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ENSURING MAXIMUM ENERGY EFFICIENCY OF WORKING PLACES ON THE BASIS OF
SYSTEM ENERGY AUDIT

A method for ensuring the maximum energy efficiency of working places on the basis of system energy audit is proposed. The method is based
on the use of certain complete sets of ways to obtain the necessary functional properties of working places and structures of ways to ensure energy
efficiency of processes. The expediency of the use of general models for integrated structural-parametric optimization of systems and linearized
models of energy supply and consumption processes is shown. A complete set of structures of possible solutions has been devel oped for every path on
ensuring the necessary functions of the working place. It is shown that the formation of a complete set (within the accepted classification) of possible
structural solutions can be achieved by topological product of complete sets of ways to obtain the desired functional properties of jobs and structures
of ways to ensure energy efficiency processes. For each structurally excellent path, a relationship system is proposed according to which the search
for reserves of energy saving and energy efficiency can be carried out within the limits of blocking circuits.

Keywords: Limiting energy efficiency working places, full set, functional properties, structures of methods, integrated optimization,
linearized models.
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3ABE3NNEYEHHSI TPAHUYHOI EHEPFOE®EKTHBHOCTI POBOYMX MICIHb HA OCHOBI
EHEPIOAYJIUTY

CUCTEMHOI'O

3anporoHOBaHO METOJ| 3a0e3IeUeHHS] I'PAaHUYHOI EHEeproe(eKTHBHOCTI pOOOYMX MiICIb HAa OCHOBI CHCTEMHOrO €Heproayauty. Merox
0a3yeThCsl HA BUKOPUCTaHHI BU3HAYEHHX MOBHUX MHOXHH IIUIAXIB OTPUMAHHS MOTPIOHNX (DYHKIIOHAIBHUX BIACTUBOCTEH POOOUMX MicCIb i CTPYKTYp
crocobiB 3abe3nedeHHsT eHeproedeKTHBHOCTI mponeciB. Iloka3zaHa IOLIJBHICT 3aCTOCYBAaHHS NPU LbOMY 3arajJbHUX MOJENeH KOMITJIEKCHOT
CTPYKTYpHO-TIapaMETPUYHOI ONTHMI3allii CHCTEM Ta JiHEapU30BaHMX MOJEJNei MpoIeciB MoAadi Ta CNOXHMBaHHA eHeprii. PospoGieHa moBHa
MHOXXMHA CTPYKTYP MOXJIMBHX PillleHb Ha KOXXHOMY IUISXy 3a0e3ledeHHs HeoOXimHMX (yHKIiH pobodoro micis. ITokasano, mo (opMyBaHHS
MOBHOI MHOXXHHHM (Y MeXax NPUHHATOI Kiacu(ikallii) MOXINBUX CTPYKTYPHHX pillleHh MOke OyTH 3a0e3ledeHe MIIIXOM TOMOJIOTiYHOro 100 yTKy
MOBHUX MHOXHMH NUISIXiB OTPUMaHHA MOTPIOHMX (yHKI[IOHAIBPHUX BIACTMBOCTEH pOOOYMX MiCllb 1 CTPYKTYp CHOCOOIB 3abe3nedeHHs
eHeproe(peKTUBHOCTI MPOLECiB. [ KOKHOIO CTPYKTYPHO BIAMIHHOIO IIIAXY 3alPONOHOBAaHA CHCTEMa 3aJIeKHOCTEH, MO K y Mexax OJI0KY I0UHX
KOHTYDiB MOX€ 3/1iiCHIOBATUCh NOIIYK PE3EPBiB eHepro30epesKeH s Ta MiJBHILEHHs eHeproedeKTHBHOCTI.

Kxro4oBi ciioBa: rpaHM4Ha eHeproe(eKTHBHICTb, PoOOUi MicCId, MOBHA MHOXHHA, (YHKIIOHAIBbHI BIACTHBOCTI, CTPYKTYpH CIOCOOiB,
KOMIUTCKCHA ONTHMI3aLlisl, JiHeapH30BaHi MOJEi.

BEJIOBOJI A.B., KOMAP C.B., BACUJIEHKO O.B., IAHYYK A.B., PYKABUIIIHUKOB II.B.
OBECIHEYEHUE TPAHUYHOU DHEPITOI®P®EKTUBHOCTH PABOYMX MECT HA OCHOBE CHUCTEMHOIO
9OHEPI'OAYJIUTA

Ipennoxken meron obecriedeHus NpeaeabHON 3HEProdGGpekTHBHOCTH paboyux MECT Ha OCHOBE CUCTEMHOrO 3HeproayauTa. MeToa oCHOBaH
Ha HCIOJIB30BAaHUM OMPE/ICICHHBIX MOIHBIX MHOKECTB ITyTei MONy4eHHS HYKHBIX QYHKIMOHAIBHBIX CBOHCTB PabOYNX MECT U CTPYKTYp CIIOCOO0B
obecriedeHus 3HeproapPpekTUBHOCTU nporeccoB. [lokazaHa 1enecoo0pa3HOCTh NPUMEHEHUS IIPU 3TOM OOIIMX MOJENeHl KOMIUIEKCHOH CTPYKTYpPHO-
apaMeTPUUecKol ONTUMHU3ALMU CHCTEM M JIMHEApU30BAaHHBIX MOJeNeH IpoleccoB IoJayd M MoTpedaeHus sHepruu. PaspabGoTana monHas
MHOJKECTBO CTPYKTYP BO3MOXHBIX pCLICHHH Ha KaKIOM IIyTH oOecredeHuss HeoOXomuMblx (yHKImii pabodero mecra. IlokasaHo, 4TO
(opMupoBaHHE MOJHOrO MHOXECTBA (B paMKax HPUHATON KiacCH(UKAIMU) BO3MOXHBIX CTPYKTYPHBIX PELICHHH MOXET ObITh 00ECIEUeHO IyTeM
TOIOJIOTMYECKOr0 MPOU3BEACHHS MONHBIX MHOXECTB MyTeH MOJIYYCHHs! HY)KHBIX (DYHKIMOHAIBHBIX CBOIMCTB pabo4MX MECT M CTPYKTYp CIOCOOOB
obecnedeHus: HeprodHPEeKTUBHOCTH MPOLECCOB. [ KaXKAOro CTPYKTYPHO OTJIMYHOTO IMYTH IPENJIOKEHA CHCTeMa 3aBHCHMOCTEH, IO KOTOPOH B
npeznenax 0JOKHPYIOIUX KOHTYPOB MOJKET OCYIIECTBIIATECS MOMCK PE3ePBOB S9HEProcOepekeH s U MOBBIMICHHS dHeprodGeKTUBHOCTH.

KaroueBble ciioBa: npenenbHas 3HEprodpGeKTUBHOCTb, padouyre MecTa, MOJHAs MHOXECTBO, (YHKIMOHAJbHBIE CBOMCTBA, CTPYKTYpbI
Croco00B, KOMIUICKCHAS! OITHMU3ALINS, JINHEAPH30BAHHbIC MOJICIIH.

1 Introduction. Energy efficiency of products is an
important factor of their competitiveness. It is provided at
every working place. Obviously, the owverall energy
efficiency for each process variant will be the higher, the
higher the energy efficiency in all actions.

Because of this, great attention is paid to energy
efficiency of serial production which types include the
production of vehicles, agricultural machinery, etc. The
goal is to ensure the highest possible energy efficiency in
every working place. One way to achieve this is system
auditing. It requires a certain technique, which should
provide theoretically and practically acceptable results.
But up to this day, there are no approaches to the
development of a general energy audit method, which
would allow us to obtain extremely high energy
efficiency of the process at each working place.

2 Literature review. The issues of ensuring high
energy efficiency of processes and energy saving are
dealt with in many publications concerning both

industrial policy in general [1] and certain aspects [2-12].
In particular, the work [2] addressed the issues of
formation and selection activities in regional energy
saving programs in engineering and construction. The
paper [3] outlines the application of project management
methodology to improve the energy efficiency of
innovative technical systems of the new type. The work
[4] is devoted to the system classification of construction
and machine-building innovations intended for use in
calculating energy efficiency indicators. Methods of
applying the principles of variability, transformability,
redundancy, and integrated optimization in solving
energy saving and energy efficiency problems are
described in [5].

A significant contribution to the development of the
energy saving and energy efficiency theory was the paper
[6] where the synthesis of the full set of general structures
for ways to improve energy efficiency of production has
been performed, and the paper [7] where general models
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for the energy use and conservation in industrial
enterprises have been proposed. Some energy saving
issues with the use of artificial intelligence and variative
systems are considered in [8, 9]. System solution of
energy saving tasks at industrial enterprises is proposed
in the paper [10].

The work [11] is devoted to ensuring the highest
possible economic effectiveness of regional energy
saving programs at the stage of making project decision.
Adaptive approach to regulation of the "effect / cost"
ratio in consumers and enterprises producing energy-
saving equipment for railways was described in the paper
[12].

3. The aim and objectives of research. The purpose
of this study is the theoretical justification and
development of a method for ensuring the ultimate
energy efficiency of jobs in production systems based on
system energy audit. To achieve this goal it is necessary
to perform the following tasks:

1. Identifying many ways to obtain the desired
functional properties of jobs.

2. Synthesis of structures of ways to ensure high
energy efficiency of workplaces.

3. Development of a system energy audit algorithm
based on the use of a general model of target
transformations that occur during the interaction of the
transforming system and the transformed one.

4. Presentation of the main material.

Despite a significant number of publications devoted
to solving the energy efficiency and energy saving issues,
the problem of ensuring the maximum energy efficiency
of working places on the basis of system energy audit has
not yet been set, and a general algorithm for its solution
has not been proposed. The main reason for this situation
is that the published works did not form a common set of
possible structural solutions, without which it is not
possible to formulate and to propose the specified
algorithm.

The purpose of this study: development of a method
for ensuring the maximum energy efficiency of working
places based on energy audit system using full sets of
ways to obtain the desired functional properties of
working places and structures of ways to ensure energy
efficiency of processes.

Ensuring limiting efficiency of any process as a
system can be achieved in solving the problem of
integrated structural and parametric optimization [13]. A
peculiarity of such a formulation of the problem is the
need to search for complete sets of possible structural
solutions, among which one or several optimal solutions
are determined by the optimality criterion, what
corresponds for each case to the parametric optimization
of the system. Upon that, the search for this solution is
carried out using discrete-continuous 3D-models of
clusters of blocking circuits that form the areas of
permissible parametric solutions within each path to
ensure the required properties of working places.

The paths for ensuring the required properties of the
systems are defined in [14]. Proceeding from them, it is
possible to form a matrix of possible structural solutions
for ways of ensuring the required properties of working

places, which should be considered during a system
energy audit. It may have the following form:

0000 O0O0F
0000 O0OTF
0000 NTF
M,=[0 0 0 M N T F
DPI S NTF
DPI S NTF
DPI S TNF

where the following designation of the phase cycles
of a life cycle for working place technical means are
taken: F - functioning; T - retraining; N - changeover; M -
modernization; P - designing; | - manufacturing; C -
testing and certification; D - research within the
framework of a type of technical means; D* - research on
the creation of new types of technical means for a
working place.

Using the data given in [6], it is possible to form a
vertical vector of possible ways for energy efficiency
improvements. Within the framework of the notations
approved in the specified work, this vector can be written
as follows:

r={lsxN, U, xN, Sy xN, Isxh, U, xh, S, xh,
|s de, Um de, Sm de, IsXde Um XVd, Cm xB d,
Iy xP, Up x Py, Sp xPr. Dy xN°, U, xN°,
Ry xN*, P, xh", U, xh",Ry xh", Ds x O4", U, xOy ,
Ry x Oy, Ds xVy', Uy xVy', Ry xVy4", Ds xP,,
U, P/, Ry x P/}, @)

where the set of functions, the duration of which
affects the energy consumption, are as follows: Oy - main
actions, Vq - auxiliary actions, P, - downtimes; the set of
techniques that can reduce power consumption, reducing
the cycle length: I - exception, U,, - decrease; S, -
combination; index * means a symmetric set of techniques
aimed at energy self-sufficiency of the system, for the
energy-conversion efficiency: D, - addition, U, - increase,
Rg - separation.

Having formed the specified components of the set
by their topological multiplication, we can obtain a
complete (within the accepted classification) set (matrix)
M; of possible solutions:

Mr :'vlshxrt (2)

where superscript t indicates transposition.

It is necessary to carry out parametric optimization
for each element of the set M, as for one of the possible
structural solutions.

The problem of integrated parametric optimization of
a working place as a system can be formalized on the
basis of a universal relationship system [14]:

WL(Z),W2(Z),.... Wn(Z), 3)
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W(t, Z,., 0, ) = W(t),,,,
U = Y f(SLusy),
2= (t,3,10),

Uy = > £, (5,u5,),

u, =" f,(5.u),

5,1 {0,133,
ge{sn.7} )
Al (IS, |, 17,6) < AL (IS, |, 11,6) < AL (S, |, 11, 2),
ie{Ll};
Fo(S| 1,0y <@, (S|, 11,0) < F; (S, 11,1,
je{tm};
I_jiIk < ﬁijk < I_ji}rk’
k e{Ln},
11 e{%, 7,7},

where W — the optimality criterion vector; t - time; x;,
X2, Xn 3 Y1, Y2, Ym: Z1, Z2, Z; Uy, N €{k,0,n}- parameters
and actions which perform control at the super-system,
system and subsystem levels, respectively; 5, - the

sequence of introduction of control actions; Al sign
means the algorithm of the procedure provided by the
theory of deductive systems for determining the values of

algorithmic constraints and tolerances on them; F, fn -

functional relationships; |SZ| - structure; 7 - vector of

parameters; subscripts mean the following: k -
supersystem; o - system; n — subsystem; i - hierarchy
level; j - number of functional constraints; p - relation to
the parameter; opt - optimal value; superscripts "-" and
"+" mean, respectively, the lower and upper tolerances.
The vector W1(Z),W2(Z)..Wn(Z) is used as an

optimality criterion which in this case should reflect the
value of the energy efficiency indicator.

Energy efficiency (E;) of the production is estimated
by the amount of energy (Q.) spent on the achievement of
the target on the planned volume of transformation (A;)
compared to the ideal value of this indicator.

()

Based on (4), the concretized relationship for the
calculation of specific energy consumption characterizing
the energy efficiency of the system can be represented in
the form:

Ty n m
E, = [N*dt/ 4, =Y (Ni*Ti*hi)| Y 4,  (6)
0 i=1 i=1

where: N, Ni, Ti, hi, Ai. - design and real power input
averaged within the phase cycle, power usage time (phase
cycle duration), total energy loss ratio (the value inverse

to efficiency coefficient h * of the energy-consuming
element of the system) at the i-th transformation, and the
volume of the executed i-th transformations, respectively;
n, m - the number of the energy-consuming (supplying)
elements of the system and transformations.

The dependence for calculating the growth (increase)
in energy efficiency can be found by calculating the
differential of the variable components from formula (5),
taking into account that the integral energy saving model
(reduction of energy consumption) has the form:

TdE,
~AE = .([E(t)dt, o

dE, == 2_§nj(Ni*Ti*hj)qub/ [_Zm:(Ai)]2 +

D (dNi*Ti* hi+dTi* Ni* hi+...

i=1

...+dhi*Ni*Ti)/ZAi. (8)
i=1
For a systematic search for energy saving and energy
efficiency reserves, we can get a non-concretized model
of total energy consumption by assigning its energy
consumption values to each type of function, in the form:

Ei= ZEjo(t)+Z Eju(t) +Z Ej ® , 9)

where E; , i € {o, u, d} - energy costs for
implementation of core (0), management (u) and support
(d) functions (including preparatory), respectively; n, m, k
is the number of subsystems that implement these
functions;

Relationships (3) are constructed by parameterizing
the elements and relationships of the structural model,
including limiting ones, and the subsequent step-by-step
concretization.

Models of the first level of concretization unfolded
along the time coordinate in accordance with the typical
linearized energy consumption schedules are shown in
Figures 1 and 2 for an enterprise as a whole and for its
management and control subsystem [7].
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Fig. 1 — Typical Power Supply Schedule
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Fig. 2 — Typical Power Consumption Schedule for
management and control needs

As a first approximation, the models can be
represented by the following relationships at the time
point: t=T p:

k
ZEK (Tn) = NYl'(t31_tn)+ Nyz '(tzz _t31)+
=1

+Ny3 - (s —t5,) + Ny, (T, —t,). (10)

ZEi (rn) :ZEK(Tn)_ZEy(Tn)x

(11)

where N;, tj, j € {n, my, my, sy, S, Ny, Ny, K} - power
consumption and time points corresponding to the
beginning of work, the end of reaching the maximum
production capacity period, the beginning of the first
production capacity decline, the power consumption by
the end of the first production capacity decline, the
beginning of the second rise, the power consumption by
the end of the second rise, the beginning of the second
production capacity decline, and by the end of the second
production capacity decline, respectively; T, - the planned
period of time.

When developing the relationships (9) we used the
averaged specific utility (non-production) costs Ny (Tp),

i.e. we accepted that N, (Tn)=const . We could enter the

following relative indicators to further specify these
relationships,:

- energy:
N N N N

_ n

T]nm_N

. _ 3 . _ H . _ n.
v My = v Mo = v My, = ’

N N N

m m m 3
N vl y2 N V3.

=m MNyar = N My =N—'yl,

My«
y1
- time:

a _t31_tn . E} _t32 _t31. E, _Tn_t32.
E/ v o33 T 1O T !
Tn Tﬂ Tn
t,—t
E_,yl _ =31 n :
Tn
a — t32 t?l E_, — tk‘ _t32 g _ Tn _tk
»2 Tn ’ 2y3 T,-, ! Syn Tn

Taking into account the presence of additive structures,
the optimization procedure should be reasonably
performed using discrete-continuous 3D models of
clusters with blocking circuits that form the areas of
permissible parametric solutions within each path to
ensure the required properties of working places. This
takes into account physical, technical, economic,
organizational and time constraints, the totality of which
provides data for the formation of blocking circuits. The
scheme of the method for a multioperational process is
illustrated in Figure 3 [14], where a cluster of blocking
circuits in the coordinates of the processing modes (with
speed n and feed s) is formed.

Rough work

Semifinishing work

- Sosswitr ossin (M1511)
Finishing obuitl 1 (M3
work

Diniuna. T

Hop™ D,=5, (t)19p) —maax

Sy
2pr™ P1y= ) (1) —max

SII

Fig. 3 — Discrete-continuous model of blocking circuit
clusters

From the figure shown it is follows the possibility to
choose the most effective solution for the presented
cluster. Within the full set of clusters corresponding to
the full set M, of the structural solutions that should be
considered in a systemic energy audit, there is the ability
to determine a globally effective solution by performing a
comparative procedure.

Conclusions. The full set Mg = Mg, X 1 was received
for the structures of possible decisions on each way of
ensuring the necessary functions of a working place.

For each structurally different path a relationship
system is proposed, which can be used to find reserves of
energy saving and energy efficiency within the limits of
blocking circuits. The resulting linearized relationships
for calculating the energy efficiency criterion have been
obtained. These relationships can be simplified by taking
into account the specifics and types of working places.

Ensuring maximum energy efficiency of working
places based on system energy audit can be achieved by
formalized setting up and solution of the problem of
integrated structural-parametric optimization of processes
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and technical means using complex optimality criteria

and taking

into account existing constraints. The

formation of complete (within the accepted classification)
possible structural decisions can be achieved by the use
of topological product of complete sets of ways to obtain
the desired functional properties of working places and
structures of ways to ensure energy efficiency of
processes. Linearized models of energy supply and
consumption processes can be used for parametric
optimization. It is advisable to search for the optimal
solution by using discrete-continuous 3D-models of
clusters with blocking circuits which form the field of
permissible parametric solutions within each path to
ensure the required properties of working places. To
perform energy audit of a system, it is advisable to create
databases specialized for various kinds and types of
working places.

10.
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