Information
UDC 658.5.012.7

doi: 10.20998/2074-272X.2017.1.11

Ya.S. Bederak

ON SUBSTANTIATION OF SELECTION OF ECONOMIC AND MATHEMATICAL
METHODS FOR THE ASSESSMENT OF ENERGY EFFICIENCY OF PRODUCTION
FACILITIES

Research purpose is generalization and further development of economic- mathematical methods for ensuring energy-efficient
operation mode of production facilities. The above methods can be used for selection of the most energy-efficient production
lines, mechanisms; pumping, compression, ventilation installations or other electric receivers among several similar ones by
using equal and unequal weight criteria. An example of comparing the efficiency of the production facilities of the chemical
industry is showed by a priori ranking and morphological (geometric) methods. The method of control the correctness of the
production facilities in the case when the electric load depends on two parameters in triangular coordinates in the presence of
boundary restrictions is described. The identity of the current energy values calculated by Holt predicted value at a predetermined
optimal smoothing constant determines the stability of the process. Expedience of application the autocorrelation coefficient for
testing processes on the stability is proved. References 10, tables 3, figures 5.
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Ilenvio uccneoosanus aenaemca 0060cHO8anue 6v1O0Pa Haubdonee UenNeco0OPAIHLIX IKOHOMUKO-MAMEMAMUYECKUX MEN 0008
obecneuenun InepzoIPhekmuenozo pexcuma padbomol RPOU3EOOCMEEHHBIX 00beKmos. Paccmompennvie memoovt mozym ovimeo
UCNOIb306aNbL 0151 6bIOOPA HAUDONEE INEP2OIPPEKMUBHBIX MEXHOIO0UYECKUX TUHUIL, AZPezam 08, HACOCHBIX, KOMRPECCOPHBIX,
GEHMUNIAMOPHBIX YCIMAHOGOK UMW OpY2UX IIEKMPONPUEMHUKOE C HECKOJIbKUX UM NOOOOHBIX NO PAGHOGECHBIM U
HepasHnosecnbim Kpumepuam. Ilpueeden npumep cpasnenusn 3r¢hhekmusnocmu padoomot nPOU3EOOCHIBEHHBIX 00BEKMOE
XUMUYECKOU RPOMBIUIEHHOCINU MEMOOAMU ARPUOPHO20 PAHICUPOBAHUA U moponozuueckum (2eomempuyeckum). Onucan
CROCOO KOHmMpona InepzoIghekmusnocmu papomsvl nPOU3600CHEEHHBIX 00BEKMOB 6 Cyuae, K020a INeKmpuieckan HAzpy3Ka
3asucum om 08yX NAPAMEMPO8 RPU HATUYUU RPEOEeSIbHBIX OZPAHUYEHUIl UX, UCHOIb3YA mpey2oabHble Koopounamsl. Coenan
661600 0 MOM, UYMO MONHCOECHIGO MEKYULe20 3HAYEHUA IHEPZONOMPedNeHUs ¢ PAaAcCUUMAHHLIM Memooom Xonbma
HPOCHO3UpYyeMbIM 3HAUEHUEeM NpU  ORPedeNleHHbIX 3apaHnee ONMUMANLHBIX NOCHIOAHHBIX CAANCUBAHUA ONpedensem
cmabunbHOCmby  pabomyl  MEXHON02UUECK020 npouecca. JloKazana uenecoofpasnocmv npumeneHus KoIpduuyuenma
A6MOKOppenauUun nepeoco0 NOPAOKa 6blOOPOK IIEKMPONOMpedNenus 018 NPOGEPKU MEXHON0ZUYECKUX NPOUeccos Ha
cmabdunvrocms padomet. bubn. 10, tadn. 3, puc. 5.

Kniouesvie crosa: 3nexTponoTpedieHne, paBHOBeCHbIe I HEPABHOBEeCHbIe KPUTEPHH, IHeproddgdekTHBHOCT, KO3PPUIMEHT

ABTOKOPP eJISIHH.

Introduction. In industry it is often necessary to
compare the energy efficiency of similar structure and
functionality of two or more manufacturing facilities,
such as production lines, machinery, pump, compressor,
fan or other installations on several criteria (parameters)
to select the best working unit. To do this, use the criteria
as equal and unequal weight. Similarly, in practice we
must solve the problem of determining the point in time
during the change of day, decade, month, etc., which
worked effectively manufacturing facility (or vice versa).
It is necessary to provide real-time energy production
facilities. These tasks proposed to deal with the known
economic-mathematical methods and parameters.

The goal of the paper is substantiation of the most
appropriate choice of economic and mathematical

methods for energy-efficient mode of production
facilities.
Analysis of recent investigations and

publications. Statistical analysis in electricity supply
systems (ESS) industry introduced by M.A. Denisenko in
[1]. This approach is useful for other energy resources [2].

Methods of making the criteria equal and unequal
scales considered in [3]. In this paper the technical
working optimally choose an item using the procedure of
constructing the utility function. To ensure efficient
energy use and control operating mode processes

appropriate to apply the control cards by Shewhart [4].

Material and research results. Investigations have
shown that to ensure energy-efficient mode of production
facilities necessary to carry out the following activities:

1. Monitoring the efficiency of technological process
in the case when the electric load depends on two
parameters.

Among all methods of visualization and control of
process in the case when the electric load depends on two
parameters, the easiest method is to use triangular
coordinates [5]. Fig. 1 shows an example of building a
triangular coordinate system for piston air compressor,
which load (built on the axis p) depends directly
proportional to the pressure (axis m) in the system and the
temperature in the compressor (axis 7). At the intersection
of three straight arbitrary built equilateral triangle ABC.
He called triangular base coordinate system. Axis, and
therefore the coordinates of points are indicated by the
letters m, n and p.

Using triangular coordinates, it is convenient to
control the process, such as mode of operation piston air
compressor (Fig. 2). Its power consumption depends on
the pressure in the compressed air and the temperature of
the compressed air in the system.
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Fig. 1. Example of triangular frames for piston air compressor
load which depends directly proportional to system pressure and
air temperature in the compressor
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Fig. 2. Example of conducting the technological process
by diagram n triangular coordinates

On the axis m delayed pressure in the compressed air
in percentage, on the axis n — the temperature of the
compressed air system in percent, on the axis p — capacity
compressor at different time points percentage. When
operating the compressor, there are several restrictions:
maximum interval pressure on a percentage of 20-80 %,
temperature 0-70 %, 0-90 % of capacity. Diagram of the
process (Fig. 2) shows that the process should be
conducted within the figure ABCDEA. The closer to the
beginning of the axis is p (power percentage), the
compressor works more effectively [5].

2. Comparison of energy production facilities whose
consumption depends on many different factors of equal
weight.

The power consumption of production facilities can
be affected by many different factors equal weight. To
compare the energy efficiency of objects by partial (only
one characterizing feature of object) criteria of equal
weight may be used either additive or multiplicative

generalized criteria [3]. Under criteria imply controlled
output parameter characterizing the degree of
achievement. Partial criteria F(X) in one way or another
should be combined in a general criterion {X)=®[F(X),
FyX), . .., F,(X)] which after that is optimized.

When all criteria are of equal value, the generalized
additive criterion is written in the form of partial sums
criteria in when they have the same weight. Multiplicative
criterion is formed by simple multiplication of partial
criteria in when they have the same weight. For when one
object is better than generalized additive criterion and the
other — for the multiplicative need to use to select the
optimal geometric mathematical model (morphological)
approach [6].

The morphological approach can be used not only
for the comparison of the object at different times, but
when using two identical units, production lines and so
on. To wuse morphological approach requires the
construction of radiation diagram. This chart is
constructed as follows: from the center of the circle made
by a number of factors straight lines (radii) that resemble
rays diverge during radioactive decay. These tags are
applied radii graduation in the fate of 100 % and lay them
in the data value percentage. The points, which are
marked pending value, combine segments. The values
that are the rays that correspond to each factor, compared
with the reference value (standard energy) or values for
the previous billing period. Each of technological
facilities necessary to determine the specific rate of
electricity consumption per unit of production or calculate
standard consumption by the algorithm specified in [7].

For example, ammonia plant based radiation
diagram which compares energy plant for two days in a
row for the equilibrium quality criteria. These criteria
include energy consumption, heat consumption, the
consumption of recycled water, natural gas consumption,
consumption of demineralized water, ammonia output.
Table 1 shows the ratio of energy consumption per unit of
output normalized to a value (standard or specific energy
consumption norms).

Table 1
The value of the ratio of energy consumption per unit of output
normalized to a value two days in a row

The value for the The value for the
first day and marking| second day and
Parameter : . .
points on the marking points on the
radiation diagram, % | radiation diagram, %
Electrical energy
consumption 100 (A) 87 ()
Heat energy
consumption 110(B) 20 (Bo)
Recycled water
consumption 105(Cy) ()
Demineralized
water 108 (D)) 94 (Dy)
consumption
Natural gas
consumption 115 (Ey) 93 (E2)
Ammonia output 103 (Fy) 96 (F,)

Example of the determination the best working
object is shown in Fig. 3.
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Fig. 3. Radiation diagram comparing the energy efficiency of

ammonia production plant with two days in a row for the
equilibrium quality criteria

Designations in Fig. 3: beam 1 — percentage of the
«standard of consumptiony in electricity (it are points A,
and A,), 2 — by heat energy (B, and B,), 3 — by circulating
water (C; and C,), 4 — by demineralized water (D; and
D,), 5 — by consumption of natural gas (E; and E,), 6 —
percentage of the daily ammonia output norm (F; and F;).

Polygon A;B;C;D:EF|A; is an assessment of
efficiency of the plant for production of ammonia for the
first day, and polygon A,B,C,D,E,F,A, — for the second
day. Circumference that passes through the points A, B,
C, D, E, F is the standard power, or a mark that meets the
specific rate of consumption of specific energy per unit of
output. From Fig. 3 it is possible to conclude that
effective personnel department worked on the second day
than the first. Analyzing and controlling energy efficiency
by radiation diagrams possible to assess the state of
energy efficiency in the workplace. The smaller the area
of  polygons (polygons) A;B;C;DE;FiA; and
A,B,C,D,E,F,A, better working manufacturing facility.

Likewise it is possible to assess energy efficiency of
the process unit, department, company.

3. Comparison of energy production facilities whose
consumption depends on many different factors of
unequal weight.

In practice must be performed comparing the
effectiveness of several technological and energy facilities
on the criteria of unequal weight. To carry out this
comparison by constructing utility function is not always
appropriate. The method requires knowledge of the
person who decides mathematical statistics and methods
of decision-making. It is therefore necessary to develop or
use other methods of finding the best operating
production facilities of several of these on several criteria.
The simplest method is a priori ranking [3].

At the initial planning stages of the experiment
based goals experimenter should select the independent
variables (factors), which will later be used in the
experiment. Generally, factors selected for analysis prior
information that requires the use of different methods to
systematize the knowledge gained. To solve the problems
of this kind commonly used methods of peer review.
These methods are based on receiving and processing data
from a survey of experts. Regarding the evaluation and
selection of the most significant factors was widespread
priori ranking method that can be used to evaluate the
energy efficiency of industrial facilities.

Thus, in the ammonia plant by a priori ranking
weight ratios are calculated. Power consumption of the
plant depends on such factors: heat consumption, recycled
water, demineralized water, cost of natural gas output of
ammonia. Weight coefficients K, measured by factors
present in ammonia plant following: for electric power
consumption K,, = 0.24; for heat consumption X,, = 0.21;
for consumption of recycled water K, = 0.16; for
demineralized water consumption K,, = 0.13; for the cost
of natural gas consumption K,, = 0.26. It is necessary to
multiply each value calculated weight ratio in percent
(normalized) value criteria specified in Table 1.

Table 2 shows the ratio of energy consumption per
unit of output normalized to a value (standard or specific
energy consumption norms) subject to weight ratios.

Table 2
The value of the ratio of energy consumption per unit of output
normalized taking into account the weight ratio to a value two
days in a row

The value for the The value for the
first day and marking| second day and
Parameter : . .
points on the marking points on the
radiation diagram, % | radiation diagram, %
Electrical energy 1 1.0 94— 24 (A)) | 87024 =21 (A,)
consumption
Heat energy 110021 =23 (By) | 90-0.21 =19 (B,)
consumption
Reeycled water | 5. 16— 17(cp) | 91:0.16= 15 (Cs)
consumption
Demineralized
water 108:0.13 =14 (D;) | 94:0.13 =12 (D5)
consumption
Natural gas 115026 =30 (E,) | 95:0.26=25 (E,)
consumption
Ammonia output | 103-1.0 =103 (F)) 96-1.0 =96 (F,)

Fig. 4 shows the radiation diagram comparing the
energy efficiency of ammonia production on the criteria
of unequal weight.

The areas of polygons A;B;C,DEF/A; and
A,B,C,D,E F,A, are calculated. From Fig. 4 it is possible
to conclude that for the first day ammonia plant worked
worse than for second.

4. Checking the stability of the technological
process.

Condition of the technological process is
characterized by the total error that occurs as a result of
accidental and systematic.
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Fig. 4. Radiation diagram comparing the energy efficiency
of ammonia production for two days in a row
for the nonequilibrium quality criteria

Assessment of the stability process in general is as
follows. First a set of experimental data is implemented
by measurement parameters controlled sample of units
with simultaneous detection of measurement results. Then
a table of frequencies; calculated statistical
characteristics; determined indicators of process;
determined by the status of the level of defects;
established distribution law and carried out statistical
verification harmonization of the law of the normal law.
However, this procedure takes a lot of time, it requires
knowledge of mathematical statistics in operating
personnel. It is therefore proposed to use to test the
stability of the process simpler methods.

In 1957, Charles Holt exponential smoothing
developed a method, called two-parameter method Holt
[8]. This method takes into account local linear trend
present in the time series. If the time series are a tendency
to increase, in addition to assessing the current level of
assessment it is required and inclination. In the method of
Holt value and slope smoothed directly with them using
various steel smoothing which to assess the current level
and slope, specifying them whenever there are new
observations. One advantage of the Holt technique is its
flexibility which allows you to select the ratio, which
tracks the level and slope.

The basis of the method consists of three Holt
equations:

YW=a- (Y +T_D+(1-a)- Y, (1)
T, =(1—ﬂ)~(16’”—}’t’_’§)+ﬂ-7}71, 2
Y, =Y +p T, 3)

where Y”" and Y| are the projected (smoothed) value

of the index in the
Y, is the

next and previous times;
table value of the index in time ¢

T, is the trend value in time 71, determined from (2);
o and S are the constants of smoothing required to smooth
the trend assessment.

Investigations in [8] showed that the value of
constant a and S determine the stability of the process.
The stability of the process is a property that determines
the sustainability of its probability distribution parameters
for some length of time without interference. The process
is considered stable if the controlled parameters do not
exceed the limits of control and there is no trend to
release them over the limit. The coefficient of variation of
power consumption data for the billing period should be
minimal. For large chemical plants for the production of
ammonia, weak nitric acid, a powerful pumping station
supplying water first ascent found that for different
processes optimal value smoothing constant a is 0.1, and
the smoothing constant S is equal to 0.9 (for stable
process).

Knowledge of smoothing constant values allows
real-time power consumption compared with the current
value calculated by Holt method predicted value. If the
values of the smoothing constant & = 0.1 and § = 0.9 [8]
actual value of power consumption coincides with the
predictable, the technological process with the stable.

Reducing or increasing the last time the sample
values of power consumption makes it impossible to
make a proper conclusion about the proper conduct of the
process. To test the stability of the process proposed to
use the autocorrelation coefficient (AC) [9] of the first,
second and further orders to check the stability and
efficiency of process of energy consumption.

A number of studies on the efficiency of AC
utilization for the evaluation process at several sites of the
chemical industry are carried out. Data on hourly power
consumption P of the large ammonia plant chemical
enterprise for several days of the year 2016 are collected.
Sample data consumption is shown in Table 3.

Table 3
The values of hourly electricity consumption
of the large ammonia plant for one of the days in 2016

Interval |5 sy s |6 | 7|8
No.

P, 37.264(37.275(37.290(37.189(37.058|37.088(37.131|37.124

MW -year

Interval | o 100 | 11|12 13| 14| 15| 16

No.

P, 37.112[37.074|37.171|37.201[37.239|37.259(37.189|37.162

MW-year

Interval |17 | 19 | 19 | 20 | 21 | 22 | 23 | 24

No.

P, 37.45037.465|37.527|37.510[37.472|37.267|37.074(37.133

MW -year|

*The coefficient of variation of the sample 0.24 %.

The last (the 24-th) the sample ranges from 0 to
100 % in increments of 25 % in the range from 0 to 75 %
and 5 % in the range of 75 % to 100 % (Pz'4 =K-Pyy),
where K is the ratio changed recently the sample to its full
value. Coefficient K = 0-1.0; it takes the values 0; 0.25;
0.5; 0.75; 0.8; 0.85; 0.9; 0.95; 1.0. Estimated spacecraft
first, second, third order for each of the samples when
changing the last sample.
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Investigations have shown that there are three
types depending on the size AC last modified the
sample (Fig. 5).
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Fig. 5. Dependence of AC of the first order on changing
the sample last

For the first and third type depending spacecraft first
order proportional to the changing value of the last
sample. Therefore, when there is such a relationship, the
AC should be used to control power consumption mode.
The calculation results proved that the AC swings of the
first order for the first and third type depends 30-40 %
more than the second or third order. Therefore, it is better
to use to control power consumption mode.

For the first type is characterized by a strong
sensitivity to the dramatic change in the value of the last
sample and the zero power consumption. Thus, by
changing the last value of the sample 25 % spacecraft first
order reduced 2.5 times. AC describes the closeness linear
relation only current and previous number of levels.
Therefore, the autocorrelation coefficient can judge the
presence of linear (or close to linear) trend [9].

For the third type of spacecraft observed a strong
dependence of the first order from changes in the value of
the last sample. AC of the second and third order for the
third type of AC is resembling the first order for this type.

For some time series with strong non-linear trend
(for example, take the form of a parabola of the second
order, or exponential) autocorrelation coefficient series
output levels may be close to zero. When sampling
spacecraft dependence on changes in the value of the
sample resembles the last second type (Fig. 5), then the
AC is not suitable for the control of energy consumption.

To calculate AC of the second and third orders for
all types depending on its value last modified the sample
is also necessary in order to use the Ljung-Box for the
autocorrelation [9].

All the above economic and mathematical
methods may assist operational staff to quickly assess
the situation at work, better monitor energy production
facilities and in a short time to take measures to ensure
the stability of the process, which corresponds to the
concept of Smart Grid [10].

Conclusions.

1. We proved the feasibility of a number of economic
and mathematical methods for monitoring the energy

efficiency of production facilities and
technological process stability.

2. The easiest way to control of the energy efficiency
of technological processes when the electric load depends
on two parameters, it iS a way to use triangular
coordinates which are useful for visualization and
monitoring of the technological process.

3. The method of a priori ranking and morphological
method are used for comparison of several similar energy
production of the chemical industry, where energy
consumption depends on many factors. These methods are
recommended for use for the evaluation of energy
efficiency in other industrial facilities.

4. An indication of the stability of the process is the
identity of the current value of the power consumption
calculated by the Holt method predicted value at
predefined optimal smoothing constant.

5.For the first time autocorrelation coefficient is
applied to evaluate the stability of technological
processes. It is proved that at changing the range in a
small power consumption value of the sample with a
probability of 66 % is a significant change autocorrelation
coefficient of the first or second order.

6. Considered in the paper economic and mathematical
methods can be used to support the actions and decisions
of operating personnel to conduct monitoring energy
efficiency and stability of production facilities, to
visualize current information, to support actions and
feasibility of making human-operator’s decisions that will
promote Smart Grid concept in the industry.

testing
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