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Regulatory Mechanism Model to Stimulate Companies
in the Single Buyer Wholesale Market

A mathematical model of a regulatory mechanism has been developed for analyzing the profits
dynamics of production companies in the context of changes in prices for the main production
resources on the wholesale market with a single buyer. This model is based on the further de-
velopment of the use of the Volterra “predator—prey” mathematical model and the Verhulst lo-
gistic equation. An analytical solution has been found for a particular case of the model, which
makes it possible to establish the dependencies necessary for making decisions by the market
regulator on pricing products and production resources. In order to research the model, compu-
tational experiments were carried out, which confirm the reliability of the obtained simulation
results and the adequacy of the actual interaction processes in the economic system "produc-
ers-single buyer".
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Introduction. One of the most important tasks of organizational management
of large production companies and holding companies is the task of planning
and analyzing the profits dynamics of controlled enterprises in order to man-
age the process of obtaining consolidated profits. The formulation of such a
goal is associated with the need to ensure equal opportunities in profit-making
by structural, territorial divisions of companies, since they are in organization-
al interaction while providing resources for the production of products and
their delivery to final consumers.
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In addition, the possibility of implementing plans for obtaining consoli-
dated profits depends not only on the control actions of the organizational
management systems of these companies. Regulatory actions of market au-
thorities on which their products are represented also have a great influence on
the formation of profits.

Therefore, at present, the solution of this task is complicated due to the need
for timely and adequate consideration of rather sharp fluctuations in prices for raw
materials, financial, labor resources, transportation services, etc. The choice of
such a task for research is also due to the fact that there are quite a few production
companies on the wholesale markets that have their own sales companies, which
are single buyers and sellers of the products of these companies.

Related Works. To solve the formulated problem when building a math-
ematical model, a system of differential equations is used, consisting of the
Verhulst equation and the second equation from equations system of the
Volterra predator-prey model. Such an approach to building a model was pre-
viously repeatedly used to study the dynamics of biological and ecological
systems [1, 2]. Thus, population models with delay have been considered in
[3]. In [4] investigate the linear stability of the coexistence steady state and bi-
furcations occurring from it for Lotka-Volterra diffusion predator-prey system
with logistic growth of the prey.

Various modifications of Volterra model for economy modeling are cov-
ered in the work [5]. The work [6] focuses on the use of the Lotka-Volterra
model for studying the dynamics of macro-behavior of production systems,
such as a company, a state, or a country. A diffusive Lotka-Volterra system
was formulated in paper [7] that represents the dynamics of market share at
duopoly. In recent years, this approach has been used in the construction of
mathematical models for studying the dynamics of competitive processes in
economic systems [8, 9]. The focus of these papers is on very important ques-
tions of the stability in mathematical equations systems and the search for
equilibrium states of economic systems.

This paper is devoted to the development and study of a mathematical
model to solve the practical problem of creating a competitive mechanism to
stimulate the companies operating in the wholesale market with a single buyer
and seller and which using different types of raw materials with different dy-
namics of price changes to produce a single product.

Examples of such companies can be, for example, those that use the trans-
port service-automobile, water, rail and aviation companies, each of which has
its own dynamics of changes in the transportation cost, as well as generating
companies of different types operating in the wholesale electric power market
with a single regulator or administrator its individual segments.

38 ISSN 0204-3572. Electronic Modeling. 2019. V. 41. N2 6



Regulatory Mechanism Model to Stimulate Companies in the Single Buyer Wholesale Market

Wholesale Market Regulator

. Trading System
Production Administrator on » Product
Companies Wholesale Market Suppliers

[lg-oducFlon Single Product
esources

Fig. 1. Organization chart of single Buyer Wholesale Market

Model Building. A distinctive feature of the studied economic system is the
presence of one common intermediary (buyer and seller) between production
companies and wholesale product suppliers — the Trading System Administrator
(TSA). It should be noted that the TSA, although it is not a direct recipient of con-
solidated profits, however, he is interested in its increase and has the ability to in-
fluence the processes of change in profits of producers, through the use of regula-
tory influences that affect the processes of the common market (Fig. 1).

We will use the same approach proposed in [8] to develop a regulatory
mechanism model to stimulate production companies in the “producers—single
buyer” economic system. Summarizing it, we obtain an ordinary differential
equations system from two types of related components. The first component
formalizes the profit growth model for production companies in the form of
the Verhulst logistic equation [10], and the second component - for the single
product buyer as the second equation from the equations system for Volterra
“predator—prey” model [11].

As a result, we come to the model of analyzing the profits dynamics of
production companies in the single buyer economic system with a regulated
competition between producers in the form of an ordinary differential equa-
tions system

dp (1) o
TZPj(t)(aj(t)_bj(t) P_j(t))a J=1Ln,
2Oy (z)(—c 0+, Pj(r)j, (1)
t j=1
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max . . . . .
where P;(¢) < P;™, P;(¢) >0 is a profit of the j-th company in the given time
interval £ P;nax is a maximum achievable profit of the j-th company; a | (t)>0

is a specific rate of profit growth of the j-th company; b;(¢) >0 is a relative

cost increase per unit of profit, reflecting competition between producers,
caused by limited reserves of production resources and rising prices for them;

Y (¢) is a single buyer (TSA) profit; ¢ (¢) = Zocjaj (t) >0 is a specific rate of
j=1

TSA profit growth; «; is a dimensionless regulatory coefficients established

by the TSA, in order to achieve equal conditions in profit making by compa-

nies; e;(¢) >0 is a share of the specific rate of profit growth taken away from

the j-th company, depending on its share in the total balance of produced
products on the market.

If the initial conditions P;(0) = PJQ, Y (0)=Y" are specified and the de-
pendences of a;(7), b;(?), ¢ (), e;(t) are known then the solution of such a

system can be found by known numerical methods.

However, the definition of these dependencies seems to be a separate applied
task of analyzing the data of the functioning of production companies [12]. There-
fore, at this stage of solving the problem under consideration, we confine our-
selves to conducting a research of the solution of a particular model obtained from
(1) using the simplifying assumptions a,(f) = a; =const, b;(¢) =b; = const,

n
P;(t) < P™ =const, e;(t)=e; =const, c({)= Zocjaj =const .
J=1
Let as the initial conditions set the basic values of profit achieved by pro-
ducers P;(0) = Pj0 and a product single buyer ¥ (0)=Y" in the previous in-
terval to the calculated time interval ¢. Then, the equations from system (1),
relative to P,(7) and Y(#), allow obtaining a common analytical solution by

applying the variable separation method.
As a result, the solution of this equations system for given initial condi-
tions and assumptions will be as follows
0 a/t
K,P'e a

P(1)= K, =L )
J 0, ajt J
K, +P'(e" ~1) )
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YO —Zn:al-al-t n 0 ; ij
— a.
r=——e” 3 |1 (K, +P(e" —1))%— (3)
b -
K
-

By direct substitution, it is easy to verify that functions (2) and (3) satisfy
the equations system (1) and the initial conditions.

Model Studying. The purpose of computational experiments is to re-
search the obtained particular solution of the system (1) to confirm the relia-
bility of the simulation results and the adequacy of the model to the real pro-
cess of economic interaction between producers and a product single buyer.

The validation of the simulation results will be carried out by solving an
applied problem of modeling the profit dynamics of production companies op-
erating in the wholesale electric power market with a single buyer and seller in
the context of changing energy prices.

In this paper, the term “profit” is used in the conventional sense, as the

difference between the sales proceeds of produced electric power B, (7) (ex-

cluding value-added tax) and the general conditionally variable and condition-
ally fixed costs for its production and sale Z(¢), included in the production

cost for the time interval 7 [13]:

P (t)=B,()-Z(t), te[L,T].

For the considered example of the applied problem, we introduce the next
notation P,(¢) as a profit of generating companies — electric power producers

operating in the wholesale market, such as nuclear power plants (NPP), ther-
mal power plants (TPP), hydroelectric power plants (HPP), thermal energy
plants (TEP), wind power plants (WPP), solar power plants (SPP), where
j €{TPP, TEP,NPP, HPP, WPP,SPP}. Then their total consolidated profit is

g@:Zg@.

Analysis of the selling prices of generating companies of NPP, WPP,
SPP, which are established by the Wholesale Market Regulator, shows that for
quite long periods of time they remain unchanged [12, 14], and the volumes of
produced electric power undergo minor changes as they are limited by techno-
logical capabilities. Fluctuations in the volumes of produced electric power
from HPP and prices for it are more substantial and seasonal. But also, as well
as the NPP, WPP, SPP, the HPP companies produce electric power at contrac-
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tual prices. It can be assumed that the share of their profits remains unchanged
in the total profit balance and is not directly dependent on changes in energy
prices. Those, total profit can be represented as

Pp(t) = Prpp () + Bp () + Py,

where P, = P, + Pypp + Bypp + Pypp 15 a fixed profit component over a rela-
tively long time period 7.

It is obvious that the expected (planned) profit of market participants
depends on the planned volume of produced electric power by generating
companies £ (#) and the forecast wholesale price of its purchase on the

wholesale market C/7%“"(¢):

market

market

Pi(t) = (Clrecs (1)~ C; (1) E; (1),

where C,(#) is a actual selling price per unit of electric power produced by

generating companies.

Therefore, we will further consider the questions of model research, relat-
ing only to the profit dynamics of TPP and TEP generating companies operat-
ing under the conditions of the “Single Buyer and Seller” market model and
consuming various energy resources — coal (first resource) and gas (second re-
source) for electric power production.

In our case, the economic system will consist of two types of generating
companies — TPP (j = 1), TEP (j = 2) and a single buyer — TSA. It should be
noted that the TSA, although it is not a direct recipient of profit, but he is in-
terested in increasing it. He has the opportunity, as noted above, together with
the Market Regulator to influence the processes of changing producers’ profits
through the use of regulatory actions that affect the market processes.

As a result, we have a system consisting of three equations

dpP;(t) .
e Pi(t)(a;(1)=b;()P;(1)), j =12,
2
? =Y () (—c )+ ;)P (z)}. 4)
t =

As the initial data we set the following values of the initial conditions of
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Fig. 2. Experiment No.1 for equilibrium variant of profit distribution

the desired variables and parameters for the 12-months time period of the cal-
endar year:

t,=0,0=L12,P(1,) =1, B (1) = 1,Y(1,) =1,
a,=a,=0.5,b=b,=05,0, =0, =1,¢,=e,=0.5.

The exact solution of the system (4) according to the given initial data
may be easy to find from the expressions (2), (3). This solution is A(¢) =1,
PH=LY@®=1 t=112.

The same result was obtained when conducting a test numerical solution
of the equations system (4), using expressions (2), (3). To verify the reliability
of the results of numerical simulation, the solution of the same task was carried
out using the Runge—Kutta numerical method. A similar result was obtained with
almost zero error. In addition, the result of the test confirms the possibility of ap-
plying the proposed model for analyzing the profit dynamics of generating com-
panies and a single buyer for the actual number of electric power producers -
market participants using different types of energy resources.

Computational Experiments. A series of computational experiments
were carried out to confirm the adequacy of the profit dynamics model of gen-
erating companies to the real process of economic interaction between pro-
ducers and a single buyer and the possibility of its application for preparing
and making justified decisions to regulate the profit making process by all
subjects of the considered economic system.

As a result of the first experiment, an equilibrium variant of profit distri-
bution between a single buyer and companies using two different types of en-
ergy resources for electric power production was determined and adopted as
the basic one. We assume that this distribution is agreed by all subjects of the
economic system. On Fig. 2 shows the experimental results obtained for the
following values of the initial conditions for a 12-month time period: #, =0,
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Fig. 3. The results of experiments 2—4: a — experiment 2 — h1=0.6; b — experiment 3 — a1 =0.6,
b, =0.6; ¢ —experiment 4 —a; =0.6, b = 0.6, e1=0.6

t=112, B(t,)) =L PR () =LY (t,)=1,a =a,=0.5,b=b,=05,0,=0, =1,
e =e,=05.

Further experiments were carried out for three possible cases of increasing
in prices of energy resources (Fig. 3).

In the first case, the initial conditions and values of the parameters re-
main unchanged, except for the parameter b,, which increased by 20% as a

result of the increase in prices for the first energy resource: 7, =0, t=1,12,
Bty =L B(t)=1 Y () =L a=05a,=05, b =0.6, b, =05, o, =1,
o, =1, ¢=05, e =0.5.

The calculation results show (Fig. 3, a) that the profits of the first compa-
ny and the single buyer decrease. But the regulator has the opportunity, using
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the parameter a,, to change the size of profit received by the first company
and set it at the same level.

For this, the following experiment was conducted, as a result of which the
size of the increase in the purchase price of electric power was determined to
restore the basic level of profit for the first company by choosing the appro-
priate parameter a; (Fig. 3, b): ¢, =0,t=L12,R(¢t,) =1L () =LY(¢) =1,
a, =0.6,a, =0.5,b, =0.6,b, =0.5,a, =L,a, =1,¢, =0.5,e, =0.5.

Next experiments were conducted for the case when the initial conditions and
values of the parameters remain unchanged, except for the parameter b, , which
also increased by 20% as a result of the increase in prices for the second energy
resource. The results obtained are similar to those shown in Fig. 3, @ and 3, b.

Another case was also considered when the values of parameters b, and
b, increased by 20% as a result of the increase in prices for both energy re-
sources with the rest input data unchanged. A natural result was obtained in
which the profits of both production companies and the single buyer in all
cases are reduced. Thus, it becomes necessary to make regulatory decisions to
increase the wholesale price for the purchase of electric power from both pro-
duction companies.

A final series of experiments was carried out to determine the profit share
taken away from production companies by a single buyer in order to restore
the basic level of its profit, which was before the increase in energy resource
prices. This problem is solved by selecting the values of the parameters ¢

and e, . In Fig. 3, ¢ shows the results of one experiment obtained for the case
when the price of the first energy resource (parameter b,) and the size of the
first company’s profit (parameter a,) increased: ¢, =0, t=1,12, F(t,) =1,

In this case, a value for the parameter e, = 0.6, has been determined to re-
store the basic level of single buyer profit.

The results of computational experiments are illustrative and obtained us-
ing by Mathcad 15. It is obvious that for practical use of the proposed mathe-
matical model, it is necessary to build a computer model with developed mod-
eling algorithms and visualization tools. In particular, in order to select the
optimal values of the regulatory (adjustable) model parameters, when search-
ing for the required level of profit to be obtained by all subjects of the eco-
nomic system, it is necessary to use the appropriate calculation algorithms.

ISSN 0204—3572. EnekTpoH. mogentoBaHHA. 2019. T. 41. Ne 6 45



K.B. Ostapchenko, O.l. Lisovychenko, Z.Kh. Borukaiev

The development of such algorithms, including for a larger number of compa-
nies and types of energy resources, is not a difficult task. It can be solved us-
ing well-known numerical optimization methods and will be investigated in
subsequent papers.

Conclusions

A model of the regulatory stimulating mechanism in the economic system of
interaction of production companies with a single buyer has been developed. It
allows analyzing and regulating the impact of changes in the prices of produc-
tion resources on the profits of the wholesale market participants. Analytical
solutions are found for a particular case of the model, that allow to establish
the dependencies necessary for making regulatory decisions on the pricing of
products and production resources.

A simulation model was developed for the profit dynamics of generating
companies operating in the wholesale electric power market with a single
buyer and seller in the context of changes in prices of energy resources. Com-
putational experiments on the model confirmed the reliability of the simula-
tion results and showed the possibility of using them to solve the organiza-
tional management problems of the wholesale market related to making
decisions on the pricing of electric power and energy resources.
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K.b. Ocmanuenko, O.1. Jlucosuuenxo, 3.X. bopykaes

MOJEJIb PEI'YJIITOPHOI'O MEXAHU3MA
CTUMYJIMPOBAHM ST KOMITAHUI HA OTITOBOM PhIHKE
C EAVHBIM ITOKVITATEJIEM

Pazpaborana matemaTHyeckas MOJENb PETYJISTOPHOTO MEXaHM3Ma aHalIM3a AMHAMHKH IPHU-
ObUIM MIPOM3BOJCTBEHHBIX KOMIIAHUHN B YCIOBUSAX M3MEHEHHS 1I€H Ha OCHOBHBIE PECYPCHI IIPO-
M3BOJCTBA Ha ONTOBOM PBIHKE C €IMHBIM IOKyIaTeleM. JTa MOJENb CO3[JaHa Ha OCHOBE
JAIbHEWIIero pPa3BUTUS INPUMEHEHMs MaTreMaTH4eckoil Monenu BoabTeppa «XHIIHUK—
JKEPTBa» U JIOTUCTUYECKOro ypaBHeHHss Depxronbera. HaliieHo aHanmuTHuecKoe pemeHue s
YaCTHOTO Clly4yass MOJEINH, IO3BOJISIONIEE YCTAaHOBUTH 3aBUCHMOCTH HEOOXOAMMBIE IIpU
MIPUHATHH PEILCHUI PEryJsiTOpOM phIHKA IO (JOPMHUPOBAHUIO LIEH HA MPOLYKLIHUIO U PECYPCHI
ripou3BocTBa. C IEIbI0 UCCIICA0BAHMS MOJIEIN TIPOBECHBI BEIYUCIUTEIbHbBIE SKCIIEPUMEHTHI,
KOTOpBIE MOATBEPKAAIOT JOCTOBEPHOCTH IOTYYAEMBIX PE3YJIbTATOB MOAEIUPOBAHUS U a/leK-
BAaTHOCTh PEaJbHbIM IPOILIECCAM B3aUMOJCHCTBUS B SKOHOMHYECKON CHCTEME «IIPOM3BOJUTE-
JIM-€IUHBINA TIOKYNaTeNb TPOITYKIIUI».

Knwueswvie cnoe6a mamemamuudeckas Moaeﬂb, peeyﬂﬂmopnblﬁ MexaHusm, npu6bmb,
Onmosvlil PUIHOK.

K.F. Ocmanuenxo, O.1. Jlicosuuenxo, 3.X. bopykaes

MOJEJIb PEI'VJIITOPHOI'O MEXAHI3MY
CTUMYVYIJIIOBAHHS KOMITAHIM HA OIITOBOMY PUHKY
3 €/IUHUM ITOKVIILEM

Po3po0seH0 MaTeMaTHUHY MOJICNb PETyJISTOPHOTO MEXaHI3My aHali3y JMHAMIKK MPHOYTKY
BUPOOHMYMX KOMIaHil B yMOBax 3MiHH I[iH Ha OCHOBHI PeCypCH BUPOOHULITBA HA ONTOBOMY
PHHKY 3 €IMHUM IOKymmeM. Ll Momens CTBOpeHa Ha OCHOBi MOJAJBIIOTO PO3BUTKY 3aCTO-
CyBaHHSI MaTeMaTH4YHOi Mozelni BonbTeppa «Xmxak->kepTBay» i J0oricTU4YHOro piBHSAHHSA Dep-
XIOJbCTa. 3HAHACHO AHANITHYHHI PO3B'S30K U OKPEMOTO BHITQAKY MOJEII, IIO JO3BOIE

ISSN 0204—3572. EnekTpoH. mogentoBaHHA. 2019. T. 41. Ne 6 47



K.B. Ostapchenko, O.l. Lisovychenko, Z.Kh. Borukaiev

BCTAaHOBUTH 3QJIC)KHOCTI HEOOXIJHI MPU MPUHHATTI PILICHb PEryJIATOPOM PHHKY 10 (Hopmy-
BaHHIO L[iH HA MPOJYKIIIO 1 pecypcy BUPOOHUITBA. 3 METOIO JOCIII/PKEHHS MOJEII poBeIeH1
00YHCITIOBANIbHI €KCIIEPUMEHTH, SIKi TIITBEPIKYIOTh JIOCTOBIPHICTh OTPUMAaHHMX pe3yJIbTaTiB
MOJIEIIOBAHHS 1 aIeKBaTHICTh peallbHUM IIPOLIECaM B3a€MOJIl B €KOHOMIUHIH cucTteMi «BUpoO-
HUKH-€IUHUA TOKYIIeNb MPOAYKIii».

Knwuoei caoea: mamemamuuna mooenv, pecyiamopuull Mexamism, npubymox, onmoguil
PUHOK.
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