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Fig. 1. Dependence of consumed energy (E) and specific energy (e) on the weight
of the load to be lifted.

OmamOa Bobl, H Lodsmwgbg Gzom®mols sfigzobsmazols s9fg30 dgdsbo-
dols doge mbIsMgdao xsdmGmo gbghgos FoMamoagbl sfgmmo @GHzom-
00l 3sLol §OHR03, BOHI© BMBI30L. gb BYbE0s SLY3g Fgoie3L dmdog
9000bglsg - LabgaEmMdE dggoboBaols godzqdolsls FdMWMBsgo Bofiowgdols
SLoBJoMGdWs@ LoFoMm 3069303MM0 gbgMyosls, MHMIGEIOE o6 5Ol sIm-

195



5. grm3ody, 3. 3393599

3000900 {990 BH300Mm0L dobsBy. gb BodbsgL, HMA WE30MmMME Sdma-
53900l MMbyE 30 394s60BTo dmobIsMb gbghgosl, HmAwrols 360dzbgem-
055 Ekrp. @05 >0. LmMgo 530l 20dm bogds, HmI, MmEaLsg sbsfg30 BH30M-
00U sbd 330MHYdS (Q — 0), 35306 FmMbIsMIGdo B3gOMOMO 9bgMyos do-
AMMBL (e —> ). SBYoO (33¢0Egds FoBLEIMIMGOO 0AMABMBDS Sbsfig30
G300m0L  FgoMgdoo  dgotg  dsbol  Ggdombggzsdo, Mm@
Q<(0,1+0,2) Qrax. 03 g00b393530, OM@ILSE SL5FI30 BHZ0MMOL Jsls 0bBM©I-
05, 35306 0353 9dL LEsEH03MMO §obssdgamds, s Tglsdsdols 0bMEYds
dmbdogdmo 96900l Momgbmdss, 0d3s, BH30MmOL dsbol gHmgme-
b9 Imbryamo 3mbdsmgdao b3gMomo 9bghaos e mbog, Joa™Msd 30M©Y-
ds. gl 300Gl 0oy, MMI gbgMyools 360d3bgamgsbo sbmygs dgod-
@9ds 3mbgli MMM 9§90 BH30Mm0L JsbolL AsbM©oo (dolo
305beMmgd0m 5ol ogudo®  Cmax BZ0MDHYMBOBE). Bodswoms,
05305300056 Bobls, HM3 dm393e0 JobsLosmgdEGdOL 3dmbyg safols Lodeys-
gdoom 10 @ dsbol GHz00Mm0l 3 3 LOJsMEgby slsHg3zo obstxgds 0,102
33&: Lo gbge0s. 02039 X930 dsbol dmbg 1 GHmbosbo 10 gMongryero
A300m0L 03039 LOTMEGBY (39e-(39e39 9§935B9 30 - Lvyew ¥ 6380 dmobds-
0905 0,134 333 b 9bgeRy0s, MoE isbmgdom 30-32%-00> 39305, 3000MY
o0 g dbsFg390 LoFoMm gbgtans. 53sLmeb, sbodbwremo EzoMmols
BOW-(350039 9{930L qdmbgg35d0, d1939 AoLOMZoEOLF0BdYE0s 39M0gE0
5950l Lafyol daMmTotmgmdsdo (19396) edGmMBadoLsm30l gbgMA0OL obsm-
X35 965 1-x96M, 5653900 10-x 9.

50235050, 969M2M9R9JEIOMBOL $F50gdols gHPIMHO B s353d0-
00 H30000900L (LoBZ0MMM GMMGMEgdolL) AsaLbZ30WGdLME s
BHZ0M035-356330030L  IMFYMdOEMdGOOL  BH30MHedfgmdol doglods-
O 459MYgbgdolmsb, Mo 8god30MgdL Imfigmdowwmdgdol bgwdg@o dma-
Momdgd0L (vgdo bgargdol) GoEbal. s byl Fgmiymdl gbgMaooL sbmy-
3dL.

3MLYdMEO FgOMEYBOLHRSE 2oBLb339B0m, MMM MZoLOBOBbMYdOLS
Q5 369303530 259mygbgdols 3s3sMEH039d0L doBbom, s3E™MMdOL dogH gd-
B3B3l 3OM3gLOLIM30L Fgdm G600 0465 FoMpo Jdggdol 3mgeo-
30960 Abgaglo Loool - gbgtMamgngddrMmdols BsMEMdomo dshz9690-
@ob (0=<n:<1) 369ds. 0g0 5MHOL VBEbMmIodM LoWOEY s FoMHIMIAIBL
b5 3909LM bogJL3EIYSEIEOM 30MHMBYBT0 BZ0MMOL 535Dy IbIMR O
b3906H000 969600l 8g83MHgdsL dm399)e LogdLBEIMsEs30Mm 30MMdYOT0

196



53530 F9Mgomamols Labgedfoxm mbogglio@g@ol 8msddg, 2025, N2(26)

G300 519357 obatx e H3gMom 9HIMR0LmMB. oo 0ms, 0¥
L599399LM  BogdudEedeEom 30MHMddT0 bgds Aol BH30Mmedfgmdols
O 25dmygbgds, beagnm dmEgdwyar 30MHMdIdT0 BHZ0MMOL o935 230b-
905 Bo3egdo dsbmo 3mMEoMdom, 35306 Lbgs msbsdst  30MHMdIdT0

A3060000b 5§935%9 obaMx M0 bggo®Mmomo 9bgmaos dodmemdls, 9bgtymy-

29dAMOMO0L BoMHMdom0 IsB3969d9mo Nr 30 - FE0MEYds. 3M0dG0IMWO
358049496500l 035¢LsBMOLOm J0BBIgfFmbogos 5§gmwo BHz0Mmol 3mM-

300L 3sLs 498m3LabMmo 3™ SdLMEEWMMO 360dzbgEmdom, sMsdg B306M-
0530 gmdols Jobgz0m 53fol 35dmygbgdols 3mgn0E0gbEoLs s sdfiols dsduo-
3oeM0 30003(gMd0L LodwsEgdom Q=ke Qnax (Anexcarapos 2000, 82).
096 530l BodlodsEMo FH30M53(gMds 5Ol dvydogo (oLMosBo
5959900l 25Ms), 930G™MI 9bgMHAMIRBIIBHIOMBOL BoMPMBOMO JoB39bgd-
ol 4M583030 G90degds 53530 3H30053(gmdols dobgzom 3ol 3odm-

496900l kQ 3m95303096¢BY ©8MI0EIBMEBO® @S 25B35BMYIEMM 0y
AbaogLio G030l s3(gdolsmzol.

B306 3096 539090 SBgMO OMI00GdIMGdOL Mo33030 5f9g30L Lbgs-
QsLbgs LodsEeol gdmbgggzsdo dmygzeboeos vy, 2-%by.

Do 960o 46553030056 BIBL, HMAB Moz Ma3™@ g 0s G300msdf-
mdol dobgg00 s3(ol A5dmygbgdols 3Mman303096G0 (£Q), J0m B9B0s G-
3060035-2563300Hm30L 3OMEglido 3fg30 99dsboBdol gbgMamgmgdEGm-
B0l 53oMHMdOmO do5B396909e0. gl 353969090 2oBLSIMPMGIOT BSOS
35806, ®mgbog ke< 0,1+0,2. 580GH™MI IEZ0MMZ5-356@30MmM30L d3MmiEglido
sbgoo Ggdmbgz93900 FoglodoyMms bs 04bsL QodmMoEbuo. gbgtmamg-
1399GHI-OMdOL BoMmdom oh39b9dgwbg g3y Bo3egbol SHLIBL BHzoM-
00l 5{930L Lodswangs (0g039 SBFg30 397oboBaoL B30l bobyMdeogm-
05). dvmo 3oty 36083b6gemdols 39dmbggzedo ofig30l m3gMmoools Bglitrm-
@900LsL 3OMEgbEHWWI Loa™MAbmd ol 035390l dggoboBol SLshdsmgd-
@5 LoFoMm gbgMaos, Mol godma 96gMaMaR39JEIMMBOL FsMHMBOMO Joh-
3969090 50l 89oMmgdom bs3angdo.

197



5. evm3ody, 3. 3393599

Nr T
H=20m(d) —
0.8 i e e el
/.—. '____—__'
///“%Sm(a) \ H=2m(d) \ H=1m(9)
//
0,6 , ]
> /7
0,4 /
0,2

0 0.1 02 03 0.4 05 06 0,7 0.8 09 ko
e, 2. 9696amgngdBHMGmdOl gstmdomo 8sBzgbgdmols ©sdm30gdvmgds
3306053fgmdols dobggom 53fols 338mygbgdols 3mgxroEogbd by, s§gz0lL
Libgsgoslsbgs bodseemols 3g80bgggsdo.
Fig. 2. Dependence of energy efficiency on the crane utilization coefficient by load
capacity, for different lifting heights.
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A methodology has been developed for calculating the amount of energy
consumed during individual operations of the loading-unloading process. The graphs of
the change in the amount of consumed energy have been built based on the mass of the
lifted load at different lifting heights. For assessing energy efficiency, a parameter has
been introduced — the usefill work performed by the crane as a result of consuming 1
kWh of energy. A graph of its dependency on the load capacity is created based on the
crane’s usage coefficient. Based on the analysis of the graphs, some possible ways to
improve the energy efficiency of the loading-unloading process are proposed.

Keywords: load-unload, energy, saving, productivity

A considerable share of the cost of cargo transportation comes from loading
and unloading operations. Therefore, increasing the efficiency of the use of
technical means for these operations is one of the important issues in the field
of transport.

The efficiency of loading and unloading machines under the same
operating conditions can be assessed by the amount of energy spent on
reloading a unit mass of cargo, the productivity of the reloading process, etc.

Energy efficiency does not mean the introduction of restrictions on energy
usage. It refers to the rational use of energy and the reduction of its losses,
while effectively using energy is one of the most efficient ways to save financial
resources and create additional jobs. Due to the growing demand for energy, it
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is desirable to perform the same amount of loading and unloading operations
with lower energy consumption.

A number of scientific publications are devoted to energy saving and
improving energy efficiency in the transport sector, including works
(Varshanidze 2023, Purtskhvanidze, Khintibidze 2024, Purtskhvanidze, Lezhava
2024, Klubnichkin 2025, Kunygina 2024).

Despite existing works, the possibilities of energy saving in the loading-
unloading process of vehicles, specifically in the case of lifting cargo units in
groups with a crane (and consequently increasing the coefficient of usage based
on the crane's lifting capacity), have mnot yet been explored.
The aim of this work is to find possible ways to increase energy efficiency in the
loading-unloading process.

A typical technological cycle of cargo handling by means of a crane may
generally include the operations of hitching a hanger to the cargo, raising it to a
height of Hi, moving the cart and/or crane a distance L (or turning the crane
through on angle ¢), lowering the cargo to a height of A2 and removing it.
After that, in the opposite direction, the empty hanger should be returned to its
original position. All of the above operations, except for hooking and
unhooking the load, consume a significant amount of energy. These energies
can be calculated separately.

When lifting the cargo to a height A, we have the processes of launch,
steady motion and finally braking. Energy is consumed during the processes of
launch and steady motion of the lifting mechanism. When lifting a load, the
energy is not only spent on overcoming the static resistance necessary for the
change of its potential energy, but it is also spent on giving certain kinetic
energies to the kargo and moving parts of the lifting mechanism, due to which
the speed of the cargo increases from 0 to ve.. Hence, in the process of launching
(during acceleration), a certain amount of energy is converted into the kinetic
energy of the cargo and lifting mechanism, the total amount of which (in
joules) will be (Form. (1)):

where Ei:rm is the kinetic energy of rectilinearly moving masses, and Ekrp -
the kinetic energy of the rotating parts of the mechanism during steady motion;

Qand G — masses of cargo and suspension (crane hook), respectively (kg);

n—the number of shafts rotating at different speeds;

Jiand @i— the moment of inertia of the 7-th shaft of the mechanism (kg-m?)
and the angular speed of rotation (sec), respectively.

During steady motion, the engine only has to overcome static resistance
(the gravitational force of the load). The work done in joules to lift the load to a
height H will be equal to (Form. (2)):

Here g is the acceleration of gravity (9,81 m/sec?);
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nim — efficiency of the lifting mechanism.

If we consider that Ga=~ 0,025Q, then In the case of an electric drive, the
total energy consumed by the lifting mechanism when lifting the cargo to a
height A, in kilowatt-hours, will be (Form. (3)). Here 7jeme is electric motor
efficiency.

As can be seen from formula (3), the total energy spent on lifting a load to a
height His proportional to the mass (weight) of the load being lifted. However,
it is also supplemented by the kinetic energy necessary to accelerate the
rotating parts during launch, which does not depend on the weight of the load
being lifted. This additional energy during one lift is consumed as many times
as the number of times the crane's lifting mechanism will be turned on.

Using the above formulas, the amount of energy required to lift cargoes
with masses of 0, 1, 2, ... 10 tons at various heights was calculated. For each of
these cases, the specific energies (e) were also determined, that is, the energy
consumed per 1 ton of cargo.

A diagram illustrating the relationship between these quantities for a
lifting mechanism, with indicators (w:=75 sec! (zdr= 715 rot/min, Nar = 22 kw);
Ji=3,95 kg:m? v-=20 m/min= 0,33 m/sec), is shown in Figure 1.

As can be seen from the diagram above, even when the mechanism is
turned on without a cargo, it consumes quite a lot of energy, the amount of
which, when the mechanism is turned on once, is equal to ElLm. If it is
necessary to accurately place the cargo during unloading, then we may have to
start the mechanisms several times, as a result of which, accordingly, the
amount of energy consumed will increase even more.

When the mass of the lifted load (cargo) increases, then, naturally, the
static resistance increases and, accordingly, the amount of energy consumed
increases. However, the specific energy e per unit mass of cargo is significantly
reduced. This indicates that significant energy savings can be achieved by
increasing the total weight of the load being lifted (bringing it closer to the
crane's rated lifting capacity) each time the gear is engaged. For example, the
diagram shows that lifting a load weighing 10 tons to a height of 3 m using a
crane with given characteristics requires 0,102 kW-h of energy. Lifting 10 units
of 1 ton cargo with the same total mass to the same height separately consumes
0,134 kWh of energy, which is about 30-32% more than the energy required to
lift them together. In addition, in the case of separate lifting of the specified
load, it is necessary to take into account the energy costs of returning the empty
crane to its original position not 1 time, but 10 times.

The specific energy spent on lifting the cargo gives a certain idea about the
energy efficiency of the loading-unloading process. However, for better
visibility and convenience, we have introduced a dimensionless quantity (1)),
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which represents the useful work (ton:m) performed by the crane when
consuming 1 kWh of electricity under the given operating conditions. It is a
proportional quantity of the crane mechanism's efficiency and shows what
portion of the consumed electrical energy is used for performing useful work.
As the calculations showed, n depends not only on the characteristics of the
crane but also on the operating conditions, such as how the cargo is lifted in
mass portions and at what heights the cargo is being transferred.

Furthermore, in order to simplify the practical application of the research
results, the energy efficiency indicator (the useful work performed by the crane
when consuming 1 kWh of electricity) introduced by us is recommended to be
determined not based on the absolute mass of the cargo, but rather in relation
to the crane's utilization coefficient based on its lifting capacity (kQ =
Q/Q_nom) (Anexcanzapos 2000, 82). A graph of this relationship is presented in
Figure 2.

The graph shows that the higher the crane's utilization coefficient (kQ)
based on lifting capacity, the greater the energy efficiency in crane usage. A
similar pattern exists for other crane mechanisms.

The energy expended when moving a crane or trolley (cart) a distance L
and turning the crane through an angle @, in kilowatt-hours, is calculated
accordingly using the formulas (Form. (4)):

And the energies (in joules) required to accelerate the crane movement and
rotation mechanisms can be calculated accordingly using the following
formulas (Form. (6 and 7)):

where, the energy required to accelerate the trolley (in Joules) is (Form.
®)

Here Gerand Gir are the masses of the crane and trolley (kg); ver and ver are
the speeds of their movement during steady motion (m/sec);

Jiand i — moment of inertia (kg-m?) and angular speed of rotation (sec!) of
the i-th shaft of the corresponding mechanism;

Jt and ®«— moment of inertia of the rotating part of the crane (kg:m?) and
angular speed of rotation (sec!); R - Crane reach (radius), (m).

The work done to overcome active resistance when moving a crane or
trolley a distance Z, and when turning the crane through an angle @, is equal to
(Form. (8)):

Wr is the force of resistance to the movement of a trolley or crane (/V), and
Mr is the moment of resistance to rotation of the crane (/V-m) during steady
motion, which (taking into account the specific design of the crane and the
weight of the load is determined by known formulas); 7mm and 7em -
respectively, the efficiency of the moving and turning mechanisms.
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In the case of moving and turning mechanisms, the dependence of the
amount of energy expended on the weight of the load (as well as on the number
of activations of the mechanism in one operation) has the same character as in
the case of a lifting mechanism. As established by calculations, the effect of
changes in the weight of the load on the energy consumed during these
operations is relatively insignificant, since the total mass of the moving parts of
the crane significantly exceeds the maximum lifting capacity of the crane.
Therefore, other things being equal, the mechanisms of movement and rotation
spend almost the same amount (slightly more) of energy when moving a load of
maximum mass as when moving a load of small mass. Due to this, when cargo
units are enlarged, the specific energy spent on their horizontal movement is
reduced in percentage even more than in the case of a lifting operation.

As we can see, the specific energy consumed during the reloading of the
cargo is reduced for all energy-consuming operations. Therefore, the amount of
energy saved during the whole cycle will be quite significant.

More than 20% of the total cargo turnover of ports is packaged cargo.
When transporting such cargo, loading and unloading it in packages or
containers has a particularly great effect in order to enlarge the cargo units
being lifted, and therefore save energy consumption.

To reduce the number of lifting mechanisms engagements and ensure a
slow lowering of the cargo, it is recommended to use multi-speed lifting
mechanisms. In this case, a low speed will be used before placing the cargo, and
a relatively high one will be used the rest of the time. In addition, changing the
speed in this case requires relatively less energy than starting the mechanism
from the beginning.

Increasing the productivity of loading and unloading machines, in addition
to those listed, is also possible due to the simultaneous performance of
individual reloading operations (for example, lifting and lowering operations
with a crane, turning it or partially combining it with another operation). It is
also important to improve the design of load-receiving devices, which will
reduce the time of attaching them to the load and detaching it from it. And
reducing the loading and unloading cycle time leads to increased productivity
and, accordingly, efficiency. A particularly significant energy saving
opportunity for loading and unloading processes in ports is the use of a direct
(without passing through warehouses) option for transshipment. However, due
to the complexity of planning, its implementation is only partially possible.

Thus, in the article, a methodology has been developed for calculating the
amount of energy consumed during individual operations of the cargo loading-
unloading process. Graphs of the relationship between the amount of energy
consumed and the lifted cargo mass for various lifting heights were constructed.
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For the assessment of energy efficiency, a dimensionless quantity — the useful
work performed by the crane when consuming 1 kWh of energy (n) — was
introduced. Graphs of its relationship with the crane's utilization coefficient
based on lifting capacity were constructed, and based on their analysis, some
possible ways (certain recommendations) to improve the energy efficiency of
the loading-unloading process were suggested.
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