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The problem of optimizing pumping units for oil transportation

!Bekibayev T.T., ** Ramazanova G.l., 2Pakhomov M.A.

1Satbayev University, Almaty, Kazakhstan

2 Kutateladze Institute of Thermophysics, Siberian Branch of the Russian Academy of Science, Novosibirsk, Russia

* Corresponding author email: gaukhar.ri@gmail.com, g.ramazanova@satbayev.university

Received: 28 September 2021
Peer-reviewed: 30 November 2021
Accepted: 02 February 2022

ABSTRACT

During pipeline transportation of oil through main oil pipelines, the greater part of the energy
consumed is spent on the operation of main and booster pumping units at oil pumping stations. In this
regard, the determination of the optimal operating modes of pumping units is an urgent problem for
energy saving. The article is devoted to the optimization of the operation of pumping units for energy
saving of oil pipeline transport. The operation of pumping units is regulated using removable rotors
with different diameters of impellers or a frequency-controlled drive. An optimization criterion has
been formulated to minimize the operating costs of pumping units. A technique for determining the
energy consumption of pumping units with different diameters of impellers and a frequency-
controlled drive is presented. An algorithm for finding the optimal operating mode of pumping units is
presented, which was built using the definitions of graph theory and dynamic programming.
Keywords: energy-saving, oil transportation, graph theory,
programming.

optimization criterion, dynamic

Bekibayev Timur Talgatovich

Information about authors:

Master of engineering and technology, head of section. Non-commercial joint-stock company
"Satbayev University", Research and Production Laboratory “Energy Modeling”, Almaty, the Republic
of Kazakhstan. E-mail: timur_bekibaev@mail.ru, https://orcid.org/0000-0001-7030-0015

Ramazanova Gaukhar Izbasarovna

Candidate of physical and mathematical sciences, Leading Researcher. Non-commercial joint-stock
company "Satbayev University", Research and Production Laboratory “Energy Modeling”, Almaty, the
Republic of Kazakhstan. E-mail: gaukhar.ri@gmail.com, g.ramazanova@satbayev.university,
https://orcid.org/0000-0002-8689-9293

Pakhomov Maksim Aleksandrovich

Doctor of Physical and Mathematical Sciences, Professor, Leading Researcher, Kutateladze Institute of
Thermophysics, Siberian Branch of the Russian Academy of Science, Novosibirsk, Russia. h-index: 15;
Scopus ID: 6602734341. E-mail: pakhomov@ngs.ru

Introduction

The main consumers

of electricity when

algorithm for calculating the energy-saving
pumping mode without intermediate heating of oil
is developed.

pumping oil through main oil pipelines are pumping
units (PU) at oil pumping stations (OPS). Problems
of optimizing operating modes of pumping units are
considered in [[1], [2], [3], [4], [5], [6], [7]].

Several oil pumping stations can be located in
the oil pipeline section. Regulating the operation of
main pumping units (MPU) is controlled by variable
frequency drives (VFD) or removable rotors. Such
control conditions of MPU in the MOP section lead
to difficulties in determining the objective function
[8].

Algorithm  development for  optimizing
calculations is the main problem for determining
energy-saving pumping modes. In this paper, a
general optimality criterion is formulated when
controlling MPU with VFD and removable rotors, an

A problem statement

The optimal combination of operating pumps is
being sought. At the same time, some pumps can
operate with VFD.

The optimization criterion is defined as:

n m;

>z N (k) —>min (1)

i=1

where n is the number of OPS in the section, m, is
the number of pumps in the i-th OPS, z, is the cost
of electricity in the i-th OPS tg/(kW-h); c; is the
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integer variable that takes the value 1, if the pump
is in operation, and O otherwise; NiJ.F’U is the power

consumption of the j-th PU of the i-th OPS (kW); k;

is the ratio of the rotor speed to the nominal speed
for the given pump.

The criterion (1) is considered together with the
conditions of safe pumping: satisfaction of the
setpoint chart; safe operation of pumps; prevention
of gravity flow of oil; accounting for pipeline
defects.

For any value of kij , itis true:

k:“i” <k; <1 (2)

where k™ is the lower limit of the rotation speed
ij

for any pump.

The number of simultaneously operating
pumps with VFD is limited by the number of drives
p in OPS. The number of pumps with VFD cannot
be greater than the number of drives themselves.
Therefore, for each i-th OPS, it is necessary to set a
limit on the number of simultaneously operating
pumps with VFD:

_Zlcij[l_kij]g i (3)
j=1

where operator [ ] means rounding operation to a
bigger side.

The pressure drop through a group of pumps
AP is determined by the formula:

0, c.=0

oper

AT QK= ng[&,k\,c >0 @

oper
‘oper

where Coper is the number of operating pumps in

the group, p is the oil density, H(Q,K) is the head
dependence on the flow rate for any pump in the
group.

Let's build a concrete view for the
dependencies H(Q,k) and P™ (Q,k).

To recalculate characteristics of the pump with

VFD, the well-known similarity formulas are used
[11]:

Q" /Q=k, H"/H =k?, N"®/N=k (5)

where Q,H,N and QVFD,HVFD NYFP are the flow

rate, head and power of the pump without VFD and
with VFD, respectively.

The curves of head and efficiency of pumps can
be approximated by polynomials of the third
degree [9]:

H(Q):COH +C1HQ+C2HQ2+C3HQ )

n(Q)=CJ +C/Q+CJQ*+CJQ )
where C/',C",C}',CJ' and C/,C/,C/,C! are the
coefficients of approximation of head and pump
efficiency, respectively.
The characteristic of pump head when working
with VFD:

H(Q,k)=C/'k* +C['kQ+C}'Q +% (7)

The characteristic of pump efficiency when
working with VFD can be written in the form [11]:

C/'Q N C'Q? N CrQ’

k k? k (®)

nQ.k)=Cl +

Thus, pump power has the form:

Cl'k°Q+Cl'k'Q* +CI'K’Q° +CI'k*Q*

N(@Q.k)=
Qk) CIk*+C/k’Q+CJkQ* +CIQ°

P9 (9)

Dependence (9), the efficiency of the clutch 7;
and the efficiency of the electric motor 7, uniquely

determine the power consumption of the entire
pumping unit:

NP (0.k)=NQK) NQK)
nmnel nm (10)
1_ 2
+ 77e| nom Nel o N2 (Qi k )
2’7e| nom 77m Nel nom

where N are the nominal values of

elnom ’ 77e| nom
power and efficiency of the electric motor,
Ky =N/ (7,Ny.0m) is the load factor of the electric
motor.

The pressure balance equation [9] can be
written in the form of pressure:

elnom

P+ Zn:mzi:APugf :ZHZAF}PR +Zn:APia° +APP + AP (11)
j i=1

res
i=1 j=1 i=1
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where P_ is the initial pressure; m¥ is the
number of pumping groups in OPS; APijg’ is the
pressure increase generated by the j-th pump
group of the i-th OPS; AP” is the pressure loss

after the pressure regulator (PR); AP* is the
pressure loss in the pipeline taking into account
hydrostatic pressure drop between the i-th and
(i+1)-th OPS at the flow rate Q ; AP” is the amount

of back pressure created by gate valve at the inlet
of the final OPS; P is the residual pressure.

The values of pressure drops through OPS and
pressure losses through the PR are the optimization
problem solution.

It is necessary to determine the limitation
imposed on the optimization problem solution by
pressure at the inlet and outlet of OPS. The
pressure at the inlet of the k-th oil pumping station

is equal to P, and at the outlet of OPS before the
PRis P and after the PRis P*"2.
Then, based on (11), we can write:

k=1 m" k-1 k-1 o
+ ZAPijgr _ APiPR _ZAPiac Zpkm min (12)
1 i i-1

j=1 i=1 i=

Pkin = Pinit

) gr
Pkoutl _ Pkm +§ :rjn:l Apkjgr < Pkoutl max
(13)

PkOlJIZ — Pkoutl —APkPR < PkOU'[Z max

where P"™ is the minimum allowable pressure at
the inlet of the k-th OPS, ™ and P2 are
the maximum allowable pressure before and after
the PR at the outlet of the k-th OPS.

A necessary and sufficient condition for the
forced oil flow in the i-th pipeline section with a
saddle point:

2 _max_AP* >0 (14)

Let be P™™* js the maximum allowable
pressure in the place of the pipe defect, which does
not cause its damage/deformation.

Then the necessary condition for taking into
account each j-th defect is as follows:

P(X )S deef max (15)

Each pump has an operating range with
permissible flow rates Qmi“,QmaX, which in the
VFD mode depend on the rotor speed:

Q™ (k) <Q=Q™ (k)  (16)

The condition for the cavitation-free operation
of each |-th group of pumps and the k-th OPS has
the form:

Pkllngr — Pkm +ZAijgr > Pkrlnmmgr (17)

j=1

In the operation of the pumps, overloading of
the electric motor is also not allowed:

N PU (Q’ k) < kover N nom (18)

where k®" =1.1 is the overload coefficient of the
electric motor.

The optimal solution search algorithm

The search algorithm is a nonlinear problem
programming, objective function (1) and
constraints (2, 3, 12-18) are non-linear functions.

In the optimization theory, the Lagrange
method is widely used for nonlinear programming
problems. In the considered problem, constraints
imposed on variables are inequalities, therefore, to
modify the method, the Karush-Kuhn-Tucker
conditions must be satisfied [10]. Constraint
functions are not continuously differentiable, which
contradicts the mandatory conditions of the
Lagrange method.

We have proposed an approach based on the
ideas of dynamic programming. The search
problem for the energy-saving mode can be divided
into many overlapping subtasks with finding the
optimal substructure. Using the problem solution
for n pumps, we can efficiently find solutions for
n+1 pumps.

The graph of the state of the operation of PU is
built. Each node of the graph contains data on the
number of used PU and their parameters, pressure
drop in the PR. Graph nodes are connected based
on the pressure characteristics of pumps and the
rotational speeds of their rotors. The subtask
solution transition to the general problem solution
is found and the correctness of the approach is
proved.

— 4) ——
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The object of each subtask is the cost
dependence function of consumed electricity S(P)
from the generated differential pressure of the
pump.

Naturally, that P>0. In the search for the
solution, instead of the continuous function S(P),
its discrete version is used. The pressure value is
presented discretely with a fairly small step
&, =0.01 bar.

The problem solution is stored in the discrete
array Info(P), which, for each value P, contains a
list of necessary pumps to create this pressure
drop. This array has rotational speed, used rotors,
as well as pressure loss values after the PR. Array
parameters for the particular P are determined by
unknowns ¢; and K of pumps in condition (1).

The cost function S(P) and the array of
solutions Info(P) for the pump without VFD are
written as:

P+P

S(P :{ pump
ZN PU (Q)’ P = Ppump
o, P P

pump

+ o0,

(19)

Info(P =
(pumpnumber), P=P,

pump

Where 7 is the cost of electricity tg/(kW-h), N"Y is

the consumed power of PU (kW), Q is the flow
rate, which passes through the pump (m3/h), Poump
is the pressure drop generated by the pump, which
is found as:

Ppump =[pgH(Q)]

where [ | is the rounding to the nearest rational
number with a step ¢,.

Similarly, S(P) and Info(P) are defined for
the pump with VFD:

P Pmin,Pmax
s =] o PelPm P
IN?Y(Q,k), Pe[P™, P™]
, Pg[Pmin’Pmax]
(pumpnumber) +k, P e[P™, P™]

(20)
Info(P ={

min

where p™ and p™ are the minimum and

maximum pressure drops.
If pumps are operating simultaneously in
parallel, then their cost function is defined as:

PP

pump

= . PU Q
(2 v

+ 00,

(P) (22)

where Ppump is the pressure drop created by pumps

operating in parallel.
For pumps operating in parallel in the VFD
mode, the function S (P) and array Info, (P) will

take the form similar to expressions (21).

In order to take into account the operating
area condition of the pump (18), it is necessary to
change the cost function according to the following
principle:

Sp - { S(P), QM<Q<Q™() )

+ 00, otherwise

Similarly, the cost function is adjusted if it is
necessary to take into account the operating
condition of the pump motor without overload
(20):

s(P :{S(P), NV QUK N

+ o0, otherwise

Definition 1.

The union of two functions S* and S® denotes
such the function S(P), that has the value for each

P:
S(P)=S*(P)US®(P) min(S*(P),S®(P)) (24)

Similarly, the union of two arrays Info® and

Info® denotes such the array Info(P) that has the
value for each P:

Info(P) = Info" (P) U Info" (P) =
Info" (P),5"(P)< S"(P)
Info®(P), " (P)>S”(P)

If the pump has several replaceable rotors,
then its cost function is determined by the
expression:

(25)

S(P) — o Srotor i (P)

— 4] ——
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where n is the number of replaceable rotors,

S™ is the cost function of the pump, when

working with the rotor i.

Similarly, its array of solutions Info(P) is

determined.

For each pressure value that a group of parallel
operating pumps can create, it is possible to find a
combination of pumps at which there will be a
minimum of costs. Obviously, the answer and
solution to this problem for a group of r pumps
will be "unions":

s =(Js,U..UlJs,. Us
Info® ={_J Info, U...U| J Info,_ Ulnfo

where US,, Ulnfo, are the "unions" of the
function S(P) and array Info(P), respectively, for

all samples of i pumps from the r group.

Definition 2.

The imposition of the function S® on the
function S* denotes the function S(P) that has
the value (similarly, for Info(P)) for each P:

S(P)=S"(P) (S )= (27)
=min(S*(P),S*(P-P")+S8(P))

where the variable value P” at the specific value P
is defined as:

P =argmin(S*(P-P")+S (P"))

28
[0, P] (28)

Definition 3.
Let's call the cost function S(P) optimal for

any set of pumps if, for any value of its argument
P, it contains the minimum cost that is necessary
to create pressures with the value P using some
pumps from the required set.

The optimal cost function S (P) and its array

of solutions InfoS, (P) at the outlet from stations

will be the "imposition" of cost functions and arrays
of solutions of all pump groups available in the

station to the optimal function S; (P) and its array
InfoS, (P) at the inlet of the station:

Sat(P) =S5 (P) (S) «(8”) ... < (S))
Infoout(P)z

< (Infoj") « ...« (Info)

Info’ (P) < (Info’") «— (29)

The limitation on the minimum head at the
inlet to the pump or to the group of pumps (18) is
taken into account by "imposing" (30) group
functions strictly in the order in which groups are
located on OPS, as well as in the "imposing"
operation by changing the condition (28) for each i-
th group for:

P* e[F)_F)iminingr’l:)] (30)
If OPS has several pump layouts, then its overall

cost function at the outlet of the station is defined
as:

SStt(P) Usst layout i P

out

(31)

Where n is the number of pump layouts at OPS,

S st, layout i
out

OPS in the scheme i.
Similarly, its array of solutions

is the cost function at the outlet from

Info(P) is
determined.

If the number of VFD is less than the number of
pumps at OPS, then the cost function and the array
of solutions for OPS will have an additional
argument v for pumps operating with VFD. The
value v should not exceed the number of drives p
on OPS.

Then, to take into account the limitation of the
form (3), the "imposition" of the cost function for
the groups of pumps has the form (similarly, for
Info* (P,V)):

SH(P,v)=S%(P, )« (S¥)= 32)
=min(S*(P,v),S*(P-P", —=N(P"))+S"(P" ))

where N(P") is the number of pumps in a group

operating with VFD to create pressure P,

The number of operating pumps in a group can
be determined from the solution array of the group
Info® (P"). Whether they operate in the mode
with VFD is determined by the criterion k =1 for
each value Info (P").

The value of the variable P" at specific values
P and v is defined as:

— 4) ——
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P =argmin(S*(P-P",v =N(P"))+S¥(P") (33)
“e[0,P]

When "imposing" by formulas (32) and (33) for
each v the cost function will retain its own
optimality. After "imposing" the cost functions of
all pump groups and their arrays of solutions, it is
necessary to switch to the form with one pressure
argument by the following "combining":

S“(P)szJSS‘ (P,v) (34)
v=0

Definition 4.

By pruning the function (P) by pressures
P* and P® P*<P®) is the function S™( ) that
has the value for each P :

old

S™(P) CUT(S™ (P),P*,PB)=
B +oo, Pg[P*P ] (35)
s (P), Pe[P”,P?]

Similarly, for an array of solutions:

Info™ (P) = CUT (Info’™ (P), P*, P*) =
| "no pumps",  Pe[P",P"]
Info™ (P), P [P",P’]

Taking into account that pressure drop in the
section between two OPS at the fixed value Q

does not depend on pressure at the outlet of the
initial OPS, it is possible to determine minimum
allowable pressure at the outlet of OPS so that the
pressure condition at the inlet to the next station is
fulfilled (12). Obviously, the value of such pressure

for the k-th OPS should be no less "™ + AR, i.e.

the pressure condition at the inlet in the station is
determined through the condition at the outlet
from the previous station.

Taking into account the condition of non-
gravity flow (14), the final condition for minimum
allowable pressure at the outlet from the station

(P™"%Y has the form:

out

Pkoutz > Por:tin,k — max(aizinin +AF{(ac, maX_AHaC) (36)

Taking into account pressure drop in the
section and pressure conditions at the points of the
pipe defect (16), it is possible to calculate in

advance maximum pressure at the outlet of OPS

P"7™ ot which conditions (15) will be fulfilled.

Then the final condition for maximum allowable
pressure at the outlet of OPS (denote P™*) has

the form:

out2 max,k
R <P

min(Pkouthax, PkpipemaX) (37)

If you do not take into account the operation of
the PR at stations, i.e. AP =0, then it is obvious
that all pressure conditions are taken into account
in functions S(P) and the array Info(P) by the

next "pruning" (similarly, for Info(P)):

S(P)=CUT(S(P),Pi", Pit¥) (38)

If we take into account the possible benefit of
the PR in solving the optimal problem, then before
"pruning" (35) to take into account the condition
(16) for outlet pressure up to the PR, it is necessary
to change S(P) and Info(P) as follows:

S(P), otherwise
Info(P) = (39)
Info(P") +"lowering in thePRby "+ (P'- P), S(P) > S(P")
B {Info(P), otherwise

S(P - {S(P'), S(P)>S(P")

where values P’ for a specific value P are defined
as:

P'=argmin(S(P))
P 1 e [P, PkoutlmaX] (40)

In other words, these operations mean that if
higher pressures were obtained at a lower cost,
then with the help of the PR with the same costs,
lower pressures can be obtained.

Definition 5.
The shift of the function S°*(P) by an amount

AP is the function S™( ) that has the value for
each P:

S™"(P) =SHIFT(S(P),AP) =S°‘(P - AP) (41)

Then the transition to the next station
(similarly, for Info(P)) has the form:
S{r‘f’“s‘(P) =SHIFT(S§LI(P), P*) (42)

—— 43 ——
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where the function S, (P) should be "pruned",

"4t P) is the cost function at the inlet of the

next station.

Above-listed operations must be done for all
OPS in the order of their location on the MOP
section except for the last OPS. The calculation
algorithm has the form:
k=1
For i=1 to m* calculate S** by formulas
(21)-(28);

SEE(P) = S (P) ¢ (SI") < (5"%)
e (851,

Calculation AR

Sa (P)=CUT (3 (P),P™, P™);

SN (P)  SHIFT (So (P), AR™);

out
k=k+1.
If, k#n+1 then go to step 1, otherwise exit
the loop.

(43)

The function is used as the initial cost function:

st,1 +OO’ P * I:)init
s55( ) ={ (a4)

n
0, P=R,
The initial function S;*( ) is the simplest and
contains an obvious zero cost to create static head

from the reservoir. This function is optimal because
there is no a cheaper option for creating pressure

P, - Therefore, the further "imposition" of the cost
function of pumps or pump groups to it preserves
its optimality.

So, the minimum amount of costs for
performance Q will be the value of functions

S:im(P*™) . The optimal combination of operating

pumps and their operating modes will be stored in
the cell of the array Infoft'”+1(pa"5W) )

n
In the present algorithm, the presence of VFD is
no longer a problem: VFD only expands the domain
of definition of the cost function S(P) and does

not affect the complexity of this algorithm in any
way. In contrast to genetic algorithms, the
approach described above makes it possible to
obtain guaranteed the most optimal result.

The algorithm for calculating energy
consumption was used to carry out thermal-
hydraulic calculations and showed its effectiveness
in determining the rational operating modes of
pumping units [[11], [12], [13]].

Conclusions

The establishment of energy-saving operating
modes of pumping units is important for the
efficiency of oil transportation through main oil
pipelines. A method has been developed for
determining the energy consumption of pumping
units with different diameters of impellers and a
frequency-controlled drive. The algorithm for
calculating the methodology is built using graph
theory and dynamic programming. The advantage
of the proposed algorithm in comparison with the
simple enumeration algorithm and the genetic
algorithm in determining the optimal operating
conditions of pumping units has been proved.
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TYWIHAEME
Mazucmpandel myHali Kybbipaapsl apkbiasbl myHalidel maceimanday KesiHOe mymbiHbLAAMbIH
3HepausAHbIH 6acbim besizi myHali aliday cmaHyuANapbIHOGFbl Ma2UCMpPanbObiK HaHe mipeK CopFbl

Makana kengj: 28 KoipKyliek 2021 KOHObIPFbIAAPbIHBIH, HCYMbICIHO HYymMcanaosl. OcbiraH b6alinaHeicmsl myHal KybbipaapelHOaFs!
CapanTtamagaH eTTi: 30 Kapawa 2021 CopFbl KOHObIPFbIAAPbLIHBIH, OKMAlinbl HYMbIC pexcumiepiH aHbikmay sHepaus yHemoeyodiy e3ekmi
KabbingaHapl: 02 aknaH 2022 maceneci 6061 mabobiaadsl. Makana KybeipbiMmeH myHal maceimandayobiH 3HepauscbiH yHemoey

YWiH COpFbl KOHObIPFbIAAPbIHLIH, HYMbICbIH OHMalinaHObIpy maceneciHe apHanraH. CoprblaapdbiH
HCYMbICbI OOHFAAAKMAPbIHLIH, Quamempi apmypsi aybiCMblpbIAMAssl POMOPAAP Hemece HuinikneH
bacKapblnamelH yemek kemezimeH pemmesneodi. Coprbl KOHObIPFbLAAPbLIH NAlOANAHY WblFbIHOAPLIH
b6apeiHwa asalmy ywiH oHmalinaHdblpy Kpumepulii myxoipoiMmOandel. [OHFAAAKMAPbIHLIH
duamempi apmypi #aHe HcuinikneH 6acKapblIamelH HemeKkmi Coprbl KOHObIPFbIAAPbIHLIH IHEp2Us
WoIFbIHBIH - aHbIKMay adicmemeci  ycbiHbiAObI. COpFbl  KOHObLIPFbIAAPLIHBIK, OHMAlAbl  HYMbIC
pexcumiH  i30ey anzopummi 2pagpmap meopuscel MeH OUHAMUKAnAbLIK  bardapaamanay
aHbIKMamanapbiH NatidanaHa omeipsin #acanosl.

TyiiH ce3pep: OHTalNaHAbIPY KpUTEpWi, SHepruaHbl yHemaey, MyHall Tacbimanpay, rpadrtap
TEopUAChl, AMHAMUKa/bIK 6afgapnamanay.
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I'Ip06nema onTMMun3aLu M HAaCOCHbLIX arperatos AN14 TPAHCNOPTUPOBKU HE(I)TM

1bekunbaes T.T., ! PamasaHosa I.U., 2Naxomos M.A.

1Satbayev University, Aamamel, KazaxcmaHx
2 MHcmumym mennogu3uku um. C.C. Kymamenadse, Cubupckoe omdeneHue PAH, Hogocubupck, Poccus

AHHOTALUMA

Mpu TpaHcnopTupoBke HedTU NO MarucTpanbHbiM HedTenpoBogam 6Gonbluas YacTb PACcXOAyemoi
3HEpPrMM yxoAMT Ha paboTy MaruMcTpanbHbiX W MOAMOPHLIX HACOCOHLIX —arperatoB  Ha
HedTenepekaumBaloLWmMxX CTaHUMAX. B 3TOM cBA3M onpefesieHne ONTUMAJsIbHBIX PEXMMOB PaboTbl

Moctynuna: 28 ceHmabpa 2021 HaCOCHbIX arperaTos, 3KCMIyaTUPYIOLLMXCA Ha HedTenpoBoaax, ABNAETCA aKTyanbHOW npobaemoit ans
PeueHsupoBaHue: 30 Hoabpsa 2021 aHeprocbepexeHus. CraTba MOCBAWEHA ONTMMM3aUMM pPaboTbl HACOCHBIX arperatos  Ans
MpuHAaTa B neyatb: 02 ¢pespana 2022 3HeprocbepexeHns TpPybONPOBOAHOrO TpaHcnopTa HedTH. PaboTa HaCOCHbLIX arperaTos peryavpyercs

C MUCNONb30BAaHWEM CMEHHbIX POTOPOB C Pa3/IMYHBIMU AMAMETPAMMU PabouMX KONEC MM YACTOTHO-
peryavpyembim  npuBogoM. CHOpmMynupoBaH KPUTEPUIA  ONTUMM3AUMM  AAS  MUHUMM3ALUK
SKCM/IyaTaLUMOHHbIX  3aTpaT HacoCHbIX arperatos. [lpeacTasneHa MeToAMKa — onpeaeneHus
sHepronoTpebaeHNs HACOCHbIX arperaTos C PasAMYHbIMU AMameTpamu Pabouymx Kosec M 4acTOTHO-
peryavpyembiMm NpUMBOAOM. ANTOPUTM MOMCKA ONTUMANbHOTO pPeMma paboTbl HACOCHbIX arperatos
NOCTPOEH C UCMO/Ib30BAHNEM ONpeaeneHuii Teopum rpados U AMHAMUYECKOTO NPOrPamMMUPOBaHUS.
KnioueBble cn0Ba: KpUTEPUI ONTUMM3ALMUK, 3HEProcbepekeHne, TPaHCNOPTUPOBKA HedTH, Teopus
rpadoB, AMHaMMYECKoe NporpaMmmMmupoBaHme.
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