy 1 Horo
JHCIIEPCHOIO  CTPYKTYpOIO,  TeMIepaTypHUM
PEKUMOM 3MILTYBaHHSI KOMIIOHEHTIB CYMIIIi.

1

N

the latter scheme is mostly used, when in the
mixer body (Figure 3.5) the blades on one shaft
are installed in such a way that they shift the
mixture from the left end of the mixer to the
right, and at the end one or two pairs of blades
are installed with an opposite angle to shift the
mixture in the opposite direction. On the
second shaft, the blades are mounted in the
opposite direction and shift the mixture from
the right end of the mixer to the left.

In the process of preparing the mixture,
it is necessary to achieve complete
envelopment of the surface of the mineral
material grains with a film of bitumen of
constant thickness. The time of achievement
and the completeness of the bitumen coating of
the mineral material grains, the strength of
their adhesion are determined by the nature of
the mineral material surface, the quality of the
bitumen and its dispersed structure, and the
temperature regime of mixing the mixture
components.
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Pucynok 3.5 — IIoTo4HO-KOHTYpHA CX€Ma PyXy
CyMilli B 3MilyBayax: 1 — piBeHb cymili; 2 —
BEJIMKE KOJIO IUPKYJIALIl; 3 — Maii Koia
HUPKY AT

OnHuM 13 JI€BUX HUIAXIB 3a0e3MedYeHHs
SAKOCTI MNPUTOTYBAaHHS CyMIIIl Ta 3HUKEHHS
eHeproeMHocTi 1€l omepauii € edeKTUBHUIA
KOHTPOJIb 32 CTAa0UIBHICTIO 1 TeMIepaTypHOro
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Figure 3.5 — Flow-circuit diagram of mixture
movement in mixers: 1 — mixture level; 2 —
large circulation circle; 3 —small circulation

circles

One of the most effective ways to
ensure the quality of the mixture and reduce
the energy consumption of this operation is to
effectively control the stability of its



pPeXUMY B HOPMOBAHOMY Jiarma3oHi TeMIeparyp
(tabn. 3.2 [8]).

Tpusanicts nepeMilryBaHHs
KOMITIOHEHTIB acaabToO6eTOHHOT cyMimri
3MIHIOETBCSL ~ 3aJIKHO  BiJl  TEXHOJOTIYHOI

4eproBoCTi IXHBOI MoAavi B 3MmimryBad. OcoOnmBo
1€ XapaKTepHO JJIsl BUCOKOIIEOSHUCTUX CyMileit
(tumm A 1 B).

TpuBanicts 3MIITyBaHHS cymimni
BHU3HAYAETHCS TEXHIYHUMH XapaKTEPHUCTUKAMHU
3MillyBalbHUX ~ yCTaHOBOK. 1i  Opi€HTOBHI
3HAa4YeHHs HaBe/eHO B Tabu. 3.2.

temperature regime within the normalized
temperature range (Table 3.2 [8]).

The duration of mixing the components
of the asphalt mixture varies depending on the
technological order of their supply to the
mixer. This is especially true for high gravel
mixtures (types A and B).

The duration of mixing is determined
by the technical characteristics of the mixing
plants. Its approximate values are given in
table 3.2.

Tabmuus 3.2 — TpuBamicTh 3MiNTyBaHHS CyMillli

Table 3.2 — Duration of mixing

TpuBasnicTe 3MilTyBaHHS y 3MIIITyBadax MPUMYCOBOI Jiii, C
Tun cymimri Duration of mixing in forced-action paddle mixers, s
Type of mix Cyxe 3MinryBaHHS Mokpe 3minryBaHHs
Dry mixing Wet mixing
[Timana
sandy 15 45...60
HpibHo3epHHCTA
Fine-grained 15 30..45
prnHozepHHCTa 3 20..30
Coarse-grained
Mpumirku: 1.  Tpusamicte  3mimryBanns | Notes: 1. The duration of mixing sand and
miiaHuxX, — ApiOHOo3epHMcTHX  cymimiei  y | fine-grained mixtures in mixers with a counter-

3MIITyBavax i3 CXeMOI MPOTUTOYHOTO PYXy Mae
OyTu 301unbmIeHa B 1,5...2 pasm.

2. TpuBamicTh MOKpOTO 3MIIIyBaHHS  CIIiJT
30UTBIITYBATH MIPH 3MEHIIIEHHI BMICTY 0iTymMy a00
30UTBIIIEHHS BMICTY MIHEPAJIbHOT'O MTOPOIIKY.

3. 3actocoByroun ITAP, i HaBiTh aKTHBOBAaHMIA
MiHEpAJIbHUN TIOPOLIOK, TPHUBAIICTH MOKpPOTO
3MILTYBaHHS MOXHA 3MeHIIUTH Ha 15...30 %.

3.8 Arperatu 1Jis1 60poTHLOH 3 MUJIOM

Haitvacrime I YJIOBJIKOETHCS
arapaTaMu MacUBHOI Ji1 — MHJI00Ca/KyBaTbHUMHU
KaMepaMu Ta amapaTaMM aKTHUBHOI i
LUKJIOHAMHU Ta MYJIBTHIHMKIOHAMH,
eJIeKTPOUIbTpaMH, PYKaBHUMH (LIbTpaMH Ta
MOKpPHMHU MHUJIOBJIOBIIIOBaYaMHU.

Po3pi3HAIOTH OJTHO-, JIBO- Ta
TPUCTYIIHYACTI CHCTEMH OUHINEHHS Tras3iB.
OAHOCTYMIHYACTI CHCTEMHU OUMWIICHHS Tra3iB

NPAaKTUYHO HE 3aCTOCOBYIOTHCS Yepe3 3HauHi
BUKHH JIPiOHOTO TIHITY.

JIBOCTymiHYACTI CUCTEMH OUHUIIICHHS Ta31B
HAlOIBII TOMIMpEHi: K MEepLIMi CTYIiHb
BUKOPHUCTOBYIOThCSI OyJlb-sIKi amapaTtu CyXoro
OUMILEHHS, a K JAPYIMid — amapatu MOKPOTo
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current flow scheme should be increased by
1.5...2 times.

2. The duration of wet mixing should be
increased with a decrease in the bitumen
content or an increase in the content of mineral
powder.

3. Using surfactants, as well as activated
mineral powder, the duration of wet mixing
can be reduced by 15...30 %.

3.8 Dust control units

Most often, dust is captured by passive
devices — dust settling chambers and active
devices cyclones and multicyclones,
electrostatic precipitators, bag filters and wet
dust collectors.

There are one-, two- and three-stage
gas cleaning systems. Single-stage gas
cleaning systems are practically never used
due to significant emissions of fine dust.

Two-stage gas cleaning systems are the
most common: any dry-cleaning devices are
used as the first stage, and wet cleaning devices



OUUIICHHS Ui YJOBIIOBAHHS JPiOHOTO MY,
iHOMI (DITBTPH.

TpucryneneBa cuctemMa OYMIIECHHS Tra3iB
3YCTpPIYaEThCS IyKEe PIAKO.

Tepwuii cmynine ouuwenHs 2asie

Y nmieocaKyBallbHUX —KaMmepax ras
OUMILAETBCS 3@  PAaXyHOK  TIpaBiTaliifHOTO
oca/pkeHHs Tury. HaiiGinmpm  edexTuBHO iX
BUKOPUCTOBYBATH JUISI YJIOBJIIOBAHHS YaCTHHOK
nwty Outbmie 0,1 M.

Bumoru 10 nmunooca/uKyBaTbHUX Kamep:
mBUAKICTE pyxy razy 0,2...0,8 m/c; pyx rasy B
KaMepi — CTPOro JIaMiHapHE 3 JIOCHTh BEJTUKUMHU
BXIHUMH Ta BUXITHUMHA JUISHKAMHU.

HenorpumanHs MX BUMOT TPH3BOJIUTH
JI0 BIIOBIIOBaHHS TUIBKKM HANOUIBIIOTO THITY.
[Tpuknagom Takoi MUI00CAHKYBAITBHOI KAMEPH €
crcreMa ra3004HIICHHS YCTaHOBKH
«TenbTOmMaT».

Pexumui rapameTpu LUKJIOHIB
MIATPUMYIOTH y MEBHUX Jllalla30HaX, HE3aJeKHO
Bim ixHporo mgiamerpa. CepeaHss ochoBa
UIBUJKICTh a3y KOPIYCl IMKJIOHIB CTaHOBUTh
2,5..4,5 m/c. 3a MM TOKAa3HUKOM 1 JlIaMETPOM
LUKIIOHY BU3HAYaIOTh HOr0 MPOMYCKHY 3/1aTHICTh
me/rog.  1lIBuaKicT razy |y  BXITHOMY
TaHTCHIIAJILBHOMY  MaTpyOKy  NPUHAMAaEThCS
piBHOIO 12..22 M/c, y BUXJIOIIHOMY MaTpyOKy
7...12 m/c.

[Ipyu mBUAKOCTI Tazy y BXITHOMY
natpyOky 12...22 m/c BIIIIEHTPOBE MPUCKOPEHHS,
110 BUHUKAE B KOPIYCi NPU 0OEpPTaHHI ra30BOro
MOTOKY, IIEPEBUIIY€E MPUCKOPEHHS CUIIN TSAKIHHS
3emuti B 50...300 pa3ziB i 6inbmie. [Ipu nboMy 9um
MEHIIIE JiaMeTp KOPIYCy, TUM BUIIE BiIIEHTPOBE
MIPUCKOPEHHS Ta BUINA ¢(PEKTUBHICTD BIIUICHHS
mwty. LukinoHn onHakoBO M0Ope MpaliolTh 1
MIPH HAIMIPHOMY THUCKY (HAarHITaHHS 3alHJIEHOTO
razy y BXIOHHMI matpyOoK) i mpu po3psiIKeHH1
(BUTSDKKa Ta3y 3 BUXJONMHUX mHatpyOkiB). Omip
pyXy rasy B IHMKJIOHAX Iy>K€ BEJIHKE 1 JIocsrae
2300...2700 ITa.

3acanvhi pexomenoayii

KommnonyBannst  arperariB.  [lukionu
JOLITBHO CTaBUTH Tepen auMococoM (poboTa
MIPH PO3PSADKEHHI). Y IbOMY BUMAAKY BECh IMHI,
0COONTMBO BEJHKUH, YJIOBIIOETHCS IMKIOHOM 1
JOMaTi KPWJIbYATKH TUMOCOCA 3HOIIYIOTHCS B
2...2,5 pa3u NoBiIbHIIIIE.

[TigBuIeHHS e(eKTUBHOCTI raso-
ouutieHHs. Pyx ra3y Ha BXO/li B IIUKJIIOH Ma€ OyTH
namiHapauM. Ha rasoxomax mToOBHHHO OyTH
PI3KUX TOBOPOTIB, PO3UIMPEHb, 3BYKEHb. s
nepeBeieHHsT  TYpOYJIGHTHOTO  TMOTOKY B
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for capturing fine dust, sometimes filters, are
used as the second.

A three-stage gas cleaning system is
extremely rare.

First stage of gas cleaning

In dust settling chambers, the gas is
cleaned due to gravitational settling of dust.
They are most effectively used to capture dust
particles larger than 0,1 mm.

Requirements  for dust settling
chambers: gas velocity of 0,2...0,8 m/s; gas
movement in the chamber is strictly laminar
with sufficiently large inlet and outlet sections.

Failure to comply with these
requirements results in the capture of only the
largest dust. An example of such a dust settling
chamber is the gas cleaning system of the
Teltomat installation.

The operating parameters of the
cyclones are maintained within certain ranges,
regardless of their diameter. The average axial
velocity of the gas in the cyclone body is
2,5...4,5 m/s. This indicator and the cyclone
diameter are used to determine its throughput
capacity in m%h. The gas velocity in the inlet
tangential branch pipe is taken to be 12...22
m/s, in the exhaust branch pipe 7...12 m/s.

At a gas velocity in the inlet pipe of
12..22 m/s, the centrifugal acceleration
occurring in the housing during rotation of the
gas flow exceeds the acceleration of gravity by
50...300 times or more. Moreover, the smaller
the diameter of the housing, the higher the
centrifugal acceleration and the higher the
efficiency of dust separation. Cyclones work
equally well both at excess pressure (injection
of dusty gas into the inlet pipe) and at vacuum
(extraction of gas from the exhaust pipes). The
resistance to gas movement in cyclones is very
high and reaches 2300...2700 Pa.

General recommendations

Layout of units. It is advisable to install
cyclones before the smoke exhauster
(operation at vacuum). In this case, all dust,
especially large dust, is captured by the
cyclone and the impeller blades of the smoke
exhauster wear out 2...2,5 times slower.

Increasing the efficiency of gas
cleaning. The gas flow at the cyclone inlet
must be laminar. There must be no sharp turns,
expansions or contractions in the flues. To
convert the turbulent flow into laminar flow,



JaMiHApPHUIA Tepea IHMKIOHAMH B Ta30XOl
CTaBIISITh PO3Cikadi MOTOKY (Halip marpyOKiB i3
TOHKO{ JKEpPCTI MO BChOMY TIEpepi3y ra3oxoiy).
[TepeBary ciig BimaBaTH NUKIOHAM i3 MTOXHIUM
BXIJIHUM TaTpyOKOM 1 3 BEPXHBOIO IMOXHIIOIO
KpHIIKO0. Iy monepekeHHs: BAHECEHHS! TTHITY
3 MUI030ipHOT KaMepH Ha HIKHIM OTBIp KOHYyca
(3HM3y) CTaBJIATH IUIACTUHYACTUM  PO3CIKa4
(mapanensHO OCi MUKIJIOHY) a0 (a JacTinie pa3oM
3 po3cikayeM) KOHIYHHN BiIOWBAad 3 KiJBIICBUM
3a30pOM y HIDKHIM 4YacTWHI KOHyca. B 1mpomy
BUIAJKy NI i€ 4epe3 KUIbLIEBE MpPOCTIp B
MUI0301pHUK, a MOBITPSIHUNA BUXOP 110 KOHIYHOMY
B1I0OMBaueBl  moBepTaeTbcsi  Bropy.  Kpim
UUKIOHIB 13  IWIHAPUYHUM  KOPITyCOM
BHUITYCKAIOTHCS KOHIUHI IUKIOHHU, $KI Jal0Th
OUTBII BUCOKI CTYIIE€H1 OUYMILIEHHS Ta31B.

VY OarapeiHUX UHUKJIOHAX HAWMEHIIUHA
CTYIIIHb OYHIIEHHS BiJI3HAYEHUM pu
3aCTOCYBaHHI 3aKpydye amapaTr TUITy «TBHHTY.
3akpydyrouud —amaparT THUIIy «pO3€TKa» 3
IUIOCKUMH  JIOTIATKaMH ~ Ma€  JICHI0  BHIIY
e(eKTUBHICTb  OYMIICHHS, HIK  «TBHHT».
Haiikpami pe3ynbTatl 3 yJIOBIIOBaHHS MUY Ta
3HIKEHHS OIOPY PyXY ra3y BUSIBICHO Y 3aKpydye
amapar THIYy «pO3€TKa» 3 KPUBOJIHIWHUMH
po¢iTLHUMU JIOTIATSIMH.

3HIKEHHS OMOpY PYXy ra3y B IMKJIOHI.
Benukuii onip pyxy rasy noB’s3aHuil i3 TpboMa
MPUYMHAMU: TYpPOYJICHTHUM PEXKUMOM Tepediry
ra3y; MPOTUTOYHUM PEKUMOM POOOTH IUKIIOHY,
KOJIM BX1JTHUI ra3, 3aKpy4yylouH, pyXaeThCsl BHU3,
MOTIM 3MIHIOE HANpPSIMOK 1 PYXa€TbCs Bropy;
BHCOKOIO HIBUJKICTIO PyXy Ta3y y BUXJIOMHII
TpyOi (7...12 m/c).

IcHye kinmpka cIOCOOIB 3HI)KEHHS LIHX
omopiB. [lo-mepmie, HEOOXiTHO MEpPEeBECTH
TypOyJleHTHHIl mepebir ra3y B JaMiHapHUI
pexum. [lo-mpyre, mOMOrTHcs 3HIKEHHS TEPTS
MDK  HU3XIOHMM  30BHIIIHIM  HOTOKOM 1
CHJIBHO3aKPYYEHUM BHUCXIJIHUM TIOTOKOM Ta3y
(3acTocyBaHHsl cTabimi3aTopiB Ta BiAOWBaYiB).
Jl7is 3HIDKEHHS TepTS Y BUXIIOMHOMY MaTpyOKy
3aCTOCOBYIOTBHCS PI3HOTO THITY PO3KpydyBaui, sIKi
BCTaHOBJIIOIOTHCS BCEPEIUHI KOPITYCY Ha BXOJIl Y
BUXJIONIHY TpyOy a0o B mepexoii 3 BUXJIOMHOI
TpyOM 10 Ta30XOdy IIIAXOM BCTaHOBIICHHS
pO3KpyuyBaHHS  paBiuka (momiOHOTO 70
BXi/1HOT0). Jly’Ke CyTTEBE 3HIKEHHS OTMOPY PyXy
rasy CTBOPIOE JIONIaTEBUI aKciaJbHUMA
3aKpydyBay THUITy «PO3ETKa» 3 KPUBOJIIHIHHUMHU
JIOTIATSIMH.
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flow splitters (a set of thin sheet metal pipes
along the entire cross-section of the flue) are
installed in front of the cyclones in the flue.
Preference should be given to cyclones with an
inclined inlet pipe and an inclined top cover.
To prevent dust from being carried out of the
dust collection chamber, a plate splitter
(parallel to the cyclone axis) or (more often
together with the splitter) a conical reflector
with an annular gap in the lower part of the
cone is installed on the lower opening of the
cone (from below). In this case, the dust goes
through the annular space into the dust
collector, and the air vortex returns upward
along the conical reflector. In addition to
cyclones with a cylindrical body, conical
cyclones are produced, which provide higher
degrees of gas purification.

In battery cyclones, the lowest degree
of purification is noted when using a swirling
device of the “screw” type. A swirling device
of the “rosette” type with flat blades has a
slightly higher cleaning efficiency than a
“screw”. The best results in dust collection and
reduction of resistance to gas movement were
found in a swirling device of the “rosette” type
with curved profile blades.

Reduction of resistance to gas
movement in a cyclone. High resistance to gas
movement is associated with three reasons:
turbulent gas flow; counter-current cyclone
operation, when the incoming gas, swirling,
moves downwards, then changes direction and
moves upwards; high gas velocity in the
exhaust pipe (7...12 m/s).

There are several ways to reduce these
resistances. Firstly, it is necessary to transfer
the turbulent gas flow to a laminar regime.
Secondly, to achieve a reduction in friction
between the descending external flow and the
highly swirling ascending gas flow (using
stabilizers and reflectors). To reduce friction in
the exhaust pipe, various types of untwisters
are used, installed inside the housing at the
inlet to the exhaust pipe or in the transition
from the exhaust pipe to the gas duct by
installing an untwisting snail (similar to the
inlet). A very significant reduction in
resistance to gas movement is created by a
vane axial twirler of the “rosette” type with
curved blades.



Jlnist HopMaJIbHOT eKCIUTyaTallii [UKIOHIB
HEOOXiHO:  3a0e3MeYuTH TepPMETHYHICTh 1
BUKITIOYUTH IIJICMOKTYBaHHSI TOBITPS B IIHEK
BUJAJICHHS NIy, B NHI030ipHY Kamepy,
IUKIOHH; MIATPUMYBAaTH TEeMIIEpaTypy rasiB y
nukionax Ha 30...50 °C Buiie 3a TOUKy pocH, s
BHUKJIFOUCHHSI KOHJICHCAIlil MapiB BOAU BXIIHUHN
ra3oxiJi 1 UMKJIOHH TEIUIOI30JIIOI0Th; IS
3HMKEHHSI BUHOCY TITY 3 CYIIMJIbHOTO OapabaHa
NPOAYKTHUBHICTH ~ JAUMOCOCA  TIOB’SI3YIOTH 3
HA/IXO/DKEHHSIM TapsuuX ra3iB 3 TONKU HUITXOM
MIATPUMKH pO3psKEHHST B OapabaHi Ha piBHI
20...50 ITa. JlomycTuma 3ammiieHICTh Ta3y i
uukioHiB aiamerpom: 400...600 MM — He OublIe
200 /M3 600...800 MM — He Gimbmie 400 r/m°;
1000..2000 MM — me Oiumeme 3000 /™M
2000...3000 MM — He Ginbie 6000 r/m3.

OinbTpu 3 0aBOBHSHUX  TKaHUH
PEKOMEHAYEThCS eKCIUTyaTyBaTH npu
teMrieparypi He Buie 60 °C 3a BiACYTHOCTI map
KHCJIOT, a BOBHSIHI (QUIBTPU — IIPU TEMIIEpaATypl HE
Buie 90 °C 3a BiACYTHOCTI MapiB JIyTiB. PiIbTpU
13 TaBCAHOBMX HUTOK MAalOTh TEPMOCTIHUKICTH JIO
140 °C. OcrtannimM yacom po3po0ieHi pirbTpu 13
CHUHTETHYHUX BOJIOKOH 13 TPUBAJIOIO
tepMmocTiiikicTio 10 200-220 °C y kuciomy Ta
JayxkHOMy cepenoBuill. CKIOTKaHMHA 3 HHUTOK
ATFOMOOOPOCHITIKATHOTO CKJIa MOXKE TPHUBAIHMA
yac ekcrutyatyBatucs npu 250...260 °C, a B
okpeMux Bumajkax — 110 400 °C.

Henpunyctuma xoHJeHcalis napiB BOJU
y biabTpax.

Jlpyauti cmyninb ouuwerHs 2a3ie

[TpuHIMO 1ii MOKpPHUX MMJIOBJIOBIIIOBAYIB
3aCHOBAHMH Ha 3aXOIUIEHHI YAacTMHOK MWy
BOZIOI0 200 1X 3MouyBaHHI Ta Koarymsmii. Mokpi
MUJIOBIIOBITIOBAY] KIACU(IKYIOTHCS 32 HAIPIMOM
PYXy HOTOKIB, METOJJOM KOHTAKTy MUy Ta rasy 3
PLAMHOO, MIBUKOCTI Fra30BOr0 MOTOKY, CIIOCOOY
PO3NUIIIOBAHHS P1AUHU.

Haii0inpmr  mpocta  Ta  3arajibpHa
kiacu(ikallis 3acCHOBaHA Ha XapakTepi 3ycTpidi
YaCTUHOK My 3 BOJOIO Ta iX 3MOUYyBaHHA. 3a
IIEF0 O3HAKOI0 BCl MOKpI IHJIOBJIOBIJIIOBAYl
MOKHA PO3AUIUTH Ha TPU TUIM: HAaWIPOCTIMI
(cratmuni) nmpommuBavi  (yAapHi,  yAapHO-
1HEepIIiifHI, BIALIEHTPOBI); MBUAKICHI TPOMHUBaYl
(TypOyseHTH1); MHEBMAaTUYHI MHJIOBIIOBIIIOBAYI
(OapOoTaxkHi, miHHI Ta 0apOOTaXKHO-TTIHH1).

VYioBmoBaui MEpHIOro TUITy MPOCTi 3a
KOHCTPYKIII€I0, HAYACTIIIEe MAtOTh HU3bKHI OTIip
pyxy ra3y, aje Benuki rabaputu. CrymiHb
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For normal operation of cyclones it is
necessary to: ensure tightness and exclude air
suction into the dust removal auger, into the
dust collection chamber, into the cyclones;
maintain the temperature of gases in the
cyclones 30...50 °C above the dew point, to
exclude condensation of water vapor, the inlet
flue and cyclones are thermally insulated; to
reduce dust removal from the drying drum, the
performance of the smoke exhauster is linked
to the flow of hot gases from the furnace by
maintaining a vacuum in the drum at a level of
20...50 Pa. Permissible dustiness of gas for
cyclones with a diameter of: 400...600 mm —
no more than 200 g/m3; 600...800 mm — no
more than 400 g/m?; 1000...2000 mm — no
more than 3000 g/m?; 2000...3000 mm — no
more than 6000 g/m?.

Cotton filters are recommended to be
used at temperatures no higher than 60 °C in
the absence of acid vapors, and wool filters —
at temperatures no higher than 90 °C in the
absence of alkali vapors. Filters made of lavsan
threads have heat resistance up to 140 °C.
Recently, filters made of synthetic fibers with
long-term heat resistance up to 200-220 °C in
acidic and alkaline environments have been
developed. Glass fabric made  of
aluminoborosilicate glass threads can be used
for a long time at 250...260 °C, and in some
cases — up to 400 °C.

Condensation of water vapor in filters
is unacceptable.

Second stage of gas purification

The operating principle of wet dust
collectors is based on the capture of dust
particles by water or their wetting and
coagulation. Wet dust collectors are classified
by the direction of flow movement, the method
of contact of dust and gas with liquid, the speed
of gas flow, the method of liquid atomization.

The simplest and most general
classification is based on the nature of the dust
particles meeting water and their wetting.
According to this feature, all wet dust
collectors can be divided into three types: the
simplest (static) washers (impact, impact-
inertial, centrifugal); high-speed washers
(turbulent);  pneumatic  dust collectors
(bubbling, foam and bubble-foam).

The collectors of the first type are
simple in design, most often have low
resistance to gas movement, but large



yJIOBIIIOBaHHS KonuBaeThes Big 70 1o 90 % mumy
3 PO3MIpOM > 5 MKM.

VioBmoBaui JApyroro THIy TPOCTI 3a
KOHCTPYKII€IO, TPH MaJOMy IOINEPEUHOMY
nepepizi MaloTh OUIbIIY TOBXHHY 1 YacTime
BCTaHOBJIIOIOTBCSI TOpPH3OHTANBHO. Omip pyxy
ra3iB jgocuth Bemukuid (5..7 xlla), 3HayHa
€HePrOEMHICT, aJieé CTYNiHb OYMINEHHS Ta3iB
JTy’K€ BUCOKHH.

VIoBmOBadi TPETHOrO THITY IPOCTI 3a
KOHCTPYKIII€I0, MalOTh JyXe BHCOKY IHTOMY
MPOAYKTUBHICT 1 Majli rabapuTH, OCOOIUBO
O6apOoTaxkHo-miHHI. Onip pyXy Tras3iB MIHHUX 1
06apO0TaXHO-TIIHHUX arapariB AELI0 BUILNUN, HIK
B  amapatax mnepuoro  tumy. CryniHb
YIJIOBITIOBaHHS YacTHHOK Oinbie 20 mxMm — 100 %,
po3mipom 5..20 mxm ~ 95..98 %, gacTHHOK
npibHime 5 MM ~ 60...80 %.
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dimensions. The degree of collection varies
from 70 to 90 % of dust with a size of > 5 pum.

The collectors of the second type are
simple in design, have a large length with a
small cross-section and are often installed
horizontally. The resistance to gas movement
is quite high (5...7 kPa), significant energy
consumption, but the degree of gas purification
Is very high.

The collectors of the third type are
simple in design, have a very high specific
productivity and small dimensions, especially
bubble-foam ones. The resistance to gas
movement of foam and bubble-foam devices is
somewhat higher than in the first type of
devices. The degree of trapping particles larger
than 20 pm is 100 %, 5..20 pum in size ~
95...98 %, particles smaller than 5 um ~ 60...80
%.



PO311JI 4. METO/U 3HUKEHHA
EHEPI'OCIIO’KUBAHHS ITPU
BUI'OTOBJIEHHI AC®AJIBTOBETOH-

HUX CYMILIENR
Sk Bigomo, HaibiIbIIe eHeprii Ha
3aBoJIax BUTPAYAETHCS Ha CYUIIHHS

3allOBHIOBAYiB, HarpiBaHHs ac(aabTOOETOHY Ta
acarbTOOCTOHHOI CyMilli, 0 30epiraeTbes, a
TaKoX Ha poOOTy ABUTYHIB [9].

3axonu, HaBEJEHI HMXKYE, CTOCYIOThCS
eHeproe(eKTUBHOCTI TMPOIIECIB 1 TEXHOJOTIH,
[0 BHKOPUCTOBYIOTHCS Ha  3aBojax 13
BUPOOHUITBA achaibTOOCTOHHUX CyMIlIen 1
MOXYTh TPU3BECTH JI0 3HAYHOI €KOHOMI1 KOIIITIB
MPU OJHOYACHUX MIATPUMIN ab0 3OLIBIICHHI
MPOIYKTUBHOCTI 3aBOTY, a B JACSIKUX BUITAIKAX 1
710 TTOKPAILEHHS SKOCT1 MPOTyKIIi.

4.1 30epirannsi, 00podka, CylIiHHS Ta
HarpiBaHHs 3alI0BHIOBaviB

3HayHa EKOHOMIS €Heprii J0CsITaeThCs
MIPU HU3bKOMY BMICTI BOJIM B TPyOHX 1 ApiOHMUX
3alOBHIOBAYax, 10 3MEHIIY€E  KUIbKICTh
HeOoOXimHOTO cCymiiHHA. [lpm 3MiHI BMICTY
Bosioru Ha 1 % notpeba B eHeprii 301IbIIY€ThCS
Ha 10 % [9].

MaiigaH4MKH 3 TBEPAUM NMOKPUTTAM i
HAXUJIOM IS poO3MillleHH S 3amnaciB
3aN0BHIOBAYiB. 3anoBHIOBaYil JacTo
CKJIQZYIOTh Ha 3eMJli 0e3 3axX0JiB IS BiABOIY
BOJIM, IO MPHU3BOJUTH JI0 BHUCOKOT'O BMICTY
BOAH, 0cO0IMBO 01 ocHOBHU IuTabensa. Komu
TEpUTOpis MiJ CKJIaJaMH Ha 3aBOAl 3
BUpOOHUIITBA  achanbTOOETOHHOI  CyMilli
3aacdanbTOBaHa 1 HaXWJIEHA, BMICT BOJIOTH B
3all0OBHIOBAYax 3MEHIIYeThCsl HAa 2 % 1 Olnblue
[10], uro mpHu3BOAKMTE 0 3MEHIIIEHHS BUTPAT Ha
ocymieHHs maibke Ha 30 % [11].

OpHMM 13 KIIFOYOBUX MOMEHTIB Y IIbOMY
MiaXo/l € 3a0e3MmeueHHs TOCTaTHOTO Yacy s
BHUCHUXaHHS 3alOBHIOBAYa MPUPOIHIM ILISIXOM,
[0 JOCSTAEThCS TMPABUIBLHOI OPraHi3alliero
HaBaHTa)XyBaJIbHO-PO3BAHTAXKYBAJIBHUX POOIT.
[Ipu cknagyBaHHI 3allOBHIOBaYa HAa MaiIaHYHK
3 HaxXWioM, JOJaBaTH HOBI MarTepiald CIif
BHU3Y CXWJIy, a MaTepiaid, sKi Maiu Oijblie
qacy Ui BUCUXaHHS, MEPEMIIIyBaTH Bropy IO

cxumy. KpiMm Toro, MoxkHa 3acTOCyBaTH
pO3/iIEHHsT 3allOBHIOBAYa Ha JiBa BIiABAIM 1
nepenoavynuTu oYeprose BUKOPHUCTAHHS

B1JIBaJIiB 13 OLIBIII CyXUM MaTepiajiom, mob aatu
yac HOBOMY MaTepiaily BUCOXHYTH (puc. 4.1).
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CHAPTER 4. METHODS OF REDUCING
ENERGY CONSUMPTION IN THE
MANUFACTURE OF ASPHALT
MIXTURES

As it is known, most energy in plants is
consumed by drying aggregates, heating asphalt
concrete and stored asphalt mixtures, and
running engines [9].

The measures below address the energy
efficiency of processes and technologies used in
asphalt mixing plants and can lead to significant
cost savings while maintaining or increasing
plant productivity and, in some cases, improving
product quality.

4.1 Storage, processing, drying and
heating of aggregates

Significant energy savings are realized
when the water content of coarse and fine
aggregates is kept low, reducing the amount of
drying needed. For every 1 % change in moisture
content, energy requirements change by 10 %

[9].

Paved and sloped areas for storing
aggregate stockpiles. Aggregates are often
stored on the ground without measures to drain
water, resulting in high water content, especially
at the base of the stack. When the area under the
stockpiles at an asphalt mix plant was paved and
sloped, the moisture content of the aggregates
decreased by almost 2 % [10], resulting in a
reduction in dewatering costs of almost 30 %
[11].

One of the key points in this approach is
to ensure that the aggregate has sufficient time
to dry naturally, which is achieved by properly
organizing the loading and unloading
operations. When stacking aggregate on a
sloping site, new materials should be added at
the bottom of the slope, and materials that have
had more time to dry should be moved up the
slope. Alternatively, you can split the fill into
two heaps and provide for alternate use of the
heaps with drier material to allow time for the
new material to dry (Figure 4.1).



Tabmuis 4.1 — [otennian eHepro30epeKeHHS Bl 3SMEHILIEHHS BOJIOTOCTI 3aIIOBHIOBAYiB
Table 4.1 — Energy saving potential from reducing aggregate moisture content

% Bosoru
J0 3M1HH
% of % BOJNOTH Mics 3MiHU
moisture % of moisture after change
before
change
10{15(20|25|30(35|40(45(|50|55(60|65|70(75|80(85|9,0]|9,5/10,0
1,0 0%
1,5 8% | 0%
2,0 15%| 7% | 0%
2,5 21%|14%| 7% | 0%
3,0 26%|19%|13%| 6% | 0%
3,5 30%|24%|18%|12%| 6% | 0%
4,0 34%|29%23%|17%|11%| 6% | 0%
4,5 38%|33%|27%(22%|16%|11%| 5% | 0%
50 41%36%|31%|28%|21%]|15%|10%| 5% | 0%
55 449%|39%|34%29% |24%|20% | 15%|10%| 5% | 0%
6,0 47%|42%)|37%|33%|28%|23%|19%|14%]| 9% | 5% | 0%
6,5 49%(45%|40%|36% |31%|27%|22%|18%|13%| 9% | 4% | 0%
7,0 51%|47%|43%|38%|34%30%|26%|21%|17%|13%| 9% | 4% | 0%
7,5 53%149%|45%)|41% |37%|33%|29%|25%|20%|16%|12%| 6% | 4% | 0%
8,0 55%)151%|47%)|43% |39%|35%|31%|28%|24%]|20%|16%|12%| 8% | 4% | 0%
8,5 57%|53%|49%)|45% |42%|38%|34%|30%|27%|23%|19%|15%|11%| 8% | 4% | 0%
9,0 58%)155%)|51%|47% |44%|40% | 36%|33%29%|26%|22%)|18% |15%|11%| 7% | 4% | 0%
9,5 60%/|56%)|53%|49% |46%|42% | 39%|35%32%|28%|25%)|21%|18%|14%|11%| 7% | 4% | 0%
10,0 61%)|58%)|54%)]51% |48%|44% |41%|37%|34%|31%|27%|24%|20%|17%|14%|10%| 7% | 3% | 0%
JIpyruM  KJIIOYOBHM ~ MOMEHTOM € The second key point is to organize the

opraHizailis poOOTH HaBaHTaXyBaudiB TaKUM
YMHOM, 100 3aBaHTaXyBaTH B JKUBWIBHI
arperaTd Marepiajg i3 HaWMEHIIMM BMIiCTOM
BOJIOTH. J[JIs1 1IbOT'O OTIepaTopy HABAHTAKYBayiB
MarTh OpaTu MaTepiaid Ha BUCOTI Om3bko 60

cM Han piBHeM 3emm (puc. 4.2). Takui
BUCHOBOK  JIaJl0  MOXIIMBICTH  3pOOUTH
OLIIHIOBAHHS BMICTy BoJiorh y ITabeni

KPYITHO3EPHUCTOTO TMICKYy BHMCOTOI0 3 METpH
yepe3 24 roaunu micis gomry 50 mm (Sines,
2022). Sk mokazaHO Ha pUCYHKY 4.2, cyTTeBa
3MiHa BMICTy Bojoru — 3 6 mo 18 % —
criocTepiranacs Ha BUCOTI mpubau3Ho 60 cM Hax
piBHEM 3eMJIi.
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operation of the loaders in such a way as to load
the material with the lowest moisture content
into the feeding units. To do this, loader
operators should take materials at a height of
about 60 cm above ground level (Figure 4.2).
This conclusion was used to estimate the
moisture content of a 3-meter-high stack of
coarse sand 24 hours after a 50 mm rainfall
(Sines, 2022). As shown in Figure 4.2, a
significant change in moisture content — from 6
to 18 % — was observed at a height of
approximately 60 cm above ground level.



00 BYHKEPIB

D (o)) [o)s XTel o B\ [Ny ;1321 TO COLD FEED BINS
Bonora cTika€e Ha
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Moisture drains to
bottom of stockpile

Pucynok 4.1 — CxoBu1ie 3 TBEpJUM HOKPUTTIM
iz mrabdenem

KpynHo3epHUCTUIA NiCOK
Coarse Sand

274 m o
-/:1—?/0 o
9'
6%
/ 8%

24 rop nicna 5,1 cm gowy
24 Hrs. After 2" Rain

Pucynok 4.2 — BMict Bosioru B mradent

OxpiM eKOHOMii BUTpaT Ha OCYIIEHHS,
3’IBIISIIOTECS  JOAATKOBI BUIOAH, OCKUIBKH
3MEHIIYIOThCS BTPATH CHUPOBHMHU BHACHTIJIOK il
3mimyBaHHs 3 rpyHToM (3%  exoHoMmii
MarepiaigiB), a TaKOX EKOHOMHUTBLCS I1aJluBO
MOOUTHPHOTO OONajHaHHS (HAaBaHTAXXyBadyiB),
KOJIW BOHH PYXalOThCS 1 MaHEBPYIOTh IIO
TBEPJIOMY TIOKPHTTIO.

[lepiox oOKymHOCTI Ji1 CXOBHIIA 3
TBEPIUM TMOKPUTTSIM 1 HAXWIOM CTaHOBHTH
MeHiIe cemu micsmis [10].

30epiranns 3alI0BHIOBAYiB mix
ykputTam. [lorpeba B eHeprii mns cymriHHS
3aIIOBHIOBAYIB 3 TUIIOBUM BMicTOM Boxu S5 %
cTaHOBUTHh Onm3bko 10,5 kinmorpam mapu 3a
TOJMHY Ha TOHHY 3amoBHIOBa4ya. Komu BMmicT
BOJIM TIOJIBOIOETHCS, IOTpeda B mapi 3pocTae 10
18 kr mapu 3a ToJMHY Ha TOHHY 3allOBHIOBAYa,
T00TO Maike Ha 70 % [11]. Takum umHOM,
30epiraHHs 3allOBHIOBAYIB MiJl YKPUTTSIM MOXE
NpU3BECTH 10 3Ha4yHOI exkoHomii eweprii [10,
12]. 3a omimkamu HamionanpHOI acoriarii
achanbToO0eTOHHUX MTOKPUTTIB (CHIA),
BapTiCTh OYIIBHHUIITBA CHOPYIOH JUISL YKPHUTTS
3araciB OKYIUTHCS MPOTATOM TPbOX pokiB. Kpim
TOTO, ciij  mependavyatu Opi€HTAIliI0
CKJIQJICBKUX TMPHUMIIIEHh TaKUM YWHOM, 100
CKOpUCTAaTUCS ~ COHSYHMM  CBiTIoM  abo
HampsIMKOM ~ TIEPEeBAXKAIOYMX  BITPIB 7S
MaKCHMAaJbHOTO BUIBHOTO BUCHUXAHHS.

Makcumizanis epekTUBHOCTI
NaJbHHUKIB. Bubip HailepeKTUBHIIIOTO
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Figure 4.2 — Moisture content in a stockpile

In addition to the savings in drainage
costs, there are additional benefits as there is less
loss of raw materials due to mixing with the soil
(3% material savings), and fuel savings for
mobile equipment (forklifts) as they move and
maneuver over the hard surface.

The corresponding payback period for a
paved and sloped storage area was estimated to
be less than seven months [10].

Storage of aggregates under cover. The
energy requirement for drying aggregates with a
typical water content of 5 % is about 10,5
kilograms of steam per hour per ton of
aggregate. When the water content is doubled,
the steam requirement increases to 18 kg of
steam per hour per ton of aggregate, i.e., almost
70 % [11]. Thus, storing aggregates under cover
can lead to significant energy savings [10, 12].
National Asphalt Pavement Association (USA)
estimates that the cost of constructing a stockpile
shelter will be recouped within three years. In
addition, consideration should be given to
orienting the storage area to take advantage of
sunlight or prevailing winds to maximize free
drying.

Maximize burner efficiency. Selecting
the most efficient burner option when designing



BapiaHTa MaJbHUKA IPHU TMPOEKTYBaHHI HOBOI
cructeMu abo MOJIepHi3allii ICHyI0401 CUCTEMH €
KIIOYOBUM ISl OOMEXEHHS BTpaT EHeprii.
[TanpHuK MoBUHEH OyTH MiAiOpaHuii BiIIOBITHO
70 PO3MIpIiB 1HIIUX KOMIIOHEHTIB yCTaHOBKH,
BKJIFOUaroun  OapabaH, OyHKEp  TOIIO.
[TanpHUKOBa cHcTeMa TOTPeOyE PEryisipHOrO
TEXHIYHOTO OOCITyTOBYBaHHS JIJIsl 3a0€31ICUCHHS
ONITUMAIILHOI MPOAYKTUBHOCTI. HanamryBanHs
NaJBHUKA CIiJ TepeBipsATH moMicsaus abo
[IOKBAapTally, a (OPCYHKH TOTPIOHO YaCTO
YUCTUTH, 100 3abe3neuyntd  e(EeKTHBHE
PO3THIICHHS NaJInBa; NabHUKHY, 1o
BUKOPHCTOBYIOTh MEHII YHCTE NaJIWBO, HIX
MPUPOJHUMN T'a3, CIIiJI YUCTUTH 1 HATAIITOBYBATH
qacTille.

Boasinis  kopmycy  CymIMJIbHOTO
O0apabana. Btpatu Teruta 3 kopmycy abo
00O0JIOHKM cyIIMJIbHOrO OapabaHa 3a3BUYail
cranoBiATh  5-10 %. [3omsmist  000JIOHKH
3MEHILy€ CIOKMBAaHHA eHeprii Ta ii BTpaTu.
Jlesiki KOHCTPYKIIIT MPOTUTEUIMHUX 3MIIIyBadiB
Oe3repepBHOT /il BKIIIOYAIOTH 3MINTyBaIbHUN
OapabaH, MOOyJIOBaHWI HABKOJO CYIIUJIHLHOTO
OapabaHa, 100 CKOPUCTAaTHUCS TEIJIOBUMU
BTpaTaMH  CyIIHJIbHOTO  OapabaHa,  SK,
nanpukiaan, Double Barrel xommanii Astec i
cepin.  E3  RAP-Star  kommanii  CMI
Roadbuilding.

4.2 birymMHe rocmnoaapcTBo

Binpmricte 3aBOmiB 13 BUIOTOBJIICHHS
ac(haabTOOCTOHHUX CyMillleld BUKOPUCTOBYIOTh
HarpiBayi 3 rapsyuM MaciioM JUisl HarpiBaHHS
O0iTymMy B pe3epByapax g 30epiraHus,
TPAHCHOPTHHUX JIiHISAX, Hacocax 1 KiamaHax, a
TaKOX JUIsl MiATPUMKH TeMIeparypu OiTymy B
pe3epByapax [yt 30epiranss. Himkde HaBeneHO
KOHKPETHI  3aXx0oJd MO0  IiJIBUIICHHS
€(hEeKTUBHOCTI ITUX KOMIIOHCHTIB.

Macasini  oOirpiBaui.  Macisnauii
o0irpiBau  BHUKOPHUCTOBYE  €JIEKTPUKY abo
CHIAJTFOBaHHS MANIKMBA 71 TIepeiadi Teria Maciy,
K€, y CBOIO uepry, LHUPKYJIIE uyepes
oOJlalHaHHs ~ YCTaHOBKH, IO  MOTpelye
JOJJATKOBOTO HArpiBy. BapiaHTu migBUIIEHHS
e(peKTUBHOCTI MAacCJISIHUX o0irpiBauiB
BKJIIOYAIOTh:

— BCTAHOBJICHHS 01T
e(pEeKTUBHOT O MacJIsIHOT O o0irpiBaya.
KoHcTpykuii HarpiBadiB 3a3BU4ail JOCSATAIOTh
85 % KKJI i MakcuMi3ylOoTh BIUIMB JDKepena
TeIJIa Ha KOTYIIKHU TeIlonepeaayi rapsayoro
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a new system or retrofitting an existing system
is key to limiting energy loss. The burner should
be sized to match the size of the other
components of the plant, including the drum,
hopper, etc. The burner system needs regular
maintenance to ensure optimum performance.
Burner settings should be checked monthly or
quarterly, and nozzles should be cleaned
frequently to ensure efficient fuel atomization;
burners using less clean fuels than natural gas
should be cleaned and tuned more frequently.

Insulation of the drying drum body.
Heat loss from the drying drum body or shell is
typically 5-10 %. Insulation of the shell reduces
energy consumption and energy loss. Some
designs of continuous countercurrent mixers
include a mixing drum built around the drying
drum to take advantage of the heat loss of the
drying drum, such as Astec’s Double Barrel and
CMI Roadbuilding's E3 RAP-Star series.

4.2 Bitumen infrastructure

Most asphalt mixing plants use hot oil
heaters to heat the bitumen in storage tanks,
transport lines, pumps and valves, and to
maintain the temperature of the bitumen in
storage tanks. Specific measures to improve the
efficiency of these components are outlined
below.

Oil heaters. An oil heater uses electricity
or the burning of fuel to transfer heat to oil,
which in turn circulates through the equipment
in the plant that needs additional heating.
Options for improving the efficiency of oil
heaters include:

- installing a more efficient oil
heater. Heater designs typically achieve 85 %
efficiency and maximize the exposure of the heat
source to the hot oil heat transfer coils. Most
heaters have a service life of 20-30 years, so in



Macna. binbmiicte 00irpiBayiB MarTh TEPMiH
cy:x6u 20-30 pokiB, TOMY 3a BiJICYTHOCTI
paHHbOI 3aMiHM OLIBLIICTH O00irpiBauiB, SKi
3apa3 eKCIUTYaTYIOThCS, MOXKYTh HE BiIIOBIIaTH
e(eKTUBHOCTI cydyacHHX OOirpiBadiB, siKi 3apa3
MPONIOHYIOTHCS HA PUHKY

— BHCOKI TeMmIlepaTypu Ta3y Ha
BUXOIl 3 TpPyO ICHYIOUMX MAJIMBHUX CHUCTEM
HarpiBy BKa3ylOTh Ha Hee(DEeKTUBHUII HarpiBad.
Sxmo 3amiHa ab0 PEKOHCTPYKIliS HarpiBada
HEMOXXJIUBA, CIIJI Tepen0adynuTd J0JaBaHHS
TEIUTIOOOMIHHMKA JI0 BHUXJIONMHOI TpyOu, 1100
VIIOBJIOBAaTH  BIANpanbOBaHE  TEIUIO  Ta
BUKOPHUCTOBYBAaTH HOTO Ui TOMEPETHHOTO
HarpiBy macjia g TerioHocis. BupooHuku
TaKUX TETUIOOOMIHHUKIB TOBIJOMIISIIOTH TIPO
MiIBUIEHHS €PeKTUBHOCTI Bija 3 10 9 %;

— pu 3aMiHi MaCISTHOTO
o0irpiBaua MOXHa PO3IIISIHYTH
BUCOKOC(EKTUBHUN EJIEKTPUYHHUI Harpisad.
CydacHl  eNeKTpUYHI  HarpiBadli  MOXYTh
3allpONIOHYBATH 3HIKCHHS EKCIUTyaTalliiHuX
BUTpAT 1 BUTpAT Ha TEXHIYHE 0OCIYrOBYBaHHS,
MOJOBXKCHUN TEepMiH CIy)kOu o00irpiBava Ta
ckopoueHHss BukuIiB [13]. 3i 306inbIIeHHAM
YaCTKM BIJHOBIIIOBAaHUX JDKEpENT €Heprii B
CTPYKTYpi €JIeKTPOCHEepTii 3pocTaTumMe
BUKOPHCTAHHS  CJIIEKTPUYHHUX  OOIrpiBaviB
JIOTIOMOT'A€  MTPOMHCIIOBOCTI 3MEHIIUTH CBIU
BYIJICTICBUH CITiJI.

Boasimis  TpydompomoaiB.  Ilicis
HarpiBaHHs rapsue Macliio [UPKYIIIOE [0 3aBOAY
JI0 BIJMOBITHOTO OOJaIHAHHS Yepe3 CreliaabHi
TpybomnpoBoau. [logiOHMM uymHOM  GITyMH
TaKOX TMEpeMIlIyeThCsl 3 pe3epByapy s
30epiraHHs 70 3MilllyBaya MO TPYyOOIIPOBOIY.
HenanexxuuM 4nHOM 1307150BaHi TPYOOIPOBOIU
MepealoTh TEeII0 HABKOJIUIIHBOMY IMOBITPIO, a
HE JI0 «KIHILIEBOTO CIOXHBaya». Yci Tpyou,
KOJIiHa, KJamaHW, HACOCH TOIIO MOBHHHI OyTH
HQJIEKHUM YMHOM 130J1bOBaHi, 100 YHUKHYTH
TaKUX BUTpaT eHeprii. [3omsuis Hemopora, a
TEPMIHU OKYIHOCTI JIy’K€ KOPOTKi, OCOOJIMBO
MIPY BUCOKHUX BUTpPATax Ha EHEPTilo.

I3ossimisi  pesepByapiB 1 cuiociB.
binpmiicte  cyyacHMX ~— pe3epByapiB  uis
30epiranHg OiTyMy MaloThb CTaHAApTHY O6-TH
moiiMoBy  BOymoBaHy  i3oismito.  Crapimni
pe3epByapu 4acTO MarOTh MEHINY 130JII0, i
nesiki BUpOOHWUKM B3araji He 130JI0BAIUA JHO
CBOIX pe3epByapiB, 3aJUILAIOYM MPOCTIP IS
BJIOCKOHAJICHHs ~ Ha  0Oararbox  3aBOjax.
BignosigHo no mopxemroBaHHs HarioHambHOT
acomiamii  acanbTOOETOHHUX  TOKPUTTIB
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the absence of early replacement, most heaters
currently in operation may not match the
efficiency of modern heaters currently on the
market;

- high gas temperatures at the
outlet of existing fuel heating systems indicate
an inefficient heater. If replacement or
refurbishment of the heater is not possible,
consideration should be given to adding a heat
exchanger to the exhaust pipe to capture the
waste heat and use it to preheat the oil for the
heat transfer fluid. Manufacturers of such heat
exchangers report efficiency gains of 3 to 9 %;

- when replacing an oil heater, a
high-efficiency  electric  heater can be
considered. Modern electric heaters can offer
reduced operating and maintenance costs,
extended heater life and reduced emissions [13].
As the share of renewable energy sources in the
electricity mix increases, the use of electric
heaters will grow, helping industry to reduce its
carbon footprint.

Insulation of pipelines. Once heated,
the hot oil is circulated through the plant to the
relevant equipment via special pipelines.
Similarly, bitumen is also transported from the
storage tank to the mixer via pipework.
Inadequately insulated pipelines transfer heat to
the surrounding air rather than to the “end user”.
All pipes, elbows, valves, pumps, etc. must be
properly insulated to avoid this energy waste.
Insulation is inexpensive and payback periods
are very short, especially when energy costs are
high.

Insulation of tanks and silos. Most
modern bitumen storage tanks have a standard 6-
inch of built-in insulation. Older tanks often
have less insulation, and some manufacturers
did not insulate the bottom of their tanks at all,
leaving room for improvement in many plants.

According to National Asphalt Pavement
Association (USA) modelling, a 113 m?®
horizontal bitumen tank with 6 inches of

insulation would require 7,52 kW-h to keep



(CHIA), ropusoHTanbHUN OITYMHHUH pe3epByap
06’emom 113 ™° i3 6 moiiMamu  i3omALii
norpedyBarume 7,52 kBT Ha roauHy mns
miATpUMKH Tera. Toil camuii pesepByap i3 3
mroiiMaMu  13omsmii cnoxuBaB 6m Ha 83 %
OuteIie eHeprii, a pesepByap 0e3 i30ismil
cnoxkuBaB Oum Ha 5600 % Oinbmie eneprii.
Cunocu mnst 30epiranHs  acgaabTOOCTOHHOT
CYMIIIi TaKOXX IMOBUHHI OyTH 100pe 130Jb0BaHi.
s BCiX 3acTocyBaHb OyIb-SKY 30BHIIIHIO
130JIAALIF0  CITIiJT PEryJIsipHO TEpeBipsATH Ha
HasBHICTb TMOIIKO/UKEHb a00 MPOHUKHEHHS
BOJIM Ta 3aMI1HIOBAaTH 3a notpedu. s 1poro, K

MIPaBUJIIO BUKOPHUCTOBYIOTh TEXHOJIOT110
TEIUIOBI31MHOT  KaMmepu, 100  JOMOMOTTH
BUSBUTH  TOIIKOPKEHh ab0  3pYyHHOBaHY
130JI5I11110.

4.3 Onrumizauisi BUpOOHUITBA

KopuryBanuss poOGouux rpadikis.
3yNMMHKA Ta TIOBTOPHI 3allyCKH MOXYTh
CIHOKMBATH 3HAYHO OLIbIIIE eHeprii. 3MEeHIICHHS
iX muIAxoMm onTuMizalli rpadika BUpOOHHUIITBA
MOXX€ 3a0llaJuTH  eHeprito. B omHOoMmy
KOHKpEeTHOMY jochiimkeHHl B Himepmanmax
achanbTHUH  3aBOJI  3MEHIIUB  KUIBKICTh
nepe3anyckiB Ha 50 % 3aBHSKH Kpamomy
pO3KJaay Ta IJIaHYBaHHIO, IO TMPHU3BENO 0
exoHoMil eneprii Ha 1,5 % [14].

AJlbTepHATHBHI BHIH najmsa.
BinpuricTe maNpHUKIB CYMIUIBHOTO OapabaHa
MaloTh 3JaTHICTh CHAJIOBAaTH  piAKEe Ta

ra3onojioHe MajauBO Ta NEPEeMUKATHCI MIXK
HUMH 3a ToTpeOu. Konm ninu Ha nmpupoaHuii ra3
KOHKYPEHTOCTIPOMOKH1, OUTBIIICTh 3aBO/IB, K1
MalTh  JOCTyl  JI0 MPUPOAHOTO  Tasy,
BUKOPHUCTOBYBAaTUMYTh Horo. 3aBoJu, sIKI He
po3TanioBaHi no0an3y Maricrpaien
HPUPOIHOTO Ta3y, MOXKYTh HATOMICTh IEPEUTH
Ha Ma3yT, perenepoBane macio (RFO), npoman,
ckparvienuit  npupoanuit raz  (LNG) ab6o
crucHenui npupoHuii raz (CNG) 3anexHo Bin
BapTOCTI Ta HassBHOCTI.

PerenepoBani macna (RFO) komTyroTh
npuOJIM3HO B JIBIYlI MEHIIe HDK MazyT Ne2,
MalOTh OUIBIIMKA EHEePreTMYHUl BMICT, HIX
JU3eIbHE MAINBO, 1 TOPSITh YHUCTO, 110 POOUTH IX
xurre3gatiumu  Bapiantamu (NAPA, 2007).
OnHak, OCKUIBKM BOHH pereHepoBaHi, TO
BUMAaralmTh JOAAaTKOBOrO (UIBTPYBaHHA IS
3aXMCTy MajdbHMKAa Bix  Aomimok. bes
perenbHOro 300py Ta (QimpTparii, 3axorJeHi
MeTalli, CHOJYKH CIpKH, 3B’S3aHMH a30T 1

o1

warm. The same tank with 3 inches of insulation
would consume 83 % more energy, and a tank
without insulation would consume 5600 % more
energy. Asphalt mix storage silos should also be
well insulated. For all applications, any external
insulation should be regularly checked for
damage or water intrusion and replaced as
necessary. For this purpose, thermal imaging
camera technology is typically used to help
detect damaged or destroyed insulation.

4.3 Production optimization

Adjustment of work schedules.
Stoppages and  restarts can  consume
significantly more energy. Reducing them by
optimizing the production schedule can save
energy. In one particular study in the
Netherlands, an asphalt plant reduced the
number of restarts by 50 % through better
scheduling and planning, resulting in energy
savings of 1,5 % [14].

Alternative fuels. Most dryer drum
burners have the ability to burn liquid and
gaseous fuels and switch between them as
needed. When natural gas prices are
competitive, most plants that have access to
natural gas will use it. Plants that are not located
near natural gas pipelines may instead switch to
fuel oil, refined oil (RFO), propane, liquefied
natural gas (LNG) or compressed natural gas
(CNG) depending on cost and availability.

Reclaimed fuel oils (RFOs) cost about
half the price of No. 2 fuel oil, have a higher
energy content than diesel, and burn cleanly,
making them viable options (NAPA, 2007).
However, because they are regenerated, they
require additional filtration to protect the burner
from impurities. Without careful collection and
filtration, entrapped metals, sulphur compounds,
bound nitrogen and halogens can cause
problems with the fuel line and burner, including



rajloreH MOXXYTh CIPUYMHUTH TPOOJIEMH 3
MAIMBOIPOBOJOM 1 MaJbHUKOM, BKIIIOYAIOUU
KOpO3il0 Ta MiABUIICHI BUKHIU. Takox, Ipu
3aCTOCYBaHHI IHOTO BHJAY TMaldWBa  CIIJ
ypaxyBaTd HOro BWINY B’SI3KICTb. Y MESKHX
CUCTeMax MaJbHUKIB JUISI  YHCTOrO Ta
€(EeKTHUBHOTO CHAJTIOBaHHSI MOXXE€ BUHUKHYTH
HEOOXiHICTh BCTAHOBJICHHS Harpipaya
MOTIEPETHHOTO HATPIBY JJISl 3HIKCHHS B SI3KOCTI
najauBa.

AJbTepHaTHBHe oOJgaaHaHHsa. Ha
CBOTOJIHIIIHINA JI€eHb BUPOOHUKU NPOMOHYIOTh
IIUPOKUH  CIIEKTP  MOXJIMBOCTEH OO
3aCTOCYBAaHHSI aJIbTEPHATHBHOIO 00JaJHaHHS.
Jlesiki BUPOOHUKH MPOMOHYIOTh MOJIEPHI3AIIII0
TEXHIKU IIJIAXOM oONajJHaHHS I MPUBOJAMHU 3
aKyMYJSITODHUM  JKHUBJIEHHSIM a00  JIU3€elb-
EJEKTPUYHOI TIOPUIHOI CHCTeMOK. Taki
kommanii, sk Volvo CE, Caterpillar, Bobcat,
Doosan, Hyundai CE i JCB po3pobwiu Ta
MPOMOHYIOTh Yy CBOIX MOJEIBHUX psAax

€JIEKTPUYHI €KCKaBaTOpH, KOJTICHI
HaBaHTaXXyBaul Ta 1HIIY OyZiBeNbHY TEXHIKY. |
g  TEHIEHIs, WMOBIPHO, 30epeKeThCs,

OCKIJTbKM TIONIUT HA EJIEKTPUYHY OyIiBEeIbHY
TEeXHIKY 3pOCTa€, a i eKCIuTyaraiis 3abe3neuye
3HIKCHHST BUKHIIB, I[IyMy Ta BHUTpaT Ha
00CITyroByBaHHSI.

4.4 Hogi Buam marepiaJis

4.4.1 Tenni acpanomodemonu

[TomupeHnoro MPAaKTUKOIO €
BUPOOHUITBO ac(hambTOOCTOHHUX CyMiliel 3a
temmneparypu (150-175)°C nmnsa 3abe3neueHHs
oOpobOioBaHoCTI  Ta  yHIibHeHHA.  Taka
MiZIBUIIEHA TeMIepaTypa MNPHU3BOJUTH IO
Ha/IMIPHOTO CIIO)KMBaHHS eHeprii  Ta
Iepea4acHoOro CTapiHHS (ToripueHHs
BIIACTHBOCTEH oiTymy) rapsuoi
ac¢anbTo0eTOHHOT CyMilli, 3HUKEHHS
CcTiiikocTi acanbTOOETOHY A0 TEMIEPAaTypHOTO
Ta BTOMHOT'O PO3TPICKyBaHHS. 3a pe3yibTaTaMu
HAyKOBMX  JocCihipkeHb  [15],  3HmkeHHs
TEMIEpaTypyu MPUTOTYBAHHS CyMIllli JO3BOJISE
YHUKaTH IUX HEraTUBHUX HacHiAKiB. binbin
HU3bKI BHPOOHHMYI TEeMIlepaTypH 3MEHIIYIOTb
cTapiHHs OiTyMy Ha eTani BUPOOHHMIITBA, IO
MOXX€  JOJATKOBO  MIABUIIUTA  CTIHKICTh
achanbToOETOHY 1O TEMIepaTypHOro Ta
BTOMHOT'O PO3TPICKyBaHHS, a TAKOXK 3MEHIIIUTH
CHOKMBaHHA  eHeprii. Taky  TEXHOJOTrio
Ha3UBaIOTh «TeTTni achanbToOETOHY.
Hamnpukian, y 3BITI Harmioxansao1
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corrosion and increased emissions. Also, the
higher viscosity of this fuel should be taken into
account when using this type of fuel. Some
burner systems may require a preheater to reduce
the viscosity of the fuel to ensure clean and
efficient combustion.

Alternative equipment. Today,
manufacturers offer a wide range of options for
using alternative equipment. Some

manufacturers offer modernization of equipment
by fitting it with battery-powered drives or
diesel-electric hybrid systems. Companies such
as Volvo CE, Caterpillar, Bobcat, Doosan,
Hyundai CE and JCB have developed and offer
electric excavators, wheel loaders and other
construction equipment in their product lines.
And this trend is likely to continue as demand
for electric construction equipment grows and its
operation reduces emissions, noise and
maintenance costs.

4.4 New types of materials

4.4.1 Warm asphalt concrete

It is common practice to produce asphalt
mixtures at temperatures of (150-175) °C to
ensure workability and compaction. Such an
elevated temperature leads to excessive energy
consumption and premature aging (deterioration
of bitumen properties) of the hot asphalt
mixture, as well as a decrease in the resistance
of asphalt to thermal and fatigue cracking.
According to the results of scientific research
[15], lowering the temperature of mix
preparation avoids these negative effects. Lower
production temperatures reduce the aging of
bitumen during the production stage, which can
further increase the resistance of asphalt
concrete to thermal and fatigue cracking, as well
as reduce energy consumption. This technology
is called “warm asphalt concrete”. For example,
a report by the National Cooperative Highway
Research Programme found that plants that used
warm mix, operating at or near design capacity,
achieved energy savings of 22 % by reducing the
mix temperature by an average of 9 °C. They



KOOIIEPaTUBHOL porpamu JIOCITIJKEHb
aBTOMOOUTBHHUX JIOpir OyJI0 BUSBIEHO, WIO
3aBOJM, SKI BHKOPHUCTOBYBAJIM TEIUTYy CYMIII,
NpPALOI0YN Ha TPOEKTHIA TOTYXHOCTI abo
OJM3BKO 70 HEl, JOCSTIN €eKOHOMII EHEeprOHOCITB
Ha 22 % 3aBOSKM 3HW)KEHHIO TEMIEpaTypu
cymimi B cepennbomy Ha 9 °C. Boum
migpaxyBaiy, mo npudausno 1 kBT-rox eHeprii
MOKHA 3a0UIAJUTH Ha KOXXHOMY Tpanyci
Llenbcist Ha ToHHy [16].

Terna acdanbToOETOHHA cyMimI
BHUTOTOBJISIETHCS MpU TeMriepaTypi Ha (20-40)°C
HIOKYIM, HDK TpaauLiidHI rapsdi Cymilli, Npu
BUKOPUCTaHHI THUX CaMHMX 3allOBHIOBAYiB,
oiTymy, BUPOOHUYMX YCTaHOBOK Ta
oOmagHaHHs. Pi3HUIS mossrae B ToMy, IO IS
3py4HOCTI OOpOOJIOBaHHS MarepiajiB MpH
3HIDKEHIH TeMIiepaTypl BHUKOPHCTOBYIOTHCS
N00aBKH, SIKI 3MEHIIYIOTh B’SI3KICTh OITyMy Ta
ac¢arbToO0eTOHHOI CyMIIIII.
BuxopucTtoByroTbcs  pi3HI  METOAM IS
3MEHIIEHHSI €(pEeKTHUBHOI B’S3KOCTI B'SHKYHOro,
o 3a0e3nevye OBHE MOKPUTTSI HUM TTOBEPXHI
3aIIOBHIOBAYIB 1 O JAJIBIII
3pYYHOYKIAJAIBHICTG Ta  YIIUIBHEHHS 3a
MOHIKEHUX Temmepatyp [17, 18].

Haiimomupenimri  TexHOMOr1
acdanpToberony [19]:

Ximiuni nodoaBku. XiMiyHi 70OaBKU HE
3MIHIOIOTh B’SIBKICTh OiTyMy. SIK TTOBEpXHEBO-
aKTUBHI ~ PEYOBMHM  BOHM  JiIOTb  Ha
MIKPOCKOITIYHIM MeX1 3alOBHIOBAYiB 1 OITYyMY.
BoHM perymrorTh 1 3MEHIIYIOTh CHJIM TEPTS Ha
i MEeXI1 B Jllarma3oHi TeMIeparyp, K IpaBuio,
Bix 140 mo 85 °C. Tomy MokHa 3MilTyBaTh
0iTyM 1 HAmOBHIOBAYi Ta YIIUIbHIOBATH CYMIII
Ipy HIDKYIH TemmepaTypi. XimiuHi 100aBKU
MOXYTb 3HU3UTH TEMIEepaTypy CyMimi Ta
yiiisHeHHs npubnuszHo Ha 20-40 °C.

Opraniuni nob6aBkm. s 3HIWKEHHS
B’SI3KOCTI1 B’SKYy4Or0 (GiTymy) pu
Temneparypax Buile npudauzno 90 °C MoxHa
BUKOPHUCTOBYBAaTH pi3HI OpraHiyHi J100aBKH.
Yacto  BHUKOPHUCTOBYBAaHOIO  JOOAaBKOWO €
creniadbHU mapadiH, OTPUMAHUN HUIAXOM
KOHBepcCii MPUPOJHOro razy, abo BOCKH, SK
OpUpoaHi, Tak 1 cuHTeTHyHi. Opraxivxi
N00aBKH 3a3BUYall 3HIXKYIOTh TeMIIEpaTypy Ha
20-30 °C, a TakoX MOKpAIIyIOTh CTIHKICTH J0
nedopmanii  MomudikoBaHoro  Oitymy 1
acanbTOOETOHY.

CninoBanus 6itymy. 1106 3MeHmmMTH
B’S3KICTb  OiTyMy, BHKOPUCTOBYETHCA PsII
METO/IB CITIHIOBAaHHS. /{7151 BBEICHHS HEBEIMKOT

TCIIJIOIrO
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estimated that approximately 1 kW-h of energy
could be saved for every degree Celsius per
tonne [16].

Warm asphalt mixes are produced at
temperatures (20-40) °C lower than traditional
hot mixes, using the same aggregates, bitumen,
production plants and equipment. The difference
is that additives are used to reduce the viscosity
of the bitumen and asphalt mix to facilitate the
processing of materials at lower temperatures.
Various methods are used to reduce the effective
viscosity of the binder, which ensures complete
coverage of the aggregate surface and
subsequent ease of placement and compaction at
lower temperatures [17, 18].

The most common warm asphalt
concrete technologies [19]:

Chemical additives. Chemical additives
do not change the viscosity of bitumen. As
surfactants, they act at the microscopic interface
between aggregates and bitumen. They regulate
and reduce the friction forces at this interface
within a temperature range, usually between 140
and 85 °C. Therefore, it is possible to mix
bitumen and aggregates and compact the
mixture at a lower temperature. Chemical
additives can reduce the temperature of the
mixture and compaction by about 20-40 °C.

Organic additives. Various organic
additives can be used to reduce the viscosity of
the binder (bitumen) at temperatures above
about 90 °C. A commonly used additive is a
special paraffin obtained by the conversion of
natural gas or waxes, both natural and synthetic.
Organic  additives usually  reduce the
temperature by 20-30 °C and also improve the
deformation resistance of modified bitumen and
asphalt concrete.

Foaming of bitumen. A number of
foaming methods are used to reduce the
viscosity of bitumen. Various means are used to



KUTBKOCTI BOAM B rapsuui oiTym
BUKOPHUCTOBYIOTBCSL ~ pi3HI  3acobu. Bogma
MEPETBOPIOETHCSI HA TMapy, 30UIbIIye 00’eM
O0iTyMy 1 Ha KOpDOTKMHA 4ac 3HIDKYE HOro
B’s3KiCTh. Po3mupeHHs OiTyMy  J103BOJISIE
MOKPUBATH 3allOBHIOBAUl MPH OLIbII HU3BKUX
TemmepaTypax (MOKHA 3HH3HTH TEMIIEPaTypy
BUPOOHMIITBA), a 3aJMIIKOBA BOJIOTICThH CIIPHSE
VIIUTBHEHHIO achaJbTOOCTOHHUX CyMilield Ha
OymiBelbHOMY MalmaHduky. s CITiHIOBaHHS
3a3BUYail BAKOPHCTOBYIOTH JIBa CIIOCOOU:

1. Ilpsimuii crioci® CHiHIOBaHHS MOJSTa€e
y BIOPCKYBAaHHI HEBEJIWKOI KOHTPOJIHOBAHOI
KUIBKOCTI BOAM B Tapsuuil OiTyM uepe3 MiHHI
¢dopcynku. lle mpu3BOAMTH 70 3HAYHOTO, aie
TUMYaCcOBOT0 301TbIIIEHHS €()EKTUBHOTO 00’ €My
01TyMy, 110 MOJIETTIIYE HAHECEHHSI Ha TOBEPXHIO
3allOBHIOBAYIB 3a HIDKYHX Temmeparyp. Jleska
KUIBKICTh TIApH 3QJIMIIAETHCSA B OITyMi Mmija 4dac
YIIUIBHEHHS, 3HUKYIOUH €(eKTUBHY B’ SI3KICTb 1
MoJIeTITyI04YH yiiiabHeHHs. [Ipu oxomomkeHH1
B'SI3KICTh MTOBEPTAETHCS 10 HOPMAITBLHOTO CTaHy,
OCKIJTbKH KUJTBKICTh BOJM He3HauHa. L[ TexHika
JO3BOJISIE  3HU3HTH  TEMIIepaTypy  CyMimni
npuosm3Ho Big 20 no 40 °C.

2. Cmoci0 HempsMOro MiHOYTBOPECHHS
BUKOPHUCTOBYE MiHepa K JDKEpeo
MHOYTBOPIOIOYOT BOJIH. 3a3Buuai
BUKOPHUCTOBYIOTHCS TiApOdiIbHI MiHEpanu 3
poauHM TieoiTiB. BoHu Mictare Onusbko 20
BIJICOTKIB KPUCTAJIIYHOI BOJH, sIKa BUIIAETHCS
npu temmepatypi Buie 100 °C. Lle BunineHHs
BOAM  CTBOPIOE  €(eKT  KOHTPOJIHOBAHOIO
MHOYTBOPEHHS, IO MOXE  3a0e3MeuuTH
MoKparieHy oOpoOIIOBaHICT, MpoTIroM 6-7
roJuH a0o JAOKU TeMmIepaTypa He BIaJe HIKYE
100 °C. IliHOyTBOpEeHHS NPU3BOAUTH [0
MOKpPAIEHHSI TEXHOJOTIYHOCTI CyMimIi, IO
3r0/I0OM MOXE JT03BOJIUTU 3HU3UTHU TEMIIEPATypy
cymimi mpubian3Ho Ha 30 °C 3 eKBiBaJIEHTHOIO
€(EKTUBHICTIO YIIIbHEHHS.

Hpyruii crnoci6 HENPSMOT0
MHOYTBOPEHHSI BUKOPUCTOBYE BOJIOTY Ha MICKY
(abo perenepoBanoMy actanstodbeton (RAP))
JUIs CTBOpEHHA mpuponHoi miHu. KpymnHuit
3alOBHIOBAY, SIKUH CcTaHOBUTH Omm3bko 80 %
CKJaJy CyMillli, CYIIUThHCS/HArPIBA€ThCI MO
130-160 °C, moTiM MOKpUBAETHCA OITyMOM,
CTBOPIOIOUM TAKUM YHUHOM TOBCTY CIIOJIYYHY
IUTIBKY Ha KPYMHUX YacTUHKax. HacTtymHuit
erar nepezndaydae J0JTaBaHHS
XOJIOAHOTO/MOKporo — micky. Bomora mpu
KOHTAaKTI 3 TapsyuM OITyMOM BHUKJIHMKA€E
MiHOYTBOPEHHSA, [0  CIpPUSE  JIETKOMY
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inject small amounts of water into hot bitumen.
The water turns into steam, increases the volume
of the bitumen and reduces its viscosity for a
short time. The expansion of the bitumen allows
aggregates to be coated at lower temperatures
(the production temperature can be reduced),
and the residual moisture helps to compact
asphalt mixtures on the construction site. Two
methods are usually used for foaming:

1. The direct foaming method involves
injecting a small, controlled amount of water
into the hot bitumen through foam nozzles. This
results in a significant but temporary increase in
the effective volume of the bitumen, which
makes it easier to apply aggregates to the surface
at lower temperatures. Some vapour remains in
the bitumen during compaction, reducing the
effective viscosity and facilitating compaction.
On cooling, the viscosity returns to normal as the
amount of water is negligible. This technique
can reduce the temperature of the mixture by
around 20 to 40 °C.

2. The indirect foaming method uses a
mineral as a source of foaming water. Typically,
hydrophilic minerals from the zeolite family are
used. They contain around 20 per cent
crystalline water, which is released at
temperatures above 100 °C. This water release
creates a controlled foaming effect that can
provide improved machinability for 6-7 hours or
until the temperature drops below 100 °C.
Foaming results in improved mix workability,
which can subsequently allow the mix
temperature to be reduced by approximately
30 °C with equivalent compaction performance.

The second indirect foaming method
uses moisture in sand (or reclaimed asphalt
concrete (RAP)) to create natural foam. The
coarse aggregate, which makes up about 80 % of
the mix, is dried/heated to 130-160 °C and then
coated with bitumen, creating a thick binding
film on the coarse particles. The next stage
involves the addition of cold/wet sand. Moisture
in contact with hot bitumen causes foaming,
which facilitates easy application of the binder
to cold and wet RAP or fine aggregate (sand).
This method of foaming provides the same



HAHECCHHIO B’SHKYUYOTO HA XOJIOAHHM 1 BOJIOTUH
RAP a6o npibuuii 3amoBHIoBaY (micok). Takwmii
cnoci6 cmiHIOBaHHS 3a0e3medye Take K
3HIKEHHS ~ TEeMIlepaTypd, SK 1  mpsMe
CIIHIOBaHHA 4Yepe3 coruia, npubiamnsHo Big 20 10
40 °C.

OxpiM  BHIIE3raJiaHuX  TEXHOJIOTIN
ICHYIOTh TaKOXX KOMOIHOBaHI NPOIYKTH, SKi
MOKHA BUKOPUCTOBYBATH Ui BHPOOHHIITBA
TerIo0i achaabTOOSTOHHOT CyMIIlli, HAIPUKIIA,
MAJIETH 3 BOJIOKHAMH Ta IIE0JIITOM a00 BOJOKHA
3 OpraHiYHUMH T00aBKaMH.

Cepen mepeBar TEXHOJOTII TEIUIOTO
ac(aibTOO0ETOHY MO’KHA BUJUIMTH HACTYIIHE!

— 3MeHIIIeHHs BUKOPUCTaHHS €Heprii Ha
55 % [18] ta BukuaiB Ha 50 % [17]. DakTHuHi
CKOPOUYEHHSI CIIOKMBAHHSI €HEprii Ta BUKHUIIB
3ajekaTh  Bi  JIOCATHYTOTO  3HW)KCHHS
TeMIeparypu, KoHQirypamii  oOmagHaHHS,
KOHKPETHMX YMOB Ha MaiIaHUYMKy Ta CKJIAIy
CyMIIII.

— 3a0e3meueHHst OUIBIINX BlacCTaHEH
MEepPEeBE3CHHs, OCKUTPKM HW)KYa TI0YaTKOBa
TeMIieparypa He J03BOJUTH TaK IIBHAKO
BTpayaTH TEILIO IIiJ1 yac TpaHcmopTyBanHs [18].

— 30UIbIICHHS TPUBAJIOCTI  CE30HY
YKJIaJaHHs, OCKIJTbKHA ac(habTOOCTOHHA CyMIII
3aNUIIAE€ThCA  MPAlE3JaTHOI MpPU  HIDKYHX
temmeparypax [18].

— INokpaieHHs yuiiibHEHHS, 0 POOUTH
MOBEPXHIO  JOPOKHBOTO  MOKPUTTS  OULIbII
criiikoro 70 iHdiapTpanii Boau [18]. Croroami
Oararo BHUPOOHUKIB achanbTOOCTOHHUX
CyMillell Mepelluln Ha TEXHOJIOTI0 Teriol
cymimm, o0 oTrpuMatd 1i HESHEpreTU4Hi
repeBaru, xoua JIesiki 3 HUX Bce 1€ BUPOOISIOTh
TpaauIIiiHi rapsdi cymirii [17-19].
JlocmimkeHHs HanionansHoi acorgarii
acdanbrodberonnnx nokputTiB (CILIA) mokasye,
mo 13 3arajgpbHOro oOCATY BHUPOOHUIITBA
cymimei 3a TEXHOJIOT1€I0 TEIUIOro
ac(anbTOOETOHY BHUPOOISAETHCA MEHILIE HIX
50 %, ToMy € TMOTeHIial 3aCTOCYBaHHA Ili€l
TEXHOJIOTIT TS M ABUIICHHS
eHeproeeKTUBHOCTI.

4.4.2 Peceneposanuii acghanomoodemon

PerenepoBanmii acansroderon (RAP)—
11€ €KOJIOTIYHO YHCTE pillieHHs 11 OyJiBHUIITBA
Jopir, ske Mnependadae MepepoOKy CTaporo
ac$arbToOeTOHHOTO MOKPUTTSA 3aMiICTh
BUKOPHUCTaHHS MEpPBUHHUX MaTtepiamiB. RAP
BUPOOJISETbCA IIISIXOM  (pe3epyBaHHs  abo
npoOIeHHs CTaporo ac(ambTOOETOHY
(achanbToBUIl TpaHyNAT) Ta MOEAHYETHCS 3
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temperature reduction as direct foaming through
nozzles, approximately 20 to 40 °C.

In addition to the above-mentioned
technologies, there are also combined products
that can be used to produce warm asphalt
mixtures, such as pallets with fibers and zeolite
or fibers with organic additives.

The advantages of warm asphalt
technology include the following:

— Reduced energy use by 55 % [18] and
emissions by 50 % [17]. Actual reductions in
energy consumption and emissions depend on
the temperature reduction achieved, equipment
configuration, specific site conditions and mix
composition.

—Providing longer transport distances, as
lower initial temperatures will prevent heat loss
during transport [18].

— Extending the length of the paving
season, as the asphalt mix remains workable at
lower temperatures [18].

— Improved compaction, which makes
the pavement surface more resistant to water
infiltration [18]. Today, many asphalt mix
producers have switched to warm mix
technology to reap its non-energy benefits,
although some still produce traditional hot mixes
[17-19]. The National Asphalt Pavement
Association (USA) study shows that less than
50 % of the total asphalt mix production is
produced using warm mix technology, so there
is potential for this technology to improve
energy efficiency.

4.4.2 Regenerated asphalt concrete

Reclaimed Asphalt Pavement (RAP) is
an eco-friendly solution for road construction
that involves recycling old asphalt pavement
instead of using virgin materials. RAP is
produced by milling or crushing the old
pavement and combining it with new binder and
aggregate to create recycled material. RAP can
be used as a base for a new pavement.



HOBHM B’sDKy4YHUM 1 3anoBHIoBayeM. RAP moxe
OyTH BUKOPHCTAaHUU SK OCHOBa JJII HOBOTO
TTOKPHTTSL.

v BUPOOHHUIITBI rapssumx
acanbTOOETOHHUX  CyMilIeH,  CKJIaJOBUM
KOMITOHCHTOM SIKUX € ac(aabTOBHI T'paHYJST,
JOJJATKOBO BHUCYBAIOTBCS BHMOTH JO TaKHX
MOKAa3HHKIB:  TPaHyJIOMETpis  MiHEepaJbHUX
MaTepialiB y acalbTOBOMY I'paHyJIsITi, a y pasi
HEOOXIAHOCTI ¥ 1IHINI ITOKa3HHKHA SIKOCTI;
KUIBKICTh B SDKYy4oro B ac(aJbTOBOMY
IpaHyJIATI 1 3HA4eHHd WOro B A3KOCTI.
BpaxoByroun BnacTHBOCTI 1€ CHPOBUHHU,
HEOOXITHO TIAIOpaTh ONTUMAIBHUN  CKIIAJ
raps4oi acanpTo0eToHHOT cyMimi. [Ipu npomy
CIIJT 3BEpPTAaTH yBary Ha Te, IO BAXKJIMBUM
KpUTEpieEM BH3HAYCHHS MaKCHMAaJTbHOT
KUTBKOCT1 ac(aJIbTOBOTO TPAHYJIATY B CyMIIIIl €
HOT0 OAHOPITHICTE.

OcHOBHa 0COOJUBICTH TIAOOPY CKIAIy
ac(arbTOOETOHHOI CyMIIIi OJISATae B TOMY, 1110
BJIACTHBOCTI CyMIllll CTApOro 1 HOBOTO OITymy
MalTh BIJAMOBIATH BUMOTamM J0 OITyMy,
MPU3HAYCHOTO JIJIsl TUITY MPOEKTOBAHOI CYMIIII.
Y Hu3Ll KpaiH [iI0Th OOMEXEHHS 00
B’sI3KOCTI crtaporo Oitymy. Tak, Hampukia,
PEKOMEH/I0BAaHO 3aCTOCOBYBaTH ac(haibTOBHIA
TpaHyJsIT, B  SKOMY  CTapuil oiTyM
XapaKTepHu3y€eThCs neHeTpaiiero 3a 25 °C Bix 10
no 15 rpamyciB, (cepemHe 3HA4YeHHS I S
BuMmipiB). Ilpum 1mpomy mnepeadayeHo, 110
achanbTOOCTOH, SKHH MICTUTh achaabTOBUI
IPaHyJIAT, IOBUHEH MaTH TaKi caMi BIIACTUBOCTI,
SIK TPaAUILIHHUHN achanbTOOETOH.

IcHye gdexiapbka METOAIB  BBEICHHS
ac¢albTOBOr0 rpaHyJyIsATy JO HOBHX MaTepiaiis,
[0 Ja€ 3MOTY 3MIiHIOBATH TpaHyJOMETPHUUYHUN
CKJIaJ1 caMoi cymilli 1 ac(hanbTOBOTrO rPaHyJIsATY,
Ha BUXO/I1 OTPUMYIOUHU Tapsidi achanbToOeTOHH1
CYMIIlI JUIS PI3HUX MIAPIB TOPOKHBOTO OJIATY.

3a X0JI0IHUM MeTOJI0M Ha 3aBojax 0e3

J0JJaTKOBOTO CYLIMJIBHOTO Oapabany
acanbTOBUH  TpaHyJIAT  IONEPEeIHbO  He
HarpiBa€TbCsi B  OKPEMOMY  CYIIWJIbHOMY

OapabaHi, a BBOJUTHCS Yepe3 BaroBHil 103aTop
6e3nocepeiHbO y ac(haabTO3MIlIyBay Ha HArpiTi
70 HEeoOXiJHOi TemrepaTrypu HOBI MaTepiajH.
IIpu ibOMy YTBOPIOETBCA Apa, SIKY BUITY4alOTh
yepe3 cucTeMmy 30MpaHHs 1 BUAAICHHS MWITY Ha
3aBoAl. Y TaKMX BHUIAJKaX MaKCHUMAaJbHY
TEeMIIepaTypy MpoLecy 3MIIIyBaHHs CKJIaJ0BHX
OOMEXyI0Th, 100 YHHKHYTH MOKJIHMBOI'O
MOIIKO/DKEHHS OKPEMHUX BY3JIiB 3aBofy. Sk
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In the production of hot asphalt concrete
mixtures, the constituent component of which is
asphalt granulate, additional requirements are
imposed on the following indicators:
granulometry of mineral materials in asphalt
granulate, and if necessary, other quality
indicators; the amount of binder in asphalt
granulate and the value of its viscosity. Taking
into account the properties of this raw material,
it is necessary to select the optimal composition
of the hot asphalt concrete mixture. In this case,
it should be noted that an important criterion for
determining the maximum amount of asphalt
granulate in the mixture is its homogeneity.

The main feature of selecting the
composition of the asphalt concrete mixture is
that the properties of the mixture of old and new
bitumen must meet the requirements for the
bitumen intended for the type of designed
mixture. In a number of countries, restrictions
apply to the viscosity of old bitumen. For
example, it is recommended to use asphalt
granulate in which the old bitumen is
characterized by penetration at 25 °C from 10 to
15 degrees (average value for 5 measurements).
It is stipulated that asphalt concrete containing
asphalt granulate must have the same properties
as traditional asphalt concrete.

There are several methods for
introducing asphalt granulate into new materials,
which allows you to change the particle size
composition of the mixture itself and the asphalt
granulate, resulting in hot asphalt concrete
mixtures for different layers of road surface.

In the cold method, in plants without an
additional drying drum, the asphalt granulate is
not preheated in a separate drying drum, but is
fed directly into the asphalt mixer via a weighing
feeder with new materials heated to the required
temperature. This produces steam, which is
removed through the dust collection and
removal system at the plant. In such cases, the
maximum temperature of the mixing process of
the components is limited to avoid possible
damage to individual plant components. As a
rule, 10 to 20% of asphalt granulate by weight is
fed into the asphalt mixer.



MPaBUJIO, B ac(abTO3MilIyBay BBOAATH Bif 10
10 20 % achanbTOBOrO TpaHyIsTy 32 MaCOIo.

AcdanpToBuii IPaHyJIsT MO’KHAa
BBOJUTH Io JI03yBaJIbHUX BIJUTIJIEHD
MiHEpaJIbHUX MaTepiajiB 4Yepe3 OKpeMHi

nozarop. Lle mae 3Mory poscitoBaTH HOBHU
MiHepaTbHUN MaTepian 0e3 OyIb-SIKOT0 BILUTUBY
acaabTOBOTO TPaHyJIATY Ha
rpanyioMeTpuuHnii  ckiaa. 1llo6m 3amobirtu
OKHCHEHHIO HOBOI'O B’SKY4OTO, SIKE BBOJSTH B
acanpTo3MinryBad, PEKOMEHYETHCS
nepeMillyBaTd HOBUI MiHEpallbHUI MaTtepial 3
ac(aJbTOBUM TPAHYJIATOM NEpe] AO0AABaHHIM
B’SKY4Oro Y CyMIII.

Ha 3aBogax 3 OKpeMuUM CyIIWJIBHUM
Oapabanom (rapsiuumii metoa) acdaibTOBUMN
TPaHyJIAT  MOMNEPEIHbO BUCYIIYIOTh 1
HarpiBaroTh A0 Temreparypu omauspko 130 °C.
[licns uporo HOro sIK OKpPEMHIl KOMIOHEHT
CYMIIII TIOJIAl0Th 3a JIOMIOMOTOIO JT03YBaJIbLHOTO
YCTaTKyBaHHsI y 3MIIIyBay 1 MEPeMINIyIOTh 13
HOBUM MiHEpaJIbHUM MaTepiajioM, HarpiTUM J10

BHINOT  TeMIepaTypd, 100 pe3yibTyroua
TeMreparypa CyMilli CTaHOBWJIA  OJHM3BKO
160°C. VY TakoMy BUIAAKy KUIBKICTh

TPaHYJIATY B rapsSdiil CyMiIi MOKe CKIaaTH BiJl
50 mo 80 % 3a macoro.

[I{o6 3amo6irTu cTapiHHIO 6ITYMy TIepes
HOro J0JaBaHHSM Yy Taps4yy ac(aribToOCTOHHY
cymimi, cymim acajabTOBOTO TpaHyJATY 1
HOBHUX MIHEPAJbHUX MaTepialliB MEepPeMIlTyOTh
npotsiroM npuosm3Ho 10 cexyna. Ilpu mpomy
3arajibHa TPUBAJICTh nepeMilryBaHHs
30UTBIIYETHCS, a MPOAYKTUBHICTD 3aBOY JCIIO
3MEHIIYEThCS TOPIBHAHO 31 IMPHTOTYBaHHSIM
TPaAULIHHUX rapsuux CyMIIIeH.

Pazom 3 THM, Bapro
BITUM3HSHI ~HOPMAaTHBHI  JOKYMEHTH, IO
peryiiamMeHTytoTh 3actocyBanHs RAP  [20]
00MEXYIOTh KUIBKICTb ac¢abTOBOTO
IpaHyysATy B cyMmimi He Outbme Hix 20 % 3a
Macor.  Jleski  3aKOpJOHHI ~ HOPMAaTUBHU
(manpukman, [21]) o0OMeEKXyHOTh  KiTBKICTBH
ac(aabTOBOr0 IpaHysIATy B CyMillll B KITBKOCTI
10 20 % 3a Macoro — AJIs HOKPUTTS 1 He Oliblie
Hik 50 % 3a Macoro — 1 mapiB ocHOBH. Take
O0OMEKEHHS BUILIMBAE 13 pe3ysbTaTiB Oararbox
JOCIIPKEHb, OCKUIBKH, JOJaBaHHS OUIBIIOL
KUTBKOCTI ac(abTOBOTr0 rpanysaTy moHan 50 %
32 Macow MNPHU3BOJIUTH 3a CYTTEBOTO PI3KOTO
MOTipIIEHHS (bi3uKO-MeXaHIYHUX
XaparTepucTHK pereHepoBaHoOro
acanpTobeTony [22, 23].

3a3Ha4uTH,

S7

Asphalt granulate can be fed into the
mineral material dosing compartments via a
separate dosing device. This allows the new
mineral material to be dispersed without any
influence of the asphalt granulate on the particle
size distribution. In order to prevent oxidation of
the new binder introduced into the asphalt mixer,
it is recommended to mix the new mineral
material with the asphalt granulate before adding
the binder to the mixture.

In plants with a separate drying drum
(hot method), the asphalt granulate is pre-dried
and heated to a temperature of about 130 °C.
After that, it is fed as a separate component of
the mixture via dosing equipment into the mixer
and mixed with the new mineral material heated
to a higher temperature so that the resulting
mixture temperature is about 160 °C. In this
case, the amount of granulate in the hot mixture
can be from 50 to 80 % by weight.

To prevent bitumen from aging before
adding it to the hot mix, the mixture of asphalt
granulate and new mineral materials is mixed for
approximately 10 seconds. This increases the
total mixing time and slightly reduces the plant's
productivity compared to traditional hot mix
preparation.

However, it is worth noting that domestic
regulatory documents regulating the application
of RAP [20] limit the amount of asphalt
granulate in the mixture to no more than 20 %
by weight. Some foreign standards (for example,
[21]) limit the amount of asphalt granulate in the
mixture to 20 % by weight — for the coating and
no more than 50 % by weight — for the base
layers. This limitation follows from the results
of many studies, since adding a larger amount of
asphalt granulate than 50 % by weight leads to a
significant sharp deterioration in the physical
and mechanical characteristics of reclaimed
asphalt concrete [22, 23].



TpancnoptyBaHHSs i yKJIaaHHs raps4ol Transportation and laying of hot asphalt
acanpToOCTOHHOI CcyMimn, BHTOTOBJIEHOI 3 | concrete mix made from asphalt granulate do not
acaabTOBOTO IpaHyJIATY, He BiapisHsroThes Big | differ from traditional technology.

TPaIUIIHHOT TEXHOJIOTI].
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PO3/LJ 5. IHBECTUIIIHA OITHKA
MMPOCKTIB 3 EHEPTOE®EKTUBHOCTI

5.1 OcHoBH ynpaB/IiHHA NPOEKTAMH

InBecTunilinuii aHadi3 — BUBYEHHA Ta
OIlIHKAa EKOHOMIYHHMX 1 PHHKOBUX TCHJICHIIIH,
MEPCIICKTHB OTPUMAaHHS npuOyTKY,
KOCQIIIEHTIB JOXITHOCTI Ta IHIIUX IMOKA3HUKIB
1 QakTopiB s BU3HAYCHHS BIiJIOBIIHHUX
IHBECTHIINHUX CTparerii [24].

bynb-sike  pimieHHs,
BUKOPHUCTaHHSI  pECypcCiB
IHIIINX), € TPOEKTOM.

[IpoexTH MOXYTh MaTH Pi3HY MPUPOAY:

- IIMPOKI  CTpaTeriyHl  PpilIeHHS
(Buxin y HOBI cepu Oi3HECY, Ha HOB1 pUHKH);

- TAaKTUYH1 pIIIeHHS (BIOAKPUTTA
HOBOI (iii);

- yIpaBIiHCHKI pilIeHHs
(acopTUMEHT IpOAYKIIii, piBEHb 3aIaciB);

— pileHHS 1010 HaJgaHHS
HE0OX1HOT mocayru (BHOIp BHUTOTOBUTH a0o0
KYITUTH).

[IpoextamMu KepylOTh MEHEIKEpU —
¢daxiBmi, ki mpodeciiHO  3aliMarOThCS
YIPaBIIHCHKOIO  JISIBHICTIO B KOHKPETHIN
obOnacti (yHKIIOHYBaHHS MiAOPHEMCTBA 1
MPUHAMAIOTh PIIICHHS BIAMOBITHO 1O CBOTO
piBHS B OprasizamiiHiid iepapxii 3 MeETOIO
peaitizarii moCTaBJICHUX IIICH.

PiBeHb ynpaBiliHHSI BU3HAYA€THCS SIK
BEPTUKAJIbHUM pPaHr MEHEKEPIB B OpraHizarrii
[25]. MeHemkepr KOXKHOTO PiBHS MaroTh Pi3Hi
3aBIaHHs Ta 000B’A3KU. IcHye Tpu pi3HI piBHI
yHOpaBIiHHSA B oprasizariii (puc. 5.1):

0  BHMAarae
(piHancoBUX uM

- BULIUI (BUKOHABYMIT) — BUPILIYE
3aj1adi CTPaTeriYHOr0 MEHEKMEHTY;

- CepeiHii — BUpINIyE
TaKTHYHOTO MEHE/DKMEHTY;

— HIDKYUN (HarIsI0BUM) BUpILIyE
3aJja4i ONepaTuBHOTO MEHEHKMEHTY.

3aga4i

[loBHOBa)k€HHSI ~ NEpPEAAlOThCS  BIiJ
BUIIOTO PIBHS J0 CEPEIHBOIO 1 Bijl CEPeIHHOTO
710 HIWKYOro piBHA  ympasninHA.  Ilicns

JOCSATHEHHSI METH HIDKYUHN PIBEHb 3BITYE mepen
CepeHIM, a cepelHill — mepes BHUIIUM PiBHEM
yTpaBIliHHS.
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CHAPTER 5. INVESTMENT
ASSESSMENT OF ENERGY EFFICIENCY
PROJECTS

5.1 Basics of project management

Investment analysis is the study and
assessment of economic and market trends,
profit prospects, profitability ratios and other
indicators and factors to determine appropriate
investment strategies [24].

Any solution that requires the use of
resources (financial or other) is a project.

Projects can be of different nature:

- broad strategic decisions
(entering new business areas, new markets);

- tactical decisions (opening a new
branch);

- management decisions (product
range, stock levels);

- decisions on the provision of the
required service (the choice to produce or buy).

Projects are managed by managers —
specialists who are professionally engaged in
management activities in a specific area of the
enterprise’s operation and make decisions in
accordance with their level in the organisational
hierarchy in order to achieve the set goals.

Management level is defined as the
vertical rank of managers in an organisation
[25]. Managers at each level have different tasks
and responsibilities. There are three different
levels of management in an organisation (Figure
5.1):

- top (executive) — solves strategic
management tasks;

- middle — solves the tasks of
tactical management;

— lower (supervisory) — solves the
tasks of operational management.

Authority is transferred from the top
level to the middle level and from the middle
level to the lower level of management. Once the
goal is achieved, the lower level reports to the
middle level, and the middle level reports to the
top level.



Po3pobKa noniTWKKW, AOBrOCTPOKOBI KOMNNEKCHI 3aaadi-micii,
HepyTUHHa poboTa.
Mpe3naeHT, reHAMPEKTOpP, TONOBHUIA MeHeaKep.
(Policy development, long-term complex tasks and missions,

CrpateriuHuii

MeHeaKMEeHT
(Strategic

non-routine work.
President, CEO, general manager.)

>Phraow

management) \

TaKTU4HKUIT MeHeaXKMeHT
(Tactical management)

OnepauiiHUiA MeHegMeHT
(Operational management)

<=-=—XMOIHCHCP

<

Po3spobka TakTUKU OoCAreHHs Mmicii,
cepeabOTePMiHOBI MEHLU KOMMJEKCHI 3adadi.
HauanbHuk Bigainy abo ¢inii.
(Development of tactics to achieve the mission,
medium-term less complex tasks.
Head of a department or branch.)

[MOoTOYHI KOPOTKOCTPOKOBI NPOCTI 3a4aui,
pyTUHHa poboTa.
MeHeaKep HUKYOT NaHKu, Bpuragmp.
(Current short-term simple tasks,
routine work.
Lower-level manager, foreman.)

| <d-rFr—-@W-wZ0TwWwm> |u’—|n—:u’:>3:—m0:|]:—u>

Pob6oua cuna (Work force)

Pucynoxk 5.1 — PiBH1 ynpaBiiHHS

YupasiiHHA NPOEKTAMH — II€ MPOIEC
MJaHyBaHHS, OpraHizamii ¥ KOHTPOJIO 3a
3aBJIaHHSAMHU Ta PECypCaMu 3 METOIO IOCSITHEHHS
MEBHOI METH, 3a3BUYal 32 HASBHOCTI OOMEXKEHD
3a yacoM, pecypcaMu abo BUTpaTaMu.

VY Bcecsitubomy Oanky (World Bank) i
migpo3aiii OOH UNIDO (United Nations
Industrial  Development  Organization -
Opranizarist OO0’ eHaHUX Hamiin 3
MIPOMHUCIIOBOTO PO3BUTKY) mporec

NPOXO/UKEHHS TPOEKTY MOICHHE Ha (asu
(puc. 5.2).

5.2 IloTo4yHna BapTicTh

€ TpU OCHOBHI NPUYMHH, YOMY IEBHA
cCyMa Trpolleil 3aBTpa KOIUTYye MEHIIE, HIX
choroHi [24]:

1. Jronu  BiIaroTh nepesary
TENepilIHbOMY CIIO’KUBAHHIO Iiepe/l MallOy THIM.
o6 cnoHykaTtu JrOAEH BIAMOBUTHUCS BiJ
TENepilIHbOr0  CHOXHMBAaHHSA, BU  IOBHHHI
3alpONOHYBATH iM Oijbllle B MAOyTHHOMY.

2. Bapricte rpormiel 3MEHIIYeThCS 3
gacoM BHachimok iHGuAuii. o  Oinbiia
iHGuALsA, TO OIbIIA PI3HUI Y BapTOCTI MIX
MIEBHOIO CYMOIO TpOIIIel ChOTO/IHI 1 3aBTpa.

3. SIkmo icHye Oyab-s1Ka HEBU3HAUEHICTh
(pu3uK), MOB’A3aHa 3 TPOIIOBHUM IIOTOKOM Y
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Figure 5.1 — Levels of management

Project management is the process of
planning, organising, and controlling tasks and
resources to achieve a specific goal, usually
within time, resource, or cost constraints.

At the World Bank and the UN agency
UNIDO (United Nations Industrial
Development Organisation), the project process
is divided into phases (Figure 5.2).

5.2 Present value

There are three main reasons why a
certain amount of money is worth less tomorrow
than it is today [24]:

1. People prefer present consumption to
future consumption. To get people to give up
their present consumption, you have to offer
them more in the future.

2. The value of money decreases over
time due to inflation. The higher the inflation
rate, the greater the difference in value between
a certain amount of money today and tomorrow.

3. If there is any uncertainty (risk)
associated with a cash flow in the future, the less
that cash flow will be valued.



MailOyTHbOMY, THM MEHIIE IIed TPOIIOBUI
NOTiK OyJie OI[iHeHHUH.

L{igHicTh  TpOMIOBHUX  MOTOKIB Yy
MaiOyTHIX Mepioax 3MEHIIYEThCS, OCKITbKU:

- nepesara MIOTOYHOTO
CTIOKMBAHHSA 3POCTAE;

- ouikyBani  TemMnu  iH(IAIIT
3pOCTaIOTh;

- 3pocTa€  HEBU3HAYEHICTh Yy
TPOIIOBOMY HOTOII.

Hns  toro, mo0 BpaxyBaTH BCi
BUIIE3rafiaHl  (aKkTopu, BUKOPUCTOBYETHCS

IOHATTA «CTAaBKU JUCKOHTYBAHHI».

The value of cash flows in future periods
decreases because:

- the preference
consumption increases;

- the expected rate of inflation
increases;

- uncertainty in the cash flow
increases.

In order to take into account all the above
factors, the concept of “discount rate” is used.

for current

AoiHBecTuUiMHa dasa

(pre-investment phase)

* aHaniz iHeecTUUiAHKX MomaMeocTel (analysis of
investment opportunities)

* Dbiznec-nnax, nonepegHe TEO (business plan,
preliminary feasibility study)

* TEOQ (feasibility study)

* nonoeigb Npo iHeecTMUiiHi MmomaueocTi (report on
investment opportunities)

|

contracting)

iHBeCTULiiHa da3a

(investment phase)

* GynisHMuUTED (Construction)
* papkeTuHr (marketing)

* npuabanHA | modTak obnaananda (purchase and

* NeperoBopM Ta YKNaAaHHA KOHTpaKTyY (negotiations and
* npoekTyeadHA (designing)
installation of equipment)

launch)

(operational phase)

J/

* NpuimaHHA 1a sanyck (commissioning and operation

* cepeicHe oBonyrosyeanna (maintenance)
excnlyatauiitha dasa i posWMpeHHA, iHHoBauil (expansion, innovations)

Pucynok 5.2 — ®a3u npoeKTHOTO IUKITY

CraBKa JMCKOHTYBAaHHSI — 1I€ CTaBKa,
3a SIKOIO MMOPIBHIOIOTHCS TENEPIlIHI Ta MailOyTHI
rpomoBi mNoTOKH. Bona Bkioyae B ceOe:
nepeBary MOTOYHOTO CHOKMBAHHS, 1HQIIALIO,
HEBU3HAYEHICTh Y MallOyTHHOMY TOLIO.

Buia ctaBka JUCKOHTYBaHHS MpHU3BEe
70 HUXK4YOI BapTOCTI TPOIIOBUX IOTOKIB Y
MaiibyTHbOMy. CTaBKa TUCKOHTYBAHHS TaKOX €
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Figure 5.2 — Phases of the project cycle

The discount rate is the rate at which
present and future cash flows are compared. It
takes into account the preference for current
consumption, inflation, future uncertainty, etc.

A higher discount rate will result in a
lower value of cash flows in the future. The
discount rate is also an opportunity cost because



IBTEPHATHBHOIO BApTICTIO, OCKUIBKM BOHA
BioOpaxkae moXxin, sKkud ocoba wmorna ©
OTpUMATH BiJ| HAaCTyIHOI HaWKpamol
MO>KJIMBOCTI.

[TonsTTs KOMIIayH/TyBaHHS Ta
JIMCKOHTYBaHHS  CXOXi. JIMCKOHTYBaHHS
MPUBOIUTh MaWOyTHIO CyMy Tpouied o
TENepilIHBOr0 4Yacy 3a JOIOMOIOI0 CTaBKH
JTMCKOHTYBaHHS, a KOMIAYHIyBaHHS
NPUBOANTH TEMEPINIHIO CyMy Trpomei 10
Mait0yTHbOTO Yacy (puc. 5.3).

it reflects the income that a person could receive
from the next best opportunity.

The concepts of compounding and
discounting are similar. Discounting brings a
future amount of money to the present by using
a discount rate, while compounding brings a
present amount of money to a future time
(Figure 5.3).

KomnayHayBaHHA

(Compou

nding)

BMKOPWCTAHHA CKA3AHOI BiACOTKOBOI CTABKM

(use of a compoun

MoTouHe 3HaueHHsA
(Present value)
PV

d interest rate)

MainbyTHe 3HaueHHsA
(Future value)
FV

JAWNCKOHTYBaHHA
(Discounting)

BMKOPWUCTaHHA CTAaBKKU ANCKOHTY

(use of a discount rate)

Pucynok 5.3 — KommaynayBanHus ta
JTMCKOHTYBaHHS

dopmyna kommnayHayBaHHS (popmyiia
CKJIQJIHUX BiJICOTKIB):

FV=PV-(1+%)

ne FV — maii0yTHs BapTiCTh 1HBECTHIIIT,

PV MoYaTKOBa CyMma 1HBECTHIII]
(moTouYHa BapTICTh);

I' — BiICOTKOBA CTaBKa 3a MepioJ;

N — KUIBKICTh MEpioliB KOMIayH yBaHHs
B POIli;

t — KUTBKICTB POKIB.

dopmyna JMCKOHTYBaHHS:

PV =FV -
(1
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+7r)t

Figure 5.3 — Compounding and discounting

Compounding formula (formula of

compound interest):

nt

(5.1)

where FV is the future value of the
investment;

PV -
(present value);

r — interest rate for the period;

n —number of compounding periods in a

initial amount of investment

year;
¢t — number of years.

Discounting formula:

(5.2)



ne PV — renepimss (moToyHa) BapTiCTh;
FV — maiiOyTHs BapTiCTb;

I' — cTaBKa JUCKOHTYBAHHS;

t — KUTBKICTB POKIB.

OcHoBHMH NPUHIAI IMOTOYHOIL
BapPTOCTi: TpOIIOBI MOTOKH B Pi3HI MOMEHTH
Jacy He MO)KHA TIOPIBHIOBATH Ta JI0JIaBaTH. Y Ci
IPOIIOBI TOTOKM MarOTh OyTH TpPHUBEACHI 10
OJTHOT'O MOMEHTY 4acy, IepIl HiX 3JiiICHIOBaTH
MIOPIBHSIHHSI Ta JIOJJaBAHHSI.

o Take «iHpasuis»?

Inpasuis — ue 3pocraHHd 3 yacoM
CepeHIX LIIH Ha TOBAPH Ta MOCIYTH.

Hedasimis — 1e  OPOTUICKHICTH
1HGQIAIT, TOOTO LIHM 3HWKYIOTHCS 3 4acoM
(To6To piBeHb iHOIANIT Magae HIKYE 0%).

[apnsmis (ta/abo nedmsiis) 3MIHIOE
TPOIIOBI TIOTOKH, TIOB’s3aHI 3 OyIb-IKUM
MPOEKTOM, SKUH  3IIHCHIOETHCS  MPOTATOM
TIEBHOTO MEPIOy Yacy.

[adnsmia (Ta/adbo nedrsis) Mmoxe OyTH
KUIBKICHO BHUMIpSIHA 32 JOMOMOTON iHJEKCY
cnoxkuBunx uin ICI[ (abo CPl — consumer
price index), sikuit BimoOpaXkae CEpeHIO 3MiHY
I[IH Ha KOIIWK ToBapiB 3a neBHuM mnepioa. [CL]
JI03BOJISIE BIIPI3HUTH pealibHy BapTiCTh (TOOTO
BIIHECEHY JI0 TIEBHOTO POKY) BiJl HOMIHAJIBHOI
BapTOCTI BagiOTH (TOOTO BiIHECEHOI 10
(haKTHYHOI BapTOCTI BiJIIMOBITHOTO POKY).

Po3paxyHok moTo4HOi BapTOCTi

[ToTouyHy BapTICTh BiIKJIAJACHOT BUILIATU
MO)XHAa 3HAMTH, MOMHOXMHBIIKA BHILJIATY Ha
Koe(imieHT  JAMCKOHTYBaHHA.  SKmo MU
3Haxoaumocss B mepiogi 0, a Ci mo3Havae
OuiKyBaHy BUTOAy B mepiomi 1 (omxke, uepes
piK), TOi:

PV =DF-C,

ne PV — noto4yna BapTicTh;
DF — xoedimieHT TUCKOHTYBaHHS:

DF =

7ie I — 3a/1aHa HOpMa MPUOYTKY.

IloTouna BapTiCTB rpomoBOro IMnmoToOKy

1+r

where PV is the present (current) value;
FV — future value;

r — discount rate;

¢t — number of years.

The basic principle of present value is
that cash flows at different points in time cannot
be compared and added. All cash flows must be
brought to the same point in time before
comparisons and additions can be made.

What is inflation?

Inflation is the increase over time in the
average price of goods and services.

Deflation is the opposite of inflation,
meaning that those prices decrease over time
(that 1s, inflation rate falls below 0%).

Inflation (and/or deflation) changes the
cash flows associated with any project that is
undertaken over a period of time.

Inflation (and/or deflation) can be
quantified by the consumer price index (CPI),
which reflects the average change in prices for a
basket of goods over a period of time. The CPI
allows us to distinguish between the real value
(i.e., the value attributed to a particular year) and
the nominal value of a currency (i.e., the value
attributed to the actual value of the relevant
year).

Calculation of the present value

The present value of the deferred benefit
can be found by multiplying the benefit by the
discount factor. If we are in period 0 and C;
denotes the expected benefit in period 1 (i.e., one
year from now), then:

(5.3)

where PV is the present value;
DF — discount factor:

1
(5.4)

where 7 is the given rate of return.

The present value of the cash flow after

yepes /IBa pOKU MOKe OyTH 3amucaHa moaioHuM | two years can be written in a similar way:

YHUHOM:

PV

T+

Gy
(5.5)
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OpnHiero 3 mepeBar MOTOYHOI BapTOCTI €
TE, 1[0 BOHA BUPAKAETHCS B TEHEPIITHIX I[iHAX,
TOMYy il MOXXHa JoJaBaTu. [HMMH cioBamu,
MOTOYHA BapPTICTh TPOMIOBOrO MHOTOKY A+B
JOPIBHIOE TIOTOYHIM BapTOCTI  T'POIIOBOTO
MOTOKY A IUTIOC TOTOYHA BAPTICTh TPOILIOBOTO
noToKy B:

C
PV !

One of the advantages of present value is
that it is expressed in present prices, so it can be
added up. In other words, the present value of
cash flow A+B is equal to the present value of
cash flow A plus the present value of cash flow
B:

C;

OueBHUIHO, 10 MU MOKEMO

= +
1+7r  (1+41,)?2

(5.6)

Obviously, we can continue to find the

MIPOJIOBXKYBaTH B Takuil cnocid 3Haxoautu | present value of the expanded cash flow in this
TENEpIIIHIO BapTICTh PO3LIMPEHOTO MOTOKY | way:

IPOIIOBUX MOTOKIB:

G

C, Cs

PV

A bopmyny JUCKOHTOBAHOT O
rpomooro motoky (DCF) moxHa oTpumaTi sik:

DCF = i Ce
B £ (1+r)t

5.3 InBecTHIIIITHA OLIHKA MPOEKTY

5.3.1 3azanovui nonamms

BapricHuii aHami3 BUKOPHUCTOBYETHCS
IUTSL OLIHKY ITOTEHIIMHUX BUTOJ[ 1HBeCTULI abo
u1si 00’ €KTUBHOI OILIIHKK BapTOCTi Oi3HECY 4w
aKTHUBY.

BapricHuii aHasi3z € OHUM 13 OCHOBHUX
000B’s13KIB 1HBECTOPA, OCKUIBKH OIlliHKa (pa3om
3 TpOIIOBUMH IIOTOKAMH), SK IIPaBUIIO, €

HaWOLIBII  BOXKIMBUMU  (aKTOpaMH, IO
BHU3HAYAIOTh I[IHU HA aKTUBU B JJOBTOCTPOKOBIH
MEePCTIEKTHBI.

Bapricumii  aHami3 MOBWMHEH JaTu

BIJIMOBIZb Ha TMPOCTE, ajieé KUTTEBO BAKIUBE
MUTaHHS: CKUIBKM TWIOCh KomTye? AHami3
IPYHTY€eThCSl 200 Ha MOTOYHUX JaHUX, ad0 Ha
MPOrHO3aX Ha MaiOyTHE.

o6 OLIHUTH TPOEKT, HEOOXITHO
BU3HAYUTH HOTO TPOIIOBI MOTOKU, TOMY JIy>Ke
BaYKJIMBO OILIHUTH [24]:

- nouarkoBi iHBecTHIlii (CAPex);
- onepauiiHuil TPOUIOBUH MOTIK
IIPOTATOM KUTTS MpoeKTy (OPex);
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= + + +...
1+, (141r)?%2 (A+4r)3

(5.7)

And the discounted cash flow (DCF)
formula can be obtained as follows:

(5.8)

5.3 Investment valuation of a project

5.3.1 General concepts

Valuation analysis is used to assess the
potential benefits of an investment or to
objectively evaluate the value of a business or
asset.

Valuation analysis is one of the primary
responsibilities of an investor, as valuation
(along with cash flows) are typically the most
important factors that determine asset prices
over the long term.

Valuation analysis should answer a
simple but vital question: how much is
something worth? The analysis is based on either
current data or future projections.

To evaluate a project, it is necessary to
determine its cash flows, so it is very important
to estimate [24]:

- initial investment (CAPex);
— operating cash flow over the
project life (OPex);



- TPOIIOBHIA TOTIK Yy KIHIIEBOMY
porii;

- MOKa3HUK €(EKTUBHOCTI.

digancoBuii aHaimi3 1HBECTHIIIH,
MIPABUIIO, CKJIATIAETHCS 3 IBOX eTamiB [26]:

1. Bwu3HaueHHS TPOLIOBUX MOTOKIB
MIPOEKTY.

2. JIMCKOHTYBaHHS TPOIMIOBUX ITOTOKIB.
PesynpraroMm  Takoro migxomy €  Habip
¢binanCcOBUX MOKA3HHKIB, 110
BHUKOPHUCTOBYIOTBCS JUTSI OLIHKU MPOEKTY, TAKHX
gK 4yucTta npuBeaeHa BapTictb (NPV) ta
BHYTPIIIHS HOpMa peHTa0eNbHOCTI (BHYTPILLIHS
HopMa npubyTKy) (IRR).

I'pomoBuii mortik (anmi cash flow) —
CYKYTHICTh PO3MOAUIEHUX Y Yacl HAJXOKEHb 1
BHJIaTKIB IPOIIOBUX KOIITIB Ta X €KBIBAJICHTIB,
TEeHEPOBAHUX  MIANPUEMCTBOM y  MpOIleci
TOCIOAAPChKOI JisIbHOCTI [27]. 3 TOYKH 30py
OyXraiarepcbKoro OOJIIKYy TpOLIOBHM MOTIK
BHU3HAYAETHCSA SIK YHCTUI PyX TPOIIOBUX KOIITIB
3a 3BiTHUM mnepiof. [loka3HUK PO3paxoBYETHCS
SK PI3HUIM MDK yciMa HaJIXOKEHHSIMH Ta
BHUTpPATaMU T'POIIOBUX KOIITIB HA T TPHUEMCTBRI.
Hanxomkenns  dopmyroTs momatHiid  (abo
MMO3UTHBHUHN) TPOIIOBHH MOTIK, & BUTPAYaHHS —
Bi/1’eMHMI (200 HETaTUBHUN ).

Jnsa BnacHuka OyAMHKY THUIIOBUMU
IPOIIOBUMHU HAAXOMKEHHSIMU € €KOHOMis Ha
paxyHKax 3a eHeproHocii 3aBIsSKU 3MEHILIEHHIO
€HEeprocroKMBaHHs Ta/abo  mepexony Ha
JENIIeBI  jpkepena  eHeprii. Takok — ciif
BpaxoByBaTH Oylb-iKi  HAJXOIKCHHS  BiJl
MIJIBUIICHHS C€HEProe(eKTUBHOCTI, TakKi sK
3MEHIIEHHS  MOJATKIB Ha  HEPYyXOMICTh
BHACJIIOK MiJIBUIIIEHHS €HEPreTUYHOrO KIIacy.
OCHOBHMMH  TpOIIOBUMH  BIATOKaMHU  JIJIst
BJIACHHKA KHUTIA € MOTaIIeHHS
3a00proBaHOCTel Ta BIJCOTKIB, ajle MOXYTh
TaKOX BKJIIOYATH BUTpPATH, TMOB’s3aHl 3
0OCITyrOBYBaHHSIM BIIPOBA/KCHHUX 3aXOJiB 13
€Heproe(eKTUBHOCTI,  HANpPUKIAA,  HOBOI
CUCTEMU onajeHHs [26].

i KOMyHaJBHOTO MIANPUEMCTBA abO
(iHaHCOBOI YCTaHOBHU BiJTIK IPOIIOBUX KOILITIB
CKJIaJJaTUMETbCA  37e0UIBIIOr0 3 BHJAHHMX
KpeIuTiB, IO TMOKPHUBAIOTH YacTUHY abo Bcl
MOYaTKOB1 1HBECTHIll, a MPUTOKH T'POIIOBUX
KOIITIB BKJIIOYATUMYTh BIAMOBIJHI CTATHYTI
O6opru Ta BIACOTKH. Y TOM 4ac sIK OCHOBHUMH
BIITOKAMH TPOIIOBHX KOWITIB Uil  YpSAy
MOXYTh OyTH CyOcuii, MOB’s3aHl 3 OIUIATOIO
paxyHKiB, BHECKH JI0 TapaHTiMHUX (QoHAIB abo
HaBITh TPEHIHTH, IO HA/IAI0ThCS KOMYHAIIbHUM

SAK
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- cash flow in the terminal (final)
year;

- performance indicator.

Financial analysis of investments usually
consists of two stages [26]:

1. Determination of the project’s cash
flows.

2. Discounting of cash flows. The result
of this approach is a set of financial indicators
used to evaluate the project, such as net present
value (NPV) and internal rate of return (IRR).

Cash flow is a set of time-distributed
cash receipts (inflows) and expenditures
(outflows) and their equivalents generated by an
enterprise in the process of its economic activity
[27]. From the accounting point of view, cash
flow is defined as net cash flows for the
reporting period. The indicator is calculated as
the difference between all cash receipts and cash
outlays at the enterprise. Receipts form a
positive cash flow, while expenditures form a
negative cash flow.

For a building owner, the typical cash
flows are savings on energy bills due to reduced
energy consumption and/or switching to cheaper
energy sources. Any gains from energy
efficiency improvements, such as reduced
property taxes due to an energy class upgrade,
should also be considered. The main cash
outflows for the homeowner are debt and interest
repayments, but may also include costs
associated with the maintenance of the energy
efficiency measures implemented, such as a new
heating system [26].

For a utility or financial institution, cash
outflows will consist mainly of loans issued to
cover part or all of the initial investment, while
cash inflows will include related collected debt
and interest. While the main cash outflows for
the government may be on-bill related subsidies,
guarantee fund contributions or even training
provided to utilities or construction companies,
cash inflows are much more difficult to identify.
For this purpose, it is important to focus on
revenues from non-energy benefits, and



MiIPUEMCTBAM 9H Oy/liBeIbHUM KOMITAHIsIM,
MPUTOKA  TPOIIOBUX  KOMITIB  BU3HAYUTH
Habararo ckimagdime. J{asg [bOro BakKJIMBO
30CEepPEeIUTH yBary Ha HAAXOMKCHHSIX BiJ
HEEHEPreTHYHUX MiJIbT, 1 0COOIMBO Ha MIbrax,
[0 BHUXOMATH 33 PaMKH 30UIBIICHHS 300py
MOJIATKy Ha JIOJIaHy BapTICTh ab0 MONIATKy Ha

npuOyTOK, 1[0 MOXE MaTd BHpIlIaJbHE
3HA4YCHHS [26].

[TouarkoBi iHBecTHmii — 1e Qopma
BIITOKY TPOLIOBHX KOMITIB, M0 3a3BUYal

pPO3NOAUISIETECA MDK KIUJIbKOMa Y4YaCHHUKAMH
MPOEKTY 1 BKJIFOYAE BC1 BUTPATH, HEOOXITHI JIJIst
peanizariii npoekty. EHepreTnyHa peHoBaitis, sk
MpaBWJIo, I[OB’S3aHAa 3  BHUTpaTaMM  Ha
3aMIIIEeHHs, HEOOXITHUMH I  3aMiHU
ICHYIOUYMX MAaIIWH/O0NaAHAaHHA HOBUMH, IpHU
IbOMY OCOOJMMBY yBary CIliJl MOPUILISATH
MOKJIUBOMY TPUTOKY T'POIIOBUX KOIITIB BIJ
3QJIMIIKOBOT BapTOCTI 3aMIHEHOTO OO HAHHS
[26].

dinaHCcOBHIA aHami3 MMOBUHEH
OXOIUTIOBAaTH BECh )KUTTEBUM LIUKII IPOEKTY 1, AK
MPaBUJIO, TPOBOAUTHCSA Ha IIOPIYHIA OCHOBI.

TumoBa  CTpyKTypa  TpOIIOBHX  MOTOKIB
IHBECTHIIHHUX TPOEKTIB Tependadae BHCOKHI
MOYAaTKOBUH  BIATIK  4Yepe3  1HBECTHIIHI

BUTPATH, a TaKOXX HU3KY IIOPIYHMX YHCTUX
TPOIIOBUX TIOTOKIB, IO JOPIBHIOIOTH MPHUTOKY
I'POLIOBUX KOIITIB 3a BHPaxXyBaHHSAM BIATOKY
rpomoBuX KomTiB. IlepiogndHiCTh TPOIIOBHX
IIOTOKIB 3aCIyrOBY€ Ha OCOOJIMBY yBary — BOHa
MOXe ~ OyTH  IIOpIYHOK Yy  BHIIAJKY
€HEepro30epekeHHs a00 JABOPIYHOIO Y BHUIIAIKY
BHUTpAT Ha TEXHIYHE 00CIyroByBaHHS [26].

CraBka IUCKOHTYBaHHA. SIK IIpaBUIo,
CTaBKa JMCKOHTYBaHHS — 1€ HEoOXiJJHa HOpMa
npuOyTKy Ha IHBECTHIII], 1 SIK TaKa BOHA CYTTEBO
3aJICKUTh BIJ] PUHKY, Ha SKOMY OLHIOIOTbCS
igBecTulii. CTaBKy JOUCKOHTYBaHHS TaKOX
MOYKHa PO3IVISATH SIK BIJICOTKOBY CTaBKY, SIKY
iHBecTop — (pipma abo ¢izuyHa ocoba — MOXKe
OTpPHUMAaTH, BKJIAJal04d KOLITH B iHILIE Micle 3
aHAJIOTIYHUM PIBHEM PU3HKY; B I[bOMY BUIAJIKY
BUHUKA€E MUTAHHS MPO aJbTEpPHATHBHI BUTPAaTH
IIPOEKTY [26].

OCKUIbKM ~ pi3HI YYaCHUKH MPOEKTY
MOXYTbh MaTH Pi3H1 IHTEPECH B OJHOMY 1 TOMY X
MIPOEKTI, BOHU MOXXYTh BUKOPUCTOBYBATH pi3HI
CTaBKM JMCKOHTYBAaHHS JUIS JMCKOHTYBaHHS
CBOiX  TIpOINOBMX  MOTOKiB.  Hampukian,
KOMYHaJIbHE MiANPHEMCTBO, SIKE Oepe y4acThb y
MIPOEKTI 3 OIJIATOIO 33 paxyHKaMH, MOke OyTu
3alliKaBJICHE B TOMY, K BiH IIPALIO€ MTOPIBHSIHO 3
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especially on the benefits beyond an increased
collection of VAT or profit tax, which may be
crucial [26].

Initial investment is a form of cash
outflow, usually shared among several project
participants, and includes all costs required to
implement the project. Energy renovation is
usually associated with the replacement costs
required to replace existing
machinery/equipment with new ones, with
special attention paid to the possible cash inflow
from the residual value of the replaced
equipment [26].

Financial analysis should cover the entire
project life cycle and is typically performed on
an annual basis. The typical cash flow structure
of investment projects involves a high initial
outflow due to investment costs, as well as a
series of annual net cash flows equal to cash
inflows minus cash outflows. The frequency of
cash flows deserves special attention — it can be
annual in the case of energy savings or biennial
in the case of maintenance costs [26].

Discount rate. Generally, the discount
rate is the required rate of return on an
investment and, as such, is highly dependent on
the market in which the investment is valued.
The discount rate can also be considered as the
interest rate that an investor — a firm or an
individual — can earn by investing elsewhere
with a similar level of risk; in this case, the
question of the opportunity cost of the project
arises [26].

Since different project participants may
have different interests in the same project, they
may use different discount rates to discount their
cash flows. For example, a utility contributing to
an on-bill project may be interested in how it
performs compared to non-energy efficiency
investments such as government bonds, and may
therefore use the interest rate on the bonds as a



IHBECTULIISIMH, HE IIOB’SI3aHUMU 3
eHeproe(beKTHBHwT}o TaKUMH SIK JIep>KaBHi
oOmiramii, i TOMy MOX€ BHKOPHUCTOBYBAaTH
BIJICOTKOBY CTaBKy 3a OOJIramisiMu siKk CTaBKY
TucKoHTyBaHHs. DiHaHCHCT, SKUW  Hamae
KpPEeIUT, MOXKE IMOPIBHATH BHYTPIIIHIO HOPMY
npUOyTKY BiJ eHepro30epexeHHs 3
BIJICOTKOBOIO CTaBKOIO 3a KPEAUTOM, MI00
miATBEpAUTH  (DIHAHCOBUH PU3UK  TPOEKTY.
Takuii camuii migXig 10 OIIHKK PU3HKIB MOXKE
OyTH BUKOPHCTAaHHM ypSAIOM TIpU PO3IISAIL
MUTaHHS TPO CTBOPEHHs rapaHTiiHOrO (hoHay
JUIsT  TATPUMKA — 1HBECTHUIIMHOI CXeMH 3
BUKOPHUCTaHHSM BeKCeNiB [26].

5.3.2 Dinancosi nokaznuku

UYucra mnorouna Bapricte (NPV).
Yucma nomouna (npusedena) eapmicms (NPV —
net present value) — 1e cymMa TOYaTKOBHX
iHBecTuli (INV) Ta nMCKOHTOBaHUX MailOyTHIX
rpomoBux MoTokiB (DCF), 1m0 BUHUKaIOThH
MPOTSTOM TEPMIHY €KCIUTyaTalii MpOeKTy 3
eHeproeeKTUBHOCTI [26]. NPV
PO3paxoBY€ETHCS HACTYITHUM YHHOM:

NPV = —INV + DCF = — CF0+Z(1

e n — KUIBKICTh POKIB y J>KUTTEBOMY
LUK TIPOEKTY;

CF — MOYaTKOBUH TPOIIOBHH MOTIK;

CF; — rpoioBuii OTIK y POIl £;

¥ — CTaBKa JIMCKOHTYBAaHHSL.

[Tokazuuk NPV BimoOpakae BapTicTh
3a0MIa/DKEHh ~ TMOHAJ  CyMy  IOYaTKOBOi
IHBeCTHIIi1, TOOTO SIKIO HOTo 3HAYE€HHS OibIIe
HyJs, TO 1HBecTUllis € mpulOyTkoBow. NPV
BHPAKAETHCS B IPOLIOBIH (hOpMI 1 3aJI€KHUTh BiT
PO3Mipy MMOYAaTKOBUX 1HBECTHUIIIH, TOOTO OLIbIII
IHBECTHUI] HAKOTh OUIBIIOro 3HadeHHS NPV.
[IpoexTu cmia po3misaaTH, MOYMHAIOYH 3 TOTO,
sakui Mae HanBuiy NPV [26].

NPV mnpoekty — 1e oauH i3 cmocobiB
BHUBYEHHS BUTPAT (BIATOKY IPOIIOBUX KOIITIB) 1

JI0XOMiB  (IPUTOKY  TpOLIOBUX  KOIITIB)
OZIHOYACHO.
Ananiz NPV  wmoxe ckmagatucs 3

0araTbOX pI3HHX IMOTOKIB BHUTpAT 1 JOXOJIB,
KOXKEH 3 SIKHX Ma€ CBOIO TEMEPIlTHIO BapTiCTh
(PV).

AHaNITUK OBUHEH 3HATH (HOpMY Pi3HHX
MOTOKIB (B MOTOYHMX a0O0 MOCTIHHUX IliHAX),
o0 BUKOPHCTOBYBAaTH IMPAaBUIBHY CTaBKY

discount rate. A financier providing the loan can
compare the internal rate of return on energy
savings with the interest rate on the loan to
confirm the financial risk of the project. The
same approach to risk assessment can be used by
the government when considering the
establishment of a guarantee fund to support an
on-bill investment scheme [26].

5.3.2 Financial indicators

Net present value (NPV). The net
present value (NPV) is the sum of the initial
investment (INV) and the discounted future cash
flows (DCF) occurring during the operating life
of the energy efficiency project [26]. NPV is
calculated as follows:

CF, (5.9)
1) |

where n is the number of years in the
project’s operating life;

CFy — initial cash flow;

CF; — cash flow in year ¢;

r — discount rate.

The NPV reflects the value of savings
beyond the initial investment, i.e. if it is greater
than zero, the investment is profitable. The NPV
is expressed in monetary terms and depends on
the size of the initial investment, i.e. larger
investments result in a higher NPV. Projects
should be considered starting from the one with
the highest NPV [26].

The NPV of a project is one way of
looking at costs (cash outflows) and revenues
(cash inflows) simultaneously.

An NPV analysis can consist of many
different cost and revenue streams, each with its
own present value (PV).

The analyst needs to know the form of
the different streams (in current or constant
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JMCKOHTYBAaHHS JJIsl  aHaji3y TenepilHboi
BapTOCTI.
Ananiz NPV  pekomeHayeTbcs Tpu

OLIIHIII IHBECTUIIIMHUX XapaKTEPUCTHK 1 PillICHB,
TaKUX K B3a€MOBHUKIIFOUHI TIPOEKTH 1 COMIabHI
BUTPATH.

Takox PEKOMEHTYETHCS
BUKopuCcTOBYBatd NPV 'y Oinbmocti iHIUX
OLIIHOK, 30KpeMa, SIK BTOPHHHHUNA TTOKa3HUK IS
NepEeBipKU JIOCTOBIPHOCTI Oy/Ib-SIKOTO
MIEPBUHHOTO TTOKa3HUKA [24].

BuyTpimins HopMa peHTa0eJbHOCTI
(IRR). Buympiwns nopma penmabenvHocmi
(npubymky) (IRR — internal rate of return) — 1ie
CTaBKa JUCKOHTYBaHHS, $Ka pPOOWUTH YHCTY
norouHy Baprictb (NPV) Bcix rpomoBux
MOTOKIB PIBHOIO HYJIO [26]:

NPV = CF+zn: e
- 0 t_1(1+IRR)t_

ne [RR —  BHyTpIlIHA  HOpMa
peHTabeIbHOCTI.

IRR € BIJHOCHUM IMOKa3HUKOM
MpUOYTKOBOCTI, SKHH  IOKa3y€e€  BiJICOTOK

MpUOYTKY Ha OJMHHUITIO IHBECTOBAHOTO KariTaly
Ta JIO3BOJISIE TIOPIBHIOBATH PI3HI 1HBECTHIT
HEe3aJIeKHO BiJ iX po3Mipy.

IRR 3a3Bu4ail BUKOPUCTOBYETHCS JUIsS
NPUAHATTSA pilieHb po MPUAHATTS/
BIJIXWJICHHS, I03BOJISIFOYM LIBUIKO TOPIBHATH 3
MIHIMaJIbHO TMPUUHATHOIO HOPMOKO TNPUOYTKY
(moporosoto ctaBkoro). [IpaBuino npUWHATTS
PIIICHHS TYT MOJISATAE B TOMY, 1100 MPUHHSATH BCl

iHBecTuLii, sgki Maroth IRR, Bummi 3a
HeoOXiIHy HOPMY npuOyTKY. ToOT0
KUTTE3AATHICTD MPOEKTY 3a3BUYAN OLIHIOETHCS
nuisxomM  nopiBHaHHA  IRR  mpoekty 3
«TIOPOTOBOI0  CTABKOIO», sKa IPEACTaBIIsE
co06oro IRR HACTYIHOL HaWKpaloi
aNbTepHaTUBU (anmpTepHAaTHBHA  BapTICTh
Kamirany).

ITepesara IRR Takox mossrae B ToMy, 1110
11 MOXHA BUKOPHUCTOBYBATH [UIs IHPSIMOIO
MOPIBHSAHHS MPUOYTKOBOCTI Micis  CIUIATH
MOJATKIB 13 JIETKOAOCTYHNHHMH (PiHAHCOBUMHU
IHCTpYMEHTaMH, TaKMMH SIK OOmiramii, Takum
YMHOM, HAJal04d 1HBECTOPY IIBHJIKY SKICHY
OLIIHKY NPOEKTY [24].

3 (inaHcoBoi ToukM 30py, NPV
MIPOIIOHY€ETHCS SIK OCHOBHHMI METOI BUOOPY MiX
pi3HUMH mpoekTaMu, B Tod dac gk IRR moxe
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prices) in order to use the correct discount rate
for the present value analysis.

NPV analysis is recommended when
evaluating investment characteristics and
decisions, such as mutually exclusive projects
and social costs.

It is also recommended to use NPV in
most other evaluations, in particular as a
secondary measure to test the reliability of any
primary measure [24].

Internal rate of return (IRR). The
internal rate of return (IRR) is the discount rate
that makes the net present value (NPV) of all
cash flows equal to zero [26]:

(5.10)

where /RR is the internal rate of return.

IRR is a relative measure of profitability
that shows the percentage of return per unit of
invested capital and allows for comparison of
different investments regardless of their size.

IRR is commonly used for acceptance/
rejection decisions, allowing for a quick
comparison with a minimum acceptable rate of
return (threshold rate). The rule of thumb here is
to accept all investments that have an IRR higher
than the required rate of return. In other words,
the viability of a project is usually assessed by
comparing the IRR of the project with the
“threshold rate”, which is the IRR of the next
best alternative (the opportunity cost of capital).

The advantage of IRR is that it can also
be used to directly compare after-tax returns
with readily available financial instruments such
as bonds, thus providing investors with a quick
qualitative assessment of a project [24].

From a financial perspective, NPV is
proposed as the primary method for choosing
between different projects, while IRR can be



OyTH BUKOPHCTAHUH U JTOTIOBHEHHS aHAII3y
NPV [26]. IRR moxe nomoMorta y BuOOPI
MPOEKTIB 3 aHajorignoo NPV Ta aHanorivHuM
IHBECTOBaHMM KamiTajioM abo Moxe OyTu
BHKOPHCTaHA JUIsl BU3HAYEHHS 3a1acy MilHOCT1
MPOEKTY HUISXOM MOPiBHAHHS pizHHLI MK IRR
Ta MIHIMaJIbHO HEOOX1THOIO MPUOYTKOBICTIO.

TepmiH oxynHocTi

Tepmin okynnocmi (anen. payback period)
— 1€ dYac, HEOOXiMHWH JUIs BiALIKOMYBaHHS
IHBECTUIIHHUX BUTPAT, TOOTO JUISI JOCATHEHHS
TOYKU 0€330UTKOBOCTI.

Jluckonmosanuii ~ mepmin  OKYRHOCMI
(DPP) — 1ie KUIBKICTh POKIB, HEOOX1IHUX IS
BI/IIIKOTyBaHHS BAPTOCTI IHBECTHIIIHN Y TIPOEKT 3
ypaxyBaHHSIM BapTOCTi TpOIIEH y Jaci:

used to complement NPV analysis [26]. IRR can
help in selecting projects with similar NPV and
similar invested capital, or it can be used to
determine the safety margin of a project by
comparing the difference between IRR and the
minimum required return.

Payback period

The payback period is the amount of time
required to recover the costs of an investment, or
to reach the break-even point.

The discounted payback period (DPP) is
the number of years required to recover the cost
of investment in a project while accounting for
the time value of money:

DPP = n, npu skomy (at which) NPV = 0 (5.11)
TOOTO that is
DPP = t h'hzn: e _ ¢ 5.12
= n, npu skomy (at which) L (5.12)
t=1
JIMCKOHTOBaHM  TEpPMIH  OKYIHOCTI The discounted payback period is always
3aBKIM  JIOBIIMKM, HDK Tpoctuii  TepMmiH | longer than the simple payback period times the

OKYITHOCTI Ha CTaBKY JUCKOHTYBaHHSI.

DPP pexoMeHay€ThCSl BAKOPUCTOBYBATH,
KOJIU ICHYE€ PH3UK, OCKIIbKH BIH J0O3BOJISIE
IIBHJIKO OIIHUTH TPUBATICTH MEPIOJTY, TPOTATOM

SKOTO KamiTaja 1HBecTopa mepelyBae I
3arpo3oIo.

DPP HE PEKOMEHTYEThCSA
BHKOPHCTOBYBATH npu BHOODI MIDXK
B32€EMOBUKIIIOYHUMHU albTEepHATUBAMU,

OCKITbKM HE BpaxXOBYIOThCS Pi3HI pPO3MipU
iHBecTHIIiH [24].

Innexc penrtadeabnocti (PI). [noexc
penmabenvnocmi  (Profitability Index — PI),
TaKOXX BIIOMHI AK Koe(ilieHT mpuOyTKOBOCTI
imBecturiii  (PIR) Ta xoedimieHT BapTOCTI
imBectunit  (VIR), € BIOHOLIEHHSAM CyMU

JMCKOHTOBAHUX  TPOLIOBUX  MOTOKIB [0
MOYaTKOBUX  IHBECTHI[IMl  3allpONOHOBAHOTO
IIPOEKTY:
n
t=1
Pl =
Ile  xopucHuil  IHCTpyMEHT  AJs

paHXXyBaHHS MPOEKTIB, OCKUIBKU BiH JIO3BOJISE
KUTBKICHO OIIIHUTU OOCST LIHHOCTI, CTBOPEHOT
Ha OJIMHHMIIIO 1HBECTHIIIH [24].

(1+nr)t
CF,

discount rate.

The DPP is recommended for use when
there is risk, as it allows for a quick assessment
of the length of time that an investor’s capital is
at risk.

The DPP is not recommended for use
when choosing between mutually exclusive
alternatives, as it does not take into account
different investment sizes [24].

Profitability index (PD). The
profitability index (PI), also known as the profit
investment ratio (PIR) and the value investment
ratio (VIR), is the ratio of the sum of discounted
cash flows to the initial investment of a proposed
project:

CF,
(5.13)

It is a useful tool for ranking projects, as
it quantifies the amount of value created per unit
of investment [24].
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Innexc  penrabGenpHOCTI  piBHHUH 1
o3Ha4yae 0e330uTKOBiCTh. bBynb-sike 3HaueHHS,
MEHIIIe OJIMHMIII, BKa3ye Ha Te, 1o PV mpoekty
€ MEHIIOK 3a TMoyaTrkoBi iHBectuiii. 3i
30LIBIIIEHHIM 3HAUYEHHSI 1HICKCY
peHTabenpHOCTI  3pocTae 1 (iHaHCOBa
MPUBAOIMBICTH 3aITPONIOHOBAHOTO IIPOEKTY.

Takum uwmHOM, Kkputepiii Pl  mae
nepeBary mpu BHOOPi OHOTO MPOEKTY 3 HU3KU
THX, Kl MAaOTh MIPUOIM3HO OJHAKOBI 3HAYCHHS
NPV, ane pizai 00cAru HEOOX1THUX 1HBECTHIIIH.
VY 1upoMy pasi BUTIAHINIUM € TOW 13 HHUX, SAKUH
3abe3mneuye OLTbITy €(EeKTHBHICTh BKJIAICHb.
Tomy mel NOKa3HHK Ja€ 3MOTY pPaHKyBaTH
MPOEKTH 32  OOMEXEHUX  IHBECTHI[IMHHUX
pecypcis.

BupiBHsiHa BapTicTh ejekTpoeHeprii

(LCOE). Bupiguana eapmicmu enekmpoenepeii

(levelized cost of electricity — LCOE) sBnsie
co0010 cepesiHiN 10X1 Ha OJUHUII0 BUPOOIEHOT
elnekTpoeHeprii  (Hampukian, TpH./KBT-rom),
HEOOXITHUW JUIS BIAMIKOAYBaHHS BHUTpPAT Ha
oyniBauuTBo (CAPex) Ta ekcrunyatamito (OPex)
€IEKTPOCTAHII TPOTATOM TependadyBaHOTO
(IHAaHCOBOTO Ta OMEPAIIHOTO KUTTEBOTO
LUKITY:

A profitability index of 1 means
breakeven. Any value less than one indicates that
the PV of the project is less than the initial
investment. As the value of the profitability
index increases, the financial attractiveness of
the proposed project also increases.

Thus, the PI criterion has an advantage
when choosing one project from a number of
projects with approximately the same NPV but
different amounts of required investment. In this
case, the project that provides greater investment
efficiency is more profitable. Therefore, this
indicator allows you to rank projects with
limited investment resources.

Levelised cost of electricity (LCOE).
The levelised cost of electricity (LCOE) 1is the
average revenue per unit of electricity generated
(e.g. UAH/kW-h) required to recover the
construction (CAPex) and operation (OPex)
costs of a power plant over the expected
financial and operational life cycle:

S
CFo+ Xtor 7ot
LCOE = Lgl +r) (5.14)
n ¢
t=1(1+r)t
ne CFy — nodarkoBl IHBECTHIN] where CFy is the initial investment

(imBectumiitni Butpatn) (CAPex);

S: — omeparliiini BUTpaTh 3a Mepioa ¢
(OPex);

E, — enextpuuHa eHepris, BUpoOJIeHa 3a
nepion ¢.

Omepartiiini BUTpaTu S; CKIAAArOThCA 3
BUTPAaT HAa CKCIUTyaTalilo Ta TEXHIYHE
oOciyroByBaHHs (M;) Ta BUTpaTu Ha nanuBo (F)
3a mepiof ¢

St:Mt‘l'Ft

To6to
eJIeKTpoeHeprii  —

BHUpIBHSIHA
CepelHs pO3paxyHKOBa
co0iBapTicTh  BHPOOHHMIITBA  €JIEKTPOEHEpril
MPOTATOM yCbOTO KHUTTEBOTO UKITY
eJIEKTPOCTAHLIi (BKJIIOYHO 3 yciMa MOKIMBUMHU
IHBECTULIISIMU, BUTPATaMU Ta JOXOAAMHU).
LCOE - wune ominka coGiBapToCTi
BUPOOHMIITBA EJIEKTPOEHeprii, a He IiHa

BapTICTh
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(investment costs) (CAPex);

S: — operating expenses in period ¢
(OPex);

E; — electricity generated in period z.

Operating costs S; consist of operation
and maintenance costs (M;) and fuel costs ()
for period #:

(5.15)

In other words, the levelised cost of
electricity is the average estimated cost of
electricity generation over the entire life cycle of
a power plant (including all possible
investments, expenses and revenues).

LCOE is an estimate of the cost of
electricity generation, not the price of electricity.



enektpoeHeprii. Ha 1miHy enekrpoeneprii
MOXYTh  BIUIMBaTH  JOAATKOBI  (hakTopH,
BKJIIOYAIOUHM HAIIIHKY Ta KOHTPOJIb 32 I[iHAMHU.
LCOE 3a3Buuaii BUKOPUCTOBY€ETHCS AJIS
NPUAHATTS PillieHb MOAO:
- TEXHIKO-€KOHOMI4HOTO
OOTpyHTYBaHHS HOBHX ITPOEKTIB 3 BUPOOHUIITBA

eJIEKTPOeHeprii;

- IHBECTHLIHHUX cTparerii,
po3poliieHnx 6i3HECOM a0 ypsAIOM.

- CHEPreTUYHOl  MOJITHUKH, sKa

MIPOBOJIUTHCS YPSIIOM.

LCOE ny>xe xopuCHUIA ISl TIOPIBHSHHS
€HepreTUYHUX  TEXHOJIOTH 13 PI3HUMHU
eKCILTyaTalli HHUMH XapaKTePUCTUKAMHU
(coHsiuHa, BITpOBa, BUKOMHA, SJ€pHA TOIIO)
[24].

LCOE PEKOMEHIYEThCS
BUKOPHUCTOBYBAaTH IPU OLIHIl aJbTE€pPHATUBHUX
BapiaHTIB B yMOBaX 0OMEKEHOTO OIOKETY, 100
JOCATTH HAJIS)KHOTO PaH)KyBaHHS ajbTePHATUB,
SIK1 TIOTIM MOXYTb OyTH 0OpaHi 10 TUX Mip, TOKH
Oro/pKeT He Oyze BUUepIaHui.

5.3.3 Imosipuicnuii nioxio

dinaHCcOBMI aHaII3 3a3BHYal 0a3y€eThCs
Ha BXIOHAX [JaHUX, fAKI HE MOXHA TOYHO
BU3HAYHUTH, TAKUX SIK BApPTICTh €JIEKTPOCHEPTii,
BHUTPATH Ha poOOUy cuily ab0 TOTOIHI yMOBH. Y
BHIA/IKy 1HBECTHUIIIH B €HEProePEKTUBHICTD 115
HEBU3HAYCHICTh JIMIIE 30UIBIIYETHCS 4Yepe3
TPUBAJIMKA TEPMIH peasizamii MpoekTy. [HIIOI0
IPYyTOI0 BAKIMBUX BXIAHHUX JaHUX, IO BHOCSATH
HEBU3HAYCHICTh, € TEOMETPUYHI Ta TEIJIOBI

BJACTHBOCTI JKHTJIIOBOTO (POHIY, a TaKOXK
eeKTUBHICTh a00 SAKICTh  EHEPreTHYHUX
CHUCTEM; IIl JIaHI 3a3BUYail MpeJCTaBJICHI

CepeHIMU 3HaYCHHAMU [26].

MOoXIuBHM  BUPIMICHHSAM  IpoOIeMu
HEBU3HAYCHOCTI € BUKOPUCTaHHS
KOMIT FOTEPHUX CUMYJISIIN, MpPU3HAUYEHUX IS
aHaJizy Ta TECTYBAaHHS BapiaHTIB
iHBeCTUIIHHUX pimieHb. OTHUM 13 HAHOUIBII
4acTo BUKOPHCTOBYBaHUX METO/IIB
MOJICITIOBaHHS € aHami3 meroaoM MoHTe-
Kapso. Ananiz nouuHaetbcst 3 (QOpMyBaHHS
Ha0Opy MOKJIMBUX 3HAYCHb BX1IHUX JaHUX JIJIS
OLIIHKKM 1 Ha BHXOAl Ja€ Ha0lp MOXIUBHUX
3Ha4YeHb (PIHAHCOBUX MOKA3HUKIB, KOXKEH 3 IKHX
OB’ sI3aHUH 13 BIAMOBITHOIO HMOBIPHICTIO HOTO
peaizartii.

[Ipuknan 3actocyBanHs MeToy MoHTe-
Kapno g0 uumctoi motounoi Baprocti (NPV)
IIPOEKTY IMPEJCTaBICHUN HA PUCYHKY 5.4, KUl
nmokasye, sk 3HaueHHs NPV 3MiHIOIOTBCS B
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The price of electricity may be affected by
additional factors, including mark-ups and price
controls.

LCOE is commonly used to make
decisions on:

- feasibility  studies
electricity generation projects;

for new

- investment strategies developed
by businesses or governments.

- energy policies implemented by
the government.

LCOE 1is very useful for comparing
energy technologies with different performance
characteristics (solar, wind, fossil, nuclear, etc.)
[24].

It is recommended to use LCOE when
evaluating alternatives under a limited budget to
achieve a proper ranking of alternatives, which
can then be selected until the budget is
exhausted.

5.3.3 Probabilistic approach

Financial analysis is usually based on
inputs that cannot be precisely determined, such
as electricity costs, labour costs, or weather
conditions. In the case of energy efficiency
investments, this uncertainty is only increased
due to the long project implementation period.
Another group of important inputs that introduce
uncertainty are the geometric and thermal
properties of the building stock, as well as the
efficiency or quality of energy systems; these are
usually represented by average values [26].

A possible solution to the problem of
uncertainty is the use of computer simulations
designed to analyse and test investment decision
options. One of the most commonly used
modelling methods is Monte Carlo analysis.
The analysis begins with the formation of a set
of possible values of the input data for
evaluation and results in a set of possible values
of financial indicators, each of which is
associated with a corresponding probability of
its realisation.

An example of applying the Monte Carlo
method to the net present value (NPV) of a
project is shown in figure 5.4, which shows how
NPV values change depending on the projected



3aJIeKHOCTI  Bil TPOTHO30BAHOTO TEPMiHY
KHUTTS TPOeKTy [26]. I'padik TakoK MOSCHIOE,
o TpoekT TpuBamicTio 20 pokiB, SKuU
nounHaeTbest  y 2020 pomi, mae 10 %
iMoOBipHOCTI Bix’eMHOro 3HaueHHs NPV, mio
MPEJCTaBICHO  YEPBOHOI  0O0JacTio  Mmix
gacTOTHUM posnonaiiom NPV (a3BoHOMONiOHA
KpHBa), IO O3Ha4a€ pU3HK 30UTKIB 3
imoBipHicTiO 10 %.

5.3.4 Ilpuknao ineecmuuyiiinoi oyinku
npoEKmy enepzoeqreKkmusHocmi

Pozrssremo YMOBHUH
eHeproe(HEeKTUBHUN MPOEKT 3 1HBECTUIIIHHUMU
ButparaMu 90 000 €Bpo Ha TEMIOI30JIALIIO,
PEKOHCTPYKIIIFO KOTEJbHI Ta BCTAHOBJICHHS
COHSYHMX MaHeJIeW Ha JaXy peKOHCTPYHOBaHUX
OyniBenb [28]. Llelt mpoekT reHepye HIOpiuHY
exoHoMito eHeprii y po3mipi 6 000 eBpo Ha
OTMAJICHHI  TOPIBHAHO 3  CHUTYaIll€l0 [0
PEKOHCTPYKLIi, a TaKOX Mae€ IIOPIuHI JTOXOAU
B1JI MPOJIaXKy €Heprii (HampuKIad, 3a «3eJICHUM
tapupom) y posmipi 4 000 eBpo. Piuni
oreparlliiiHi Ta iHII1 BUTPATH Pa3oM CKJIAJal0Th
3 200 eBpo. OuikyBaHWW TepMiH peamizamii
npoekty — 20 pokiB. CTaBka AMCKOHTYBaHHS
CTaHOBUTH 3 %, 110 € Ay)Xe HUZBKUM pPIBHEM,
SKAA MOXe OyTH TNPUUHATHUM JIMIIC IS
JIEpKABHOTO CEKTODY.

Po3paxyHOK BUKOHAHO 3 BUKOPUCTAHHSIM
«Kanpkynaropa (QiHaHCYyBaHHS TIPOEKTIB 3
eHeproeeKTUBHOCTI» [29].

BuxinHi nani npeacrasieHo B Tadi. 5.1.

PesynbTaTtu po3paxyHKy MpeacTaBiIeHO B
Tabn. 5.2.

I'padiune BiOOpaXkeHHS OTPUMAHHMX
PE3yAbTaTIB MPEJICTABICHO Ha PUCYHKY 5.5.

Ockinbku NPV mepeBuiye 0 eBpo,
MPOEKT JOIIBHO BHpoBamkyBatd, a IRR €
JOCUTh HU3bKHM, ajie BCE M€ MPUUHATHUM IS
nepxaBHOTo  cektopy. IIpoctuit  Tepmin
OKYITHOCTI Ha 6 pOKIB KOpPOTIIMHA 3a MHepiojn
KUTTEBOTO IMKIy IHBECTHUIIIM, a TPU CTaBII
JTUCKOHTYBaHHA 3 % TepMiH OKYIMHOCTI JIUIIIE Ha
JIBA POKHU KOPOTIIMNA 3a TEpioA KUTTEBOTO
LUKy 1HBECTHIIIH.
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life of the project [26]. The graph also explains
that a 20-year project that starts in 2020 has a
10 % probability of a negative NPV, represented
by the red area under the NPV frequency
distribution (bell-shaped curve), which means a
10 % risk of loss.

5.3.4 Example of an investment
valuation of an energy efficiency project

Let us consider a hypothetical energy
efficiency project with an investment cost of 90
000 EUR for heat insulation, boiler room
renovation, and installation of solar panels on
the roof of the reconstructed buildings [28]. This
project generates annual energy savings of 6 000
EUR in heating costs compared to the pre-
renovation situation, and has annual revenues
from energy sales (FIT for instance) of 4 000
EUR. The annual operating and other costs
combined are 3 200 EUR. The expected life of
the project is 20 years. The discount rate is 3 %,
which is a very low level that can only be tenable
for the public sector.

The calculation was made using the
Energy Efficiency Financing Project Calculator
[29].

The initial data are presented in Table
5.1.

The calculation results are presented in
Table 5.2.

A graphical representation of the results
is shown in figure 5.5.

Since the NPV is greater than 0 EUR, the
project is feasible and the IRR is quite low, but
still acceptable for the public sector. The simple
payback period is 6 years shorter than the
investment life cycle, and with a discount rate of
3 %, the payback period is only two years shorter
than the investment life cycle.
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PucyHnok 5.4 — Bukopucranns metony MonTe-
Kapno mns BuzHauenus 3smiau NPV B
3aJIEKHOCTI B1Jl TPOrHO30BAHOTO TEPMIHY
KUTTS TIPOEKTY [26]

Figure 5.4 — Using the Monte Carlo
method to determine the change in NPV
depending on the predicted life expectancy of
the project [26]

Tabmums 5.1 — BuxiaHi f1aHi 10 po3paxyHKy NMPOEKTY €HEProeeKTUBHOCTI
Table 5.1 — Inputs to the energy efficiency project calculation

Buxinni gani / Input 3uauenns / Value
Kanitansni sBurpaTtu / Capital costs 90 000 eBpo / 90 000 EUR
Piuna exonomis eneprii / Annual energy savings 6 000 espo / 6 000 EUR
Piunwmii qoxinx / Annual revenues 4 000 eBpo / 4 000 EUR
Piuni oneparriitai Butpatu / Annual operational costs 3 000 espo / 3000 EUR
Iami Butparu 3a pik / Other costs per year 200 espo / 200 EUR
Craska auckonty / Discount rate 3%
Xurresuii nepion inBectuiiiii / Investment lifetime period 20 pokis / 20 years

Tabnuis 5.2 — Pe3ynbratu po3paxyHKy mp

Table 5.2 — Results of the energy efficiency

O€KTY eHeproe(eKTUBHOCTI
roject calculation

IMokasuuk / Indicator 3uauvenns / Value
Yucra notouna Bapticth NPV (20 pokiB) 11 167 eBpo
Net present value NPV (20 years) 11167 EUR
Buytpimnsa Hopma penradenbHocTi IRR 1,26 %
Internal rate ratio IRR 1,26 %
ITpocTuii TepMiH OKYIHOCTI 14 pokiB
Simple payback period 14 years
JIMCKOHTOBaHUI TEpMiH OKYITHOCTI 18 pokiB
Discounted payback period 18 years
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PucyHnok 5.5 — Pe3ynbrats iIHBECTHUIIIHHOL
OIIIHKH MPOEKTY eHeproe(eKTuBHOCTI [28]

Y nmaHoMy po3paxyHKy OepyThCs M0
yBaru JiuIie BjacHi Jpkepena piHaHCyBaHHS, 1 HE
BpPaxOBYIOThCS, HAIPUKIIA, TPAHTH Ta CyOCHIil
3 OJTHOTO OOKYy a00 KPEAWTH 3 IHIIOTO OOKY, SIKi
MOXYTh  CYTTEBO 3MIHUTH  IPOTHO30BaHI
3HaueHHS. SIKIIO 3amy4yaroThCsi TpaHTH Ta
cyocuii, To NPV Tta IRR 3pocraroTs, a Tepminu
OKYITHOCTI CKOPOYYIOThCS. 3 1HIIOTO OOKY,

KpeIuTH BIUIMBAIOTh Ha IHBECTHUIIT
MPOTHJIKHUM  YUHOM, TOOTO KOIM  BU
criBpiHaHCyeTe 1HBECTULIMHUNA TMPOEKT 3a
paxyHok  kpeautry, To NPV ~Ta IRR
3MEHINYIOTbCS, @  TEPMIHM  OKYIHOCTI
30UTBIITYIOTHCS.
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Figure 5.5 — Results of the investment
assessment of the energy efficiency project [28]

This calculation considers only own
sources of financing and does not take into
account, for example, grants and subsidies on the
one hand or loans on the other hand, which can
significantly change the projected values. If
grants and subsidies are involved, the NPV and
IRR increase and the payback periods decrease.
On the other hand, loans have the opposite effect
on investments, i.e. when you co-finance an
investment project with a loan, the NPV and IRR
decrease and the payback periods extend.
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JOIATOK 1. ITPUKJIAZL PO3PAXYHKY

1.1 Po3paxynok eHep2oCnoicuGaHH:
eupodoHuUYmMea achanvmodemonnoi cymiuii
3agaya: po3paxyBaTH €HEPTrOCIIOKUBAHHS
pi3HuX THIIB acGasbTOOCTOHHUX CyMilled Ta
MIOPIBHATH PE3YIIBTATH.
Bxinni nami:
e cymim 1: acdambToOCTOHHA CyMiII
rapsiaa AC-25, temneparypa po3irpiBy
71 =150 °C;
e cymim 2: acharbTOOETOHHA CyMIII
teria AC-25, temmeparypa po3irpiBy
7, =120 °C;
e acdanprodeTonnuit 3aBox: K/IM209
(momatkwu 2, 3);
® Ce30H BUPOOHHUIITBA ac(aabTOOETOHY:
OCIHE;
e Maca cymii: m = 1 TOHHa.
Po3paxynku
HactymHi  po3paxyHKH  BHKOHYIOTHCS
BIIMOBTHO 710 po3aity 2.2, piBHsSHHS (2.5)-(2.8).

Pospaxyemo  BuTpatm  eHeprii  Ha
BUPOOHUIITBO | TOHHM Tapsuoi acaabTo0eTOHHOT
cymimri mapku AC-25. Po3paxyHKu mjis Terioi
acanprodeToHHOi cymimi AC-25 € iIeHTHYHIMH,
TOMYy JUIi HEl HaBeIECHO TUIBKKM  KIHIIEBI
pe3yabTaTu.

1.1.1 FEman eudanennss  numry i3
3an06HI8auA

a; = 3,375 mna ocewi; ki = 1,05 ms
MIJIHUX 1 alfoMiHi€BUX ApoTiB; k> = 1,0; ki3 =
0,85; N; =140 xBrT; ¢t; = 0,025 Tog.

APPENDIX 1. EXAMPLE
CALCULATION

1.1 Calculation of  energy
consumption of asphalt mixture production

Objective: to calculate energy
consumption of different asphalt mixture
types and compare the results.

Input data:

e mixture l: asphalt concrete AC-25

hot, temperature of asphalt heating
T =150 °C;

e mixture 2: asphalt concrete AC-25
warm, temperature of asphalt
heating 7> =120 °C;

e asphalt production plant: KDM209
(Appendices 2, 3);

e season of asphalt concrete
production: autumn;

e mixture mass: m = 1 tonne.

Calculations

The following calculations are
performed according to section 2.2, equations
(2.5)-(2.8).

Let us calculate energy consumption
of production of 1 tonne of AC-25 hot asphalt
concrete mixture. Calculations for AC-25
warm mix are identical, thus only end results
are given.

1.1.1 Aggregate dust removal phase
a; = 3,375 for autumn; k;; = 1,05 for

copper and aluminium wires; k;2 = 1,0; ki3 =
0,85; N; =140 kW; ¢, = 0,025 h.

1,05-1,0-140

E, =3,375-

0,85

1.1.2 Eman eucyuiyeanms 3anoenoeada

ax = 1,087; mz2 = 920 xr; w = 5%; c; =
2,472-10* (xBr-rom)/(xr-°C); ¢» = 1,162-107
(xBt-rom)/(xr-°C); 3 = 5,083-10
(xBt-ron)/(xr-°C); T2 = 15-°C; T2 = 175-°C
(rapstua cymit), 722 = 130-°C (Teruia cymim); k2,
= 1,03; k2> = 1,0; N> = 140 xBt; G2 = 0,270
kr/(kBt-rom) mis qu3enpHux apuryHis; NCV, =
12,6 (xBT-rom)/kr, OCKIIbKM Ha I crajii
BUKOPHUCTOBYETHCS JM3eNbHa eHepris; £2 = 0,025
TOJI.
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0,025 =146 kW-h

1.1.2 Aggregate drying phase

a> = 1,087; mz = 920 kg; w = 5%; ¢; =
2,472-10% (kW-h)/(kg-°C); c> = 1,162:107
(kW-h)/(kg-°C); c3 = 5,083-10*
(kW-h)/(kg-°C); T21 = 15-°C; T22 =175-°C (hot
mixture), 722 = 130-°C (warm mixture); k2; =
1,03; k»» = 1,0; N> = 140 kW; G:> = 0,270
kg/(kW-h) for diesel engines; NCV> = 12,6
(kW-h)/kg with this stage being diesel energy;
t2=0,025 h.



5
E, =1,087- [920 . (1 - m)

5
-(175-15)-2,472-10"*+ 920 - ——- (100 — 15) - 1,162 -

100

5
+107% 4+ 920 - —— - (175 — 100) - 5,083 - 10~* + 1,03 - 1,0 - 140+ 0,27 - 12,6 -

100
: 0,025] =578kW-h

1.1.3 Eman nioiepigy 6imymy

as = 8,129 ittt 3BHYANHOIO0
HeMOIU(IKOBAHOTO acPaIbTOOCTOHY; M3 = 42 KT
(pemta 38 Kr — MiHEepaJbHHUNA MOPOIIOK); 132 =
145-°C (rapsiua cymim), T3 = 115-°C (temia
cymim), T3 = 15 °C; ¢4 = 2,778:10%
(xBt-ron)/(xr-°C); k31 = 1,03; k3> = 1,0; N3 = 140
kBT; G3 = 0,200 xr/(kBr'rom) mms razoBoro
nanpHuka; NCV; = 10,6 (xBtrom)/kr nus
npupoaHoro rasy; ¢; = 0,083 rog.

E; = 8,129 - (42 - (145 — 15) - 2,778 - 10™*

= 218,6 kW-h

1.1.4 Eman 3miwtysanus cymiuii

as = 3,306; k4 = 1,05 pnga migHux Ta
aIOMIHIEBUX APOTIB; k42 = 1,0; ky3 = 0,85; N4 =
140 xBT; 4= 0,013 Tos.

1.1.3 Asphalt heating phase

asz = 8,129 for base asphalt; ms = 42 kg
(the remaining 38 kg is mineral powder); 732 =
145-°C (hot mixture), 732 = 115-°C (warm
mixture); T3 = 15 °C; cs = 2,778:10*
(kW-h)/(kg-°C); k31 = 1,03; k32> = 1,0; N3 = 140
kW; Gs3; = 0,200 kg/(kW-h) for gas burner;
NCV3 = 10,6 (kW-h)/kg, which at this stage is
natural gas; #; = 0,083 h.

+1,03-1,0-140-0.200- 10,6 - 0,083) =

1.1.4 Mixture blending phase

as = 3,306; ks = 1,05 for copper and
aluminium wires; ks = 1,0; ky3=0,85; N,= 140
kW; t,=0,013 h.

1,05-1,0-140

E, = 3,306~ N

1.1.5 3acanvue cnoxcusanusn enepeii nio

uac sUPOOHUYMEA CyMiuLi
Jlst rapsiaoi achaabTOOETOHHOT CYyMIIIIi:

0,013 =74KkW-h

1.1.5 Total energy consumption during
mixture production
For hot asphalt mixture:

4
Ep, = z E; =14,6 +57,8+218,6 + 7,4 =2984kW-h

=1

Jnisa terioi achambToO0eTOHHOT CyMili:

| For warm asphalt mixture:

4
E, = z E; =14,6 + 46,0 + 215,7+ 7,4 = 283.7kW-h

i=1

Pizaums: |

En

—E
A=—""—"".100% =

Difference:

298,4 — 283,7

*100% = 4,9 %

Ep

Pesynbraty po3paxyHKiB MpeCTaBiIeHI

Ha pUCyHKY 1.1.

298,4

Results of the calculations are presented
in Figure 1.1.
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Pucynok 1.1 — IlopiBHSIHHS €HEPTOCTIOKUBAHHS

i1 9ac BUPOOHHUIITBA | TOHHU rapsvoi Ta Teriol

acanprodeToHHOI cymimni mapku AC-25

1.2 Po3paxynok eukuoie CO;

Merta: po3paxyBaTH BYyIJICLEBUN CIIiJT
BUPOOHHUIITBA  PI3HUX  acdaabTOOCTOHHUX
cyMimieil.

Bxigni nani: CrnioxuBaHHsS eHeprii Ha
KOKHOMY eTari BUPOOHHIITBA CyMillll B3ATO 3
posniny 2.5.1.

Po3paxynku

HactynHi  po3paxyHKM  BHKOHAaHO
BIIMOBIAHO 10 po3ainy 2.4, piBHsHHA (2.23),
BIAMOBIAHO /0  JpKepena  eHeprii, ske
BUKOPUCTOBYETbCS ~ Ha  KOXKHOMY  eTarll
BUPOOHUIITBA ac(PaabTOOETOHHOT CyMilli.

Po3paxyHku HHX4Ye HaBeAeHl s
rapsyoi  cymimi. [Jlng  Temnoi  cymimii
NpeJCTaBlIeHl JMIIe KIHIEBI pe3ysibTaTH,
OCKUIBKU PO3paxyHKH 11€HTHYHI.

CE, = E, - CI, = 14,6

e 3

warm
4 = w3

Figure 1.1 — Comparison of energy
consumption during production of 1 tonne of
AC-25 hot and warm asphalt mixtures

1.2 Calculation of CO; emissions
Objective: to calculate carbon footprint
of production of different asphalt mixtures.

Input data: Energy consumption for
each stage of mixture production is taken from
section 2.5.1.

Calculations

The  following  calculations  are
performed according to section 2.4, equation
(2.23), according to energy source used at every
stage of asphalt mixture production.

Calculations below are given for the hot
mixture. For warm mixture, only end results are
presented as calculations are identical.

0,260 = 3,796 kg CO,

CE, = E,-Cl, =57,38-0,267 = 15,433 kg CO,
CE; = E5 - Cl; = 218,6 - 0,201 = 43,939 kg CO,
CE, =E,-Cl, = 74-0,260 = 1,924 kg CO,

4
CE, = Z CE; = 3,796 + 15,433 + 43,939 + 1,924 = 65,092 kg CO,
i=1
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Jiis Ternoi acanbToOETOHHOT CyMili:

For warm asphalt mixture:

4
CE, = Z CE; = 3,796 + 12,282 + 43,356 + 1,924 = 61,358 kg CO,

i=1

PizHums: | Difference:
Ae CE, — CE,, 100% = 65,092 — 61,358 100% = 5.7
~ CE, 0T 65,092 0T

Pesynmbratn po3paxyHKiB IpeICTaBiICHI
Ha pUCyHKY 1.2.

Results of the calculations are presented
in Figure 1.2.

CO2
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] N 3 4 e e

Pucynok 1.2 — [lopiBHsHHSA BukuaiB CO; mijg yac
BUPOOHMIITBA | TOHHM Tapsdoi Ta Teroi
acganprodbeTonHoi cymimn AC-25

SIk TOKa3yloTh pe3yJabTaTd pPO3paxyHKiB
(pucynku 1.1-1.4), 3HWKEHHS TeMmIepaTypu
NpUroTyBaHHA acdayprodbeTony Ha 30 rpamyciB
JI03BOJISI€ 3MEHILIUTH CIIOKUBAaHHS €Heprii Ha 5-
30 % Tta Bukuaun CO; monaiiMeHue Ha 6 %.
OnHak 1e CKOpOYEHHs 3alie)KHUTh BiJ KIIBKOCTI

ac(asbToO0TOHHOI CyMIIII.
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Figure 1.2 — Comparison of CO; emissions
during production of 1 tonne of AC-25 hot
and warm asphalt mixtures

As shown by the calculation results
(Figures 1.1-1.4), reducing the asphalt concrete
preparation temperature by 30 degrees allows
reducing energy consumption by 5-30 % and
CO; emission by 6 % at least. However, this
reduction depends on the amount of asphalt
mix.
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Pucynok 1.3 — 3MeHIIeHHS ClIOKUBaHHS €Hepril
MIPY 3HIDKEHHI TEMIEpaTypH BUPOOHUIITBA
acanprobeTonnoi cymimri Ha 30 °C

Figure 1.3 — Reduction of energy
consumption when the temperature of asphalt
concrete mix production is reduced by 30 °C
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Pucynoxk 1.4 — 3menmenns Bukuais CO2 npu
3HIDKEHHI TeMIepaTypyu BUpOOHUIITBA
acganprodbeToHHOi cymimi Ha 30 °C

1.3 Po3paxynok enepzocnoxcueanns na
pi3Hux emanax OyOiBHUUYMEA OOPOIHCHBO2O
0052y

3agaua: po3paxyBaTu
CHeproCIOKMBaHHS  Ha  PI3HUX  eTamax
OyIIBHUIITBA TOPOKHBOTO TTOKPUTTSL.
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Figure 1.4 — Reduction of CO; emission when
the temperature of asphalt concrete mix
production is reduced by 30 °C

1.3 Calculation of energy consumption
at different stages of pavement construction

Objective:  to  calculate  energy
consumption at different stages of pavement
construction.



Buxigni nami:

KoedirieHT  yIIinpHEHHS  OCHOBH
HopoxHBOTO OASTy CFpase = 170036 Kr/(KM-CM)
a60 2323 kr/m°.

Bwmict acdansry (6iTymy) B cymiti Cagph
=42 %.

Terutora 3ropsiHHS (KajopiifHa eHepris)
nu3enbHOro nanuBa CEgieser = 38742,080 xJ1x/m.

Teruora 3ropsiHHS (KajopiifHa eHepris)
achansry CEuspn = 43147,300 xJIk/KT.

Po3paxynku

Hactymai  po3paxyHKH  BHKOHAHO
BIIMOBIIHO 0 po3ainy 2.3, piBHsHHA (2.9)-
(2.22).

1.3.1 Byoigenvna enepeis

[TuToma eHepris Ha BUAAJICHHS MUY Ta
BHCYIITYBaHHS 3aIIOBHIOBAYA:

Input data:

Compaction factor for a base of road
pavement CFpqse = 170036 kg/(km-cm) or 2323
kg/m®.

Content of asphalt (bitumen) in a
mixture Cagpn = 4,2 %.

Calorific energy of diesel CEjicser =
38742,080 kJ/I.

Calorific energy of asphalt CEupn =
43147,300 kJ/kg.

Calculations

The  following  calculations are
performed according to section 2.3, equations
(2.9)-(2.22).

1.3.1 Construction energy

Specific energy for dust removal and
drying of aggregate:

14,6 + 57,8

SEdust_dry_aggr =

Enepris  Ha BumaseHHs
BHCYIITyBaHHS 3aIIOBHIOBAYA!

1000-12,6- 0,84

nuiay Ta

= 0,007 1/kg

Energy for dust removal and drying of
aggregate:

4,2
E¢ aust_ary aggr = 170036 - (1 = ﬁ) -0,007 = 1114,282 1/(km - cm)

[lutoma eHepris Ha HarpiBaHHsA Ta
3MilTyBaHHS achabTy:

SEheat_mix = 1000

Enepris Ha HarpiBaHHs Ta 3MIITyBaHHS

achanpty:

170036 -813,6

218,6 + 7,4

cmix —

38742,080

ITutoma eHepri;I Ha YKJIIalJaHHA Ta

Specific energy for heating and mixing
of asphalt:

3600 = 813,6 k] /kg

Energy for heating and mixing of
asphalt:

= 3570,8281/(km - cm)

Specific energy for spreading and

YIIUTbHEHHS CyMilll SEspr comp = 19,422 xJIx/Kr. | compacting of the mixture SEg, comp = 19,422

Enepris Ha ykiajlaHHs Ta yIUIbHEHHS:

kJ/kg.
Energy for spreading and compacting:

170036 -19,422

Ec_spr_comp =

3arasibHa eHepris Oy/l1iBHUIITBA:

38742,080

= 85,242 1/(km - cm)

Total construction energy:

E, tora = 1114,282 + 3570,828 + 85,242 = 4770,351 1/(km - cm)

1.3.2 Tpancnopmmua enepeis

Bincranp nepeBesenHst acPanbry Dasph
= 80 kM.

1.3.2 Transport energy
Transportation distance of asphalt Dugp =

80 km.
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Butpara manbHOTO BaHTa)KiBKaMH TijI
qac nepeBe3eHHst achanbry FUqgpn = 0,0000472
T/(KT+KM).

Enepris
achanbry:

JUIs TPaHCIIOPTYBaHHS

)

100-80-2

Etr aspn = 170036 -

Bincranp mepeBe3eHHs 3allOBHIOBaYa
Duggr =16 xM.

Butpara manpHOro BaHTa)KIBKamMH Mij
yac mnepeBe3eHHs 3anoBHIOBaYa [ Uy =

0,0000472 n/(xr-xm).
Enepris JUTST TPAHCIIOPTYBAHHS
3aIlOBHIOBAYA:

, 5
100) (1 * 100
Biacranb MEePEBE3CHHS
ac¢anbro0eToHHOT CyMilll Dyix = 50 kM.
Butpara nanbHOro BaHTaXiBKaMu IiJ{
gac mepeBe3eHHs cyminn FUnpix = 0,0000742
7/(KT-KM).
Enepris VIS
ac(hanbTo0eTOHHOT CyMiTIi:

4,2
Etr aggr = 170036 - (1 =

TPaHCIIOPTYBaHHS

Fuel use by trucks during asphalt hauling

FUagpn = 0,0000472 (kg -km).

Energy for asphalt transportation:

-0,0000472 = 53,933 1/(km - cm)

Transportation distance of aggregate Dygqr
=16 km.

Fuel use by trucks during aggregate
hauling FUuger = 0,0000472 1/(kg-km).

Energy for aggregate transportation:

) -16-2-0,0000472 = 258,338 1/(km - cm)

Transportation distance  of
mixture Dy = 50 km.
Fuel use by trucks during mixture hauling

FUpix = 0,0000742 1/(kg-km).

asphalt

Energy for mixture transportation:

Epr mix = 17003650 - 2 - 0,0000742 = 1261,667 1/(km - cm)

3arajgpHa TPAHCIOPTHA EHEPTif:

| Total transport energy:

Epr vorat = 53,933 + 258,338 + 1261,667 = 1573,9381/(km - cm)

1.3.3 Enepeis nepepooxu

[Tutoma eHeprist nepepooKu
3anoBHIOBa4YA PFE,qeer = 67,570 x/Ix/KT.

Enepris nepepoOku 3armoBHIOBaYA:

E

1.3.3 Processing energy

Specific processing energy of aggregate
PEuger = 67,570 kJ/kg.

Processing energy for aggregate:

67,570

4,2
pr-aggr a 100)
ITutoma eHeprisi nepepoOku acganbTy

(6itymy) PEuspn = 682,681 xJIx/KT.
Enepris nepepobku achansry:

= 170036 - (1

4,2

'38742,080

= 284,104 1/(km - cm)

Specific processing energy of asphalt
Processing energy for asphalt:

682,681

Epr aspn = 170036 -

3aranpHa eHepris mepepoOKu:

E

100 38742,080

= 125,842 1/(km - cm)

| Total processing energy:

ot total = 284,104 + 125,842 = 409,946 1/(km - cm)
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1.3.4 Tennoma 3eopaumns (kanopiina 1.3.4 Calorific energy

eHepeis)
Kanopiitaa enepris acdanbsty (0iTymy): Calorific energy of asphalt:
E, 170036 2 43147300 7953,5471/(k )
= . . = m - cm
cal-asph 100 38742,080 ’

Crio’)xvBaHHSA eHeprii iz yac Energy consumption during
OyniBHuITBa  ac(hambToOCTOHHOTO  MOKPHUTTA | construction of asphalt concrete pavement is
MoKa3aHo Ha puc. 1.5. shown in Figure 1.5.

4000 9000
3570.828 7953.547
3500 8000
7000
3000
6000
2500
— __ 5000
£ £
£ 2000 £
= = 4000
1500
1261.667 3000
1114.282
1000
2000
500 1000
258338 284.104
85.242 53.933 125.842
0 | — N 0
dust & dry heat & mix spread & asphalt aggregate mix aggregate asphalt asphalt calorific
compact
Construction Transportation Processing Calorific
Pucynok 1.5 — CnoxuBanus eneprii, 1/(km-cm), | Figure 1.5 — Energy consumption, 1/(km-cm),
i yac OyaiBHUITBA acPaIbTOOETOHHOTO during construction of asphalt concrete
MIOKPUTTSI pavement
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NOJIATOK 2. KOMIIOHEHTH
AC®PAJBTO3MIIIYBAJBHOI
YCTAHOBKHM KJIM209

APPENDIX 2. COMPONENTS OF THE

ASPHALT MIXING PLANT KDM209

@ Cold aggregate supply system
@ Drum dryer

@ Fuel bumer o
@ ruel feeder '
@ Cyclone dust collector

@ Baghouse dust collector

@ Hot aggregate elevator

.‘ Vibrating screen |

@ Filer supply system
@ Weighing and mixing system
@ Asphalt storage

@ Bitumen supply system
JOIJATOK 3. TEXHIYHI APPENDIX 3. TECHNICAL
XAPAKTEPUCTUKH ) SPECIFICATIONS OF THE ASPHALT
ACOAJIBTO3ZMIIITYBAJIBHOI MIXING PLANT KDM209
YCTAHOBKH KJIM209

[Tapamerp / Parameter

3Hauenus / Value

HominanbHa mpoyKTUBHICTD MPU BOJIOTOCTI
MarepiaiiB (micky 1 mebeHto) 10 3%, 1/ron
Nominal productivity at a moisture content of
materials (sand and crushed stone) up to 3%,
t/h

110

VYcraHOBJI€HA OTYKHICTh, KBT, He OlbIe
Installed power, kW, no more

280

MicTkicTh GyHKepiB CHCTEMH MoJadi, mT. - M

Capacity of the supply system hoppers, pcs.-m?

5-12=60

[[IupuHa KOHBEEPHOT CTPIYKU, MM
Conveyor belt width, mm

500

CymunbsHuii 6apaban, @ - L, Mm
Drying drum, © - L, mm

1780 - 7900

IToryxHicTh nansHuka, MBT
Burner power, MW

9

Tuno nanusa

pinke abo razomnonioHe

Fuel type liquid or gaseous

Tun cuta iHepIiitHe, camobanaHcyoue 3 TBOMa

Sieve type eJIEKTpUYHUMHU BiOpaTopamu
inertial, self-balancing with two electric

vibrators

KinbkicTh (paxiiiii kam’ssHOTO MaTepiay, IT. 5

Number of aggregate fractions, pcs.

€MHicTh GyHKepa raps4oro 3anoBHI0Baya, M 17

Hot aggregate hopper capacity, m>

MakcruManbHa Maca CyMilli, K& 1500
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Maximum mass of the mixture, kg

MictkicTh OyHKepa ac(haabro0eTOHHOT cyMmili,
M’ (1)
Asphalt mix storage / capacity m>(t)

BIJICIK IIpsIMOTO 3aBaHTakeHHS — 4,2 (7,6)
BiJICik ac(anprobeTonHOi cymimti — 22,4 (40,3)
direct loading compartment — 4,2 (7,6)
asphalt mix compartment — 22,4 (40,3)

MicTtkicTb OyHKepa JUTsi HAIOBHIOBaua 32,5
(MiHepaJILHOTO TIOPOILIKY), M

Capacity of the filler (limestone powder)

hopper, m’*

MicTkicTh OyHKepa IUIOBIOBIOBAYA, M 32,5

Dust hopper capacity, m’

Tun nuoBIOBIIOBaYa
Type of dust hopper

pyKaBHUI QUIBTP, IO pereHepy€eThCA 3a
paxyHOK TATH IUMOCOCa
bag filter, regenerated through the draft of the
smoke extractor

ITnoma Qinerpanii pykaBHUX (GiIbTPiB, M? 509
Filtration area of bag filters, m’

3araiibHa MICTKICTh OITyMHUX IIUCTEPH, M 2-50=100
Total capacity of bitumen tanks, m’

Posmip Malimangauk 1yt oOMaiHaHHS, M * M 41 - 32

Equipment area size, m - m

AOIATOK 4. BATPATA MATEPIAJIIB
HA ITPUT'OTYBAHHS OJHIEI TOHHHA

APPENDIX 4. MATERIAL
CONSUMPTION FOR PREPARING ONE

ACPAJIBTOBETOHY TONNE OF ASPHALT CONCRETE
Tun cyminri
OnuHuUI Mix type
CxmazmoBa BUMIpIOBaHHS | Tpy0Oo3epHHCTa | NpiOHO3EpHHCTA
Component Unit of (AC-25) (AC-13)
measurement coarse-grained fine-grained
(AC-25) (AC-13)
Kpynnuii 3anmoBHioBay (11e6idb) 25-40
MM KT 278
Coarse aggregate (crushed stone) 25-40 kg a
mm
KpynHuuii 3anoBHioBay (11ebinp) 20-25 KT
o ke 202 -
Coarse aggregate (crushed stone) 20-25
mm
Kpynuuii 3anoBHioBay (11e6inp) 5-10 mm KT
Coarse aggregate (crushed stone) 5-10 kg 154 396
mm
Kpynnuii 3anoBHioBay (11e6iHb) 3-5 MM KT 76 114
Coarse aggregate (crushed stone) 3-5 mm kg
JpiOHuit 3an0BHIOBAY (MMiCOK) KT
Fine aggregate (sand) kg 210 340
HanoBHtoBau (MiHepaIbHUI MOPOIIOK) KT 33 94
Filler (limestone powder) kg
AcdainbToBe B’ spxyue (6iTym) KT 4 56
Asphalt binder (bitumen) kg
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JAOIATOK 5. IHIII BEJIMYUHU, IO APPENDIX 5. OTHER VALUES USED

BUKOPUCTOBYIOTBCSA JIA FOR CALCULATING THE ENERGY
PO3PAXYHKY EHEPTOCIIOXKUBAHHSA CONSUMPTION OF ASPHALT
IIPU NPUT'OTYBAHHI CONCRETE MIX PREPARING
ACOAJIBTOBETOHHOI CYMIHII
[TapameTtp 3HaueHHS
Parameter Value
Di3uuni XapaKkmepucmuxku mamepianie
Physical specifications of materials
Bosoricte marepiainis (micky Ta mebeHto), % 10
Moisture content of materials (sand and crushed stone), %
CepeiHs HACUITHA IUIBHICT acanbTOOeTOHHOT cyMimti, Kr/m>
. . 3 1800
Averaged bulk density of asphalt mix, kg/m
[[inbHICTh KPYIMHO3EPHUCTOTO ac(ansToOeToHy, KI/M> 2340
Density of coarse-grained asphalt concrete, kg/m?
IlinbHicTh IpiGHO3EpHUCTOrO ac(anbTo6eTO Yy, KI/M> 2380
Density of fine-grained asphalt concrete, kg/m?
Yac 8UKOHAHHS MEXHON02IYHUX onepayitl, ¢ “
Technological operations time, s “
3BaXKyBaHHS KZ%M’S‘IHI/IX MarepiaiB 44 (30)
Aggregates weighing
Jlo3yBaHHS §1TyMy 12 (12)
Dosage of bitumen
3aBaHTa)KEHHS Ta 3MIIIYBaHHS 3alI0OBHIOBAYiB y 3MIIIyBaJIbHIH
YCTaHOBIII («CyXe» 3MIIIyBaHHs) 23 (8)
Loading and mixing aggregates in mixer (“dry” mixing)
3anuBaHHA 0ITYyMy B 3MillIyBay
. . ; . 10 (10)
Pouring bitumen into the mixer
3MinTyBaHHS 3aIIOBHIOBAYIB 13 O1TYMOM («MOKpE» 3MIITyBaHHs) 35 (30)
Mixing aggregates with bitumen (“wet” mixing)
BupanrtaxxeHHs acganbTo0EeTOHHOT cyMmilii
) ) 12 (12)
Asphalt mix unloading
. 6
3aranbHa TPUBAIICTH POGOYOTO MUKITY O 124 (90)

Total duration of the working cycle

3 Yycrna 6e3 Jy’KOK — 4ac TEXHOJIOTTYHUX OMepaliii A7 BUTOTOBJICHHS JpiOHO3EPHUCTOT

acdanprodeToHHOi cyMmii. [ludpu B 1yxKax — yac TEXHOJOTIUHUX ONEpalii A BUTOTOBICHHS

KPYITHO3EpHHUCTOI ac(haabTOOETOHHOT CyMIllIi.

% Non-bracket numbers are the time of technological operations for the fine-grained asphalt mix
manufacturing. The numbers in brackets are the time of technological operations for the coarse-

grained asphalt mix manufacturing.

® 3arangpbHa TPUBANICTh HE BKIIOYAE J03yBaHHS OITYMY, OCKUIBKH 1151 ONepallisi BUKOHYEThCS

OJHOYAaCHO 31 3BaXXYBAaHHAM 3aIIOBHIOBAYIB.

® Total duration does not include dosage of bitumen because this operation is performed

simultaneously with aggregates weighing.
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JIONATOK 6. IAJIMBO, HEOBXIJIHE JJI51
BUCYILIYBAHHSI 3ATIOBHIOBAYA (HA DRY AGGREGATE (ASPHALT
AC®AJBTOBETOHHMX 3ABO/IAX) PLANTS) (WOODROW J.H., TABLE 16
(WOODROW J.H., TABJL 16 [5]) 15])

APPENDIX 6. FUEL REQUIRED TO

BomnoricTs 3anoBHioBaya (%) Ma3zyt Ne 2 Ha Kr 3amoBHIOBa4a (JI/KT)
Moisture content of aggregate (%) No. 2 fuel oil per kg of aggregate (I'kg)

10 0,013
9 0,012
8 0,011
7 0,010
6 0,009
5 0,008
4 0,007
3 0,006
2 0,006

APPENDIX 7. ESTIMATED ENERGY USE
IN CONVENTIONAL ASPHALT PLANT
OPERATIONS » (WOODROW J.H.,
TABLE 17 [5])

JOJIATOK 7. OPIEHTOBHE
BUKOPUCTAHHS EHEPI'TI HA
3BUMAMHUX ACPAJTBTOBETOHHUX
3ABOJAX » (WOODROW J.H., TABJI 17

[SD
lapsumii acdanbrobeTon [apsiunii acanprodbeTon
OO6nagHaHHA (BTU/T1) (xJIx/kr)
Item Hot-mixed asphalt concrete Hot-mixed asphalt concrete
(Btu/ton) (kJ/kg)
36epiranns acdansry © 6 400 7,443
Asphalt storage ®
Xosonaua mogaga ® 4730 5,501
Cold feed ©
Cymrapka Ta BUTSDKHI 4770 5,548
BEHTUIIATOPH TOIIO "
Dryer and exhaust fans, etc. 9
3MimryBanbHa yCTaHOBKA ») 3920 4,559
Mixing plant ©
Bcerporo 19 820 23,051
Total
Oxpyreno 19 800 23,027
Rounded

9 Ha ocHOBi nanux IHCTUTYTY achabTy.
9 Based on data from the Asphalt Institute.
% [Ipu cepesHbOMY BUKOPUCTAHHI 3aBOJLY.

® Based on average plant use.

® [Ipu BuTpaTi GeHsuHy 7 ramon/roi i mpoaykrusHocTi 200 T/rox mmoc 0,07 (K.C.-TOMX)/TOHHY,
po3paxoBanux Ha 0,06 rajoH/roA 1 Bl TPETUHU €KCIUTyaTalliifHOT €()eKTUBHOCTI.
© Based on gasoline use of 7 gal/hr with production of 200 ton/hr plus 0,07 (hp-hr)/ton calculated
at 0,06 gal/(hp-hr) and two-thirds operational efficiency.
D Tlpu 0,95 K.c.'TOA/TOHHY HpU ABOX TPETUHAX eKCIUTyaTaliiHoi edekrtuBHOCTI Ta 0,06

rajoH/(K.c.-Tox).

9 Based on 0,95 (hp-hr)/ton at two-thirds operational efficiency and 0,06 gal/(hp-hr).
Y TIpu 0,78 (k.c..-TOM)/TOHHY HpU JBOX TPETMHAX eKCIUTyaTaliitHoi edekTuBHOCTI Ta 0,06

rajoH/(K.c.-Tox).

® Based on 0,78 (hp-hr)/ton at two-thirds operational efficiency and 0,06 gal/(hp-hr).
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JOIATOK 8. BUTPATA ITAJIBHOI'O

BAHTAKIBKAMM, SAKI IIEPEBO34Tb
JAOPOXHI BYAIBEJIbHI MATEPIAJIN

APPENDIX 8. ESTIMATES OF FUEL USE

BY TRUCKS HAULING HIGHWAY
CONSTRUCTION MATERIALS

(WOODROW J.H., TABJL 14 [5]) (WOODROW J.H., TABLE 14 [5])
Butpara nanasHoro
CepeﬂH;{ Fuel use 2)
. Tum BUTpaTa IToBHe A 3
Marepian, sikuit . MaJILHOTO HaBaHTa- E o E g
TIePEBO3UTHCS TOXHIKH (MwTB/TaNoOH) | JKeHHS (TOHH) B § g = E £
; Type of = 5 2 g /(KT KM)
Material hauled ; ¢ Average fuel | Assumed full = £ 3 = E 8 V(kekm
cquipmen economy load (tons) = g 5; M g3 (kg-km)
(mpg) e B
3arnoBHIOBAY,
MiCOK,
ac¢anbTo0eTOH,
JIM3eNb
TopTIanj- 5-BicHUH
[EMEHT diesel 5 22 0,0182 2500 0,0000472
Aggregate, 5 axle
sand, asphalt
cement,
portland cement
Acdanbro- ——
OeToHHa rapsya 3z-lBic£m71
CyMi, diesel 7 10 0,0286 4000 0,0000742
nepep96neHI/m 3 axle
Marepian,
MOpTIIaHI-
LIEMEHT, OETOH
Asphalt hot mix, OeH3MH
recycled 3-BicHuii 5 10 0,0400 5560 0,0001037
material, gasoline
portland 3 axle
cement,
concrete

9 Bpa)kaeTbCs, 10 TPAHCIIOPTHI 3aCO0M PyXalOThCA B OJMH OiK MOBHICTIO 3aBaHTA)KEHUMH, a
MOBEPTAIOThCS TOpokHIMU. [IpoiieHa BincTaHb AOPIBHIOE IMOABOEHINM BIJICTaHI MiX ITYHKTOM
BI/IMpaBJIeHHs Ta IMyHKTOM JIOCTAaBKHU. SIKIO TpaHCHOPTHI 3acoOM 3aBaHTaKeHI B 0OHMBa OOKH,

BUKOPHUCTaHHS NanuBa Oyie IpUOIU3HO B/IB1Ul MEHIIIMM BiJl HABEJICHUX 3HAYCHb.

% Vehicles are assumed to move one way fully loaded and return empty. Distance travelled is twice
the distance between the point of origin and the point of delivery. If vehicles are loaded both ways,
fuel use would be approximately one-half of the values given.

TIONATOK 9. MEPEPAXYHOK EHEPTTi

NEPEPOBKM TA TEILJIOTBOPHOI

EHEPI'Ti B EKBIBAJIEHT
JU3EJBHOI'O MAJIMBA TA OJJMHUIII
CI » (WOODROW J.H., TABJI. B-1 [5])

APPENDIX 9. PROCESSING AND

CALORIFIC ENERGY FACTORS IN

TERMS OF EQUIVALENT GALLONS OF
DIESEL FUEL » (WOODROW J.H.,
TABLE B-1 [5])

ExBiBasieHT IM3€IHLHOTO

Marepian nlggzg):;;?}:y nammsa K Jx/KT k/x/n /KT
Material Conversion Diesel fuel equivalent kJ/kg kJ/1 I/kg
P Ha TAJIOH | HA aM. TOHHY
actor
per gal per ton
Enepeia

nepepooku (Ep)

Processing energy

(Ey)
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[Toptnana- 7,232-10°
IIEMEHT BTU/am.TOHHY 52,03 8410,816
Portland cement | 7,232-10° Btu/ton
587 000
igg’lf;‘t’i‘;iizzf BTU/am.ToHHY 4,22 682,681
587 000 Btu/ton
[1e6inn 58 100
Crushed BTU/am.TOHHY 0,42 67,570
aggregate 58 100 Btu/ton
[Ticok, rpasiit 15000
Sand ,gravel BTU/am.ToHHY 0,11 17,445
’ 15 000 Btu/ton
MinHepanbHuid 58 100
MOPOIIOK BTU/am.ToHHY 0,42 67,570
Filler 58 100 Btu/ton
Emynecist CMS- 10 200
2 BTU/ranon 0,073 2842,903
CMS-2 emulsion | 10 200 Btu/gal
241
raJIoH/aM.TOHHY 17,6 1,006
241 gal/ton
: 59 500
oM M0 | BTU/ranon 0,428 16583,602
59 500 Btu/gal
ApmarypHa 24-10°
cTalb BTU/am.TOHHY 172,7 27912,000
Reinforcing steel | 24-10° Btu/ton
Tennomeopha
(xanopiiina)
enepeis (Ey)
Calorific energy
(Ew) :
37,1-10
ﬁgg;;‘i‘ﬁiﬁf BTU/am.TonHy 266,9 43147,300
37,1-10° Btu/ton
]25Mynbcm CMS- 115 000
CMS-2 BTU/ranon 0,827 32052,340
. 115 000 Btu/gal
Emulsion
. 148 000
R}g_l\; ONi St_lz:l)ck BTU/ranon 1,065 41249,968
148 000 Btu/gal
IToptnana-
[IEMEHT,
3aMOBHIOBAY,
TCOK, I1e0IHb — —
Portland cement,
aggregate, sand,
gravel

% Tlepepaxosano aist 139 000 BTU/rasoH.

% Converted on basis of 139 000 Btu/gal.
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