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Abstract: We investigate a problem of searching for Pareto equilibrium sets of an insurance rate
and an industrial damage utilization price. We consider a system, which, in the case of industrial
accidents, arises around an industrial firm. An industrial firm, a waste utilization firm, and an
insurance company are considered as the system’s agents. We develop profit functions for the
agents, and we determine compromise prices on waste utilization and insurance, which provide
the system’s stability. We analyze the set of industrial risk control systems with a various number
of the agents and the agent’s relations. A problem of determining an optimal solution is solved on
the basis of maximizing agents’ profit functions. The sets of an equilibrium industrial damage
utilization price and an equilibrium insurance rate are defined as Pareto equilibrium. A problem
of determining the set of an insurance rate is solved taking into account constraints according to
requirements of an industrial firm and an insurance company. A problem of determining the set
of an industrial damage utilization price is solved taking into account constraints according to
requirements of an industrial firm and a waste utilization firm. We consider the following models
of industrial risk control systems: agents have a strong relation and a weak relation, additionally,
one agent of each type and of many agents of the same type.

Keywords: industrial risk, insurance, waste utilization, optimization, risk control

1. INTRODUCTION

The industrial risk control is an important problem for every firm because the influence of
different external market factors. The risk control problems cover a financial risk, human
errors, a non-fulfillment of contracts, an industrial risk, an environmental risk, etc. These
problems were solved by means of the following methods: the scenario method [17], the
multi-agent systems [1, 7, 19], the multi-criteria models [6, 27, 31]. Additionally, this
problem was analyzed on various levels: the world market risk [11], the regional economic
system risk [20, 24, 26], the firm’s risk [2, 28], the technology operation risk [3, 8].

The risk control problems are related to various aspects, in particular, an assessment of
the risk factors, a choice of the risk management method, a prediction of the damage, etc.
Rasmussen and Svedung emphasized that «risk management can no longer be based on
responses to past accidents and incidents, but must be increasingly proactive» [21].
Therefore, an importance of developing measures to prevent risks prevails over minimizing
the damage from accidents.

Wu, Olson, and Choi indicated that «optimization and risk minimization inherently run
counter to each other» [30]. Consequently, a choice of the risk management method should
be based on an assessment of the preventive measures economic efficiency. These problems
were solved on the basis of the multicriteria decision making (MCDM) methods [6, 27, 31],
and the biconvex models and algorithms [25].
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For MCDM, Heller [27] proposed using a pair wise comparison of the risk competing
objectives. The following criteria were analyzed: a power outage, a fire, a flood, an
earthquake, a hurricane, a destruction of buildings, network failures, etc. As a result, a matrix
of the risk criteria assessments was formed, which is used in a qualitative risk analysis for
three buildings that differ in qualitative features.

Abla et al. [6] used MCDM to derive an aggregated risk score on the basis of the fuzzy
logic. For assessing development scenarios of the risk situation, the decision-making process
was considered under the following criteria: a technical and functional efficiency, an
economic sustainability, a social sustainability, an institutional environmental sustainability,
an overall sustainability. The risk management strategy was selected based on a weighted
sum of these criteria. In the case of the flood risk, this decision making technique was
applied to select the most sustainable strategy under uncertainty.

Yazdani et al. [31] proposed MCDM type for assessing risks of the cultivated areas’
flooding; they ranked various agricultural projects, which can mitigate the flood risks.

Dudin M. N. et al. [5] investigated the risks of an industrial enterprise and calculated
external factors influence weights and a likelihood of unforeseen events for political,
macroeconomic, social, and technological factors. On the basis of these weights, the external
risk average level of Russian industrial enterprises was calculated. Internal risks of the
enterprise were assessed according to the following criteria: a fulfillment of the production
plan, an economic security of current obligations, an economic security of supply contracts, a
human factor, and a likelihood of success in innovations commercialization. The authors
examined hedging and insurance methods for the risk management of an industrial
enterprise, however, the insurers and other related organizations were not considered as
separate agents, and their interactions were not investigated.

Krokhina J.A. et al. [16] explored the environmental risks of industrial enterprises using a
tree method and assessed the integral risk of an industrial facility as a result of its negative
impact on an environment, a human health, and an enterprise’s economy. The authors
applied the tree method to assessing the risk of an accident on the main pipeline and assessed
an economic efficiency of the measures to reduce the environmental risk of industrial
enterprises, but did not take into account an interaction of the enterprise with other economic
agents.

In contrast to the aforementioned literature, multi-agent systems (MAS) models expanded
a range of the risk management techniques. MAS models were studied in production design
and development systems, a production planning and management, and a supply chain
management (SCM) [19]. In a set of agents, MAS models described the participants in the
production process supply chain. In SCM, an influence of small and medium-sized
enterprises in the interaction with large firms [7] and buyers with suppliers [1] on the risk
level was considered. In the case of different-scale enterprises in SCM, Finch [7] emphasized
varying degrees of the supply chain disruption risk, because large and small enterprises are
subject to different degrees of the risks and their sensitivity to the risk factors is different.
Ahn and Park [1] studied the information exchange processes between participants in the
supply chain as MAS agents and assessed an impact of an agent’s awareness on SCM. In
general, MAS model was applied for the risk management in systems, which consist of an
industrial enterprise and its suppliers, i.e., the participants in the supply chain.

Finally, it should be emphasized that the aforementioned studies were carried out for
specific industries. For example, the problems of risk in the chemical and oil industries were
solved [3, 8] and technical, human and organizational factors of the industrial facility risk
were taken into account; on the basis of the fuzzy logic, the risk of the industrial facility in
the oil and gas industry was analyzed using the criteria of frequency, detectability and
damage value [30]. Therefore, the results of these studies cannot be applied to all industries.

Thus, we demonstrate the following research gap in the problem framework of the
industrial risk management. On the one hand, the industrial researchers pointed to a need for
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the insurance and the technical measures to prevent or eliminate consequences of industrial
accidents. On the other hand, they did not investigate the interaction mechanisms of an
enterprise with insurers and waste utilization firms as the specific agents. Additionally, they
did not generalize the results for the universal industrial enterprise; they were limited to the
specific industry. At the same time, MAS researchers did not study the principles of applying
MAS in the process of industrial risk management.

Hence, we can formulate the following research question of the industrial risk
management problem: to describe the industrial risk management process for the universal
industrial enterprise within the system of interconnected economic agents and calculate the
equilibrium prices for services that circulate within this system.

Our study aims at calculating the price equilibrium in the system, which appears as a result
of the preventive measures to minimize the consequences of technical accidents in the
industry.

2. PROBLEM FRAMEWORK

In this paper, the risk is considered at the firm’s level, and it includes an internal damage and
an external damage. The internal damage causes a reduction in the firm’s assets. The external
damage is the property wastes of other firms, individuals and the environment. Additionally,
the fiscal penalties (the ecology payment, the penalty for a damage to health, and a property
of other firms and individuals, the compensation caused by the non-fulfillment contracts)
depend on a value of the external damage. The industrial firm can reduce the
internal/external damage by means of additional expenses on the risk reduction. These costs
expenses are named the voluntary risk costs (VRC).

We analyze the problem of the industrial risk control for a system with three agents: the
industrial firm, the waste utilization firm, and the insurance company. These agents are in
various relationships in the system. We consider the following problem: to search for a
compromise price of waste utilization and a compromise insurance rate, which are compliant
with all agents of the system.

We assume that each participant in the system is intended to increase its profits, and he
chooses the optimal price. If these optimal prices are different, then the participants may not
agree to conclude a contract, then the industrial risk management will not be implemented.
Therefore, in this case, we determine the set of possible values of the insurance rate and the
price of waste utilization, at which the participants in the system will agree.

We introduce the following assumptions, which determine the applicability limits of the
model.

Assumption 1.

The product price is an exogenous constant, that is, the firm does not affect the price
a_, (1)
dQ

where p is the price of the production, Q is the production volume.

The waste utilization firms and the insurance companies are in the monopolistic

competition market, that is, the following conditions are fulfilled:

dp—Y<0 dpy <0

avV T axV @)
or <0, or <0, 3)
axs ars
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where py is the price of the utilization of a conventional waste unit, T is the insurance rate,
XY and YV are the internal and external utilized damage, X° and Y° are the internal and
external insured damage.

Assumption 2.

The production growth leads to a decreasing return:

éQ < O, (4)

where C is a value of the firm’s costs.

Assumption 3.

An increase in the production assets leads to an increasing in the possible damage; the
internal damage and the external damage are reduced with an increase in VRC, the internal

damage is limited from above due to technology features and the production volume

ai>o,‘3£<0,Xe(o,)(ma‘x],)(fm‘x>0. (5)
o0 of

where X" is the maximum possible internal damage, X is the internal damage, f'is VRC.
Assumption 4.
The external damage Y is proportional to the internal damage X:
oY
X >0. (6)
Assumption 5.
The voluntary combination insurance is considered, the wear is not included. The
insurance indemnity W is proportional to the insured damage X° and Y5, the indemnity does
not exceed the damage:

W0, o wexS+yS, (7)

—>
oxs " orS
Assumption 6.
The cost of the utilization of a conventional waste unit cy is a constant.
cy = const. (8)
Assumption 7.
The firm’s external damage Y=Y5+YU+Y™ consists of the insured external damage Y5=

5 Y, the utilized external damage YV= sY Y, and the residual external damage Y*=5"Y.
The firm’s internal damage X=X>+XY+X"® consists of the insured external damage X°= ]/S

X, the utilized internal damage XY= j/UX, and the residual internal damage X*=y"* X.

55 +oY 157 =1, 5%,6Y.,6™ >0, 9)
7S+7U+7/res=1’ 7/5,7U’7/V6520. (10)

The production costs function, according to assumption 2, has the following form [4],
[29].

Co(Q)=B0”, pe(l, ™™ ], ™™ (1,21, B>0, (11)

where B and f are the parameters of the production costs function, f™* is the maximum
possible parameter value.
The internal damage function satisfies assumption 3, and it has the following form:

X(Q./)=0Q)e =/, £e(0,£™], ™ e (0,11, ¢/(0)>0. (12)
This function X(Q) expresses an exponential distribution of the damage, which corresponds

to man-made accidents, ¢(Q) is the dependence of the damage on the production volume Q,

& is the parameters of the internal damage function, &M

parameter value.
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The external damage function satisfies assumption 4:

Y(X)=pX,u>0. (13)

The coefficient of the accident consequences expansion p expresses the ratio of the
external damage and the internal damage, taking into account the specifics of the industrial
complex in a region, geographical features, etc.

The insurance indemnity satisfies assumption 5:

w(xS, Y =a(X5+Y%), 0<ac<l, (14)
where a is the coefficient of the insurance indemnity.

The penalty function has the following form:

H=aY =auX, a>0, (15)
where a is the parameter of a relationship between the penalty and the external damage.

We consider the systems, which include the agents of three types: the 1% agent is the
industrial firm, the 2" agent is the waste utilization firm, and the 3™ agent is the insurance
company.

The industrial firm (the 1°' agent) produces the production volume Q, and it sells the
product at the price p. We introduce the following notation: Cp is the production costs
function, X is the internal damage, Y is the external damage, f'is VRC, H(Y) is the penalty
function, F(X,Y) is the value of waste utilization costs, V(X, Y) is the insurance premium,
W(X, Y) is the insurance indemnity, O"* is the maximum possible production volume, /" is
the maximum possible VRC.

The revenue function of the 1% agent is

R=0p+W. (16)
The total costs function of the 1% agent is
Cy=Co+f+Xy" " +V+H+F. (17)

The profit function of the 1% agent is
II;=R - Cs. (18)
We formulate the problem of the firm’s choice as follows: to search for the production
volume and VRC function, which maximize the profit of the 1% agent, that is:

{f*,0* = argmax [I;. (19)
fedr,0edy
Ag ={QeR" : Q< Q™ 0™ > 0} (20)
Ap ={f(&)eRT: f(o)< [T, fM¥ € (0,R;)} 21)
X =p(Q)e 7,
Y = uX,
Cp = BOP,
F=pyrsY + x;Y), (22)
H =aY. res’
W =a(XyS +Y5%),
V=T(XyS +75%).

The waste utilization firm (the 2" agent) has the following parameters. The utilized
damage Yo Uix 7U does not exceed the level Y, the price py does not exceed the level py,
where py is the maximum possible price, ¥ is the maximum possible waste utilization.
Consequently, the inverse demand function of the 2"¢ agent, according to assumption 1, has

the form: py = py —];TY(Y5U+X7/U). If py >0, then VX,Y: Y5U+X7/U <Y
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The profit function of the 2" agent is
1y =(py —ey)¥8Y +x77). (23)
We formulate the problem of the choice of py : to search for the price of the utilization of
a conventional waste unit, which maximizes the profit of the 2"¢ agent, that is:

py*=argmax Il (24)
pyeR’
py =py ~ L 5% + 2,7, (25)

The insurance company (the 3™ agent) has the following parameters. The insurance
premium depends on the insurance rate 7 and the insured damage Y 53 +X7/S ; T is the

maximum possible insurance rate, X is the maximum possible insured damage.
Consequently, the inverse demand function of the 3" agent, according to assumption 1, has

_ T _
the form: T:T—(Y55+Xy5)7. If 7>0,then VX,Y: Y65 + Xy° < X.

The profit function of the 3™ agent is
Uy =V-w. (26)

We formulate the problem of the choice of the insurance rate: to search for the insurance
rate, which maximizes the profit of the 3 agent, that is:

T* =argmax 1 (27)

Tste(0,1)

V=TS +Xy%),
= S s\ T
T=T-Yo" +Xy <’ (28)
W =a(¥Ys® + Xp°),
Y8 + Xy5 < X.

We consider the following problem of the agent’s optimal control: to search for the pair
(O* f*), which is optimal according to criterion (19), to search for the price py*, which is
optimal according to criterion (24), and to search for the rate 7%, which is optimal according
to criterion (27).

This system consists of three agents, and, if we vary the parameters Q, f, py, T, then three
agents achieve maximums of their profits.

We consider the system of the industrial damage control of the following types. The
agents have a strong relation, if they have the collective criterion function, and their costs
are not separable. The agents have a weak relation, if the costs are separable, and each agent
has the individual criterion function. We investigate the types of the system in the following
models.

Model 1: the 1% agent is the customer of the waste utilization and the insurance, the 2"
agent is the contractor of the waste utilization, the 3" agent is the insurer of the internal
damage and the external damage of the 1% agent. This system has the weak relation type.

(Fig. 1)
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insurance
remium
the lth agent :py_l\>> the 3I’d agent

Gimidtusteial hrd) (the insurance

o A — company)
insurance
indemnity

costs of waste
utilization

reduction of
damage to nature
and third parties

the 274 agent
(the waste
utilization firm)

Fig. 1. The agent’s interaction schema in Model 1.

The 1% agent pays the sum F = py (YO Utx )/U) to the 2" agent, and the agents achieve

the contract, if the price py complies with everyone. We formulate the problem with two

criteria to search for the compromise price py”"" , under which the system is stable.
By using an analogy with the previous case, the 1% agent pays the sum

V=TXo S+ x yS) to the 3™ agent, and the agents achieve the contract, if the insurance rate

T complies with everyone. We formulate the problem with two criteria to search for the

TCOWI

compromise rate , under which the system is stable.

Thus, the system of three agents is stable, if the compromise price py”" and

compromise rate 7°°"" are indicated in the contracts.

Consequently, we formulate the following problems: to search for the compromise price

py’™ and the compromise rate 7°°", which satisfy the following conditions:
max [1; A max [, (29)
pyeG pyeG
max [1; Amax Iy, (30)
TeQ TeQ
G={py [1I;(py) >0~ I} (py)>0}, 31)
Q=1{T|T e(0,1)AIT;(T)>0 A Hy(T) >0} (32)

In formulas (29), (30), the symbol of the conjunction “ A “ means that the maximums are
determined according to both criteria, taking into account the Pareto optimal principle.

Model 2: the 1 agent and the 2" agent have the strong relation; the 3™ agent is the
insurer of the internal damage and the external damage of the 1% and the 2" agents; the 3™
agent has the weak relation to other agents. (Fig. 2)
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Fig. 2. The agent’s interaction schema in Model 2.

The aggregate profit function of the 1 and the 2" agents in the system is
Oy =M+ =0p+W—-Co— [~V —H-cy(¥6V + Xy ) - Xy (33)

The problem of searching for the optimal production volume and VRC for the 1% agent,
and, additionally, the optimal rate of the 3™ agent, has the following form:

{/*,0*}= argmax I, (34)
fedyr,0edp
X =p(Q)e <,
Y = uX,
Cp =807,
vsY + xiY <7, (35)
H=aY5s"™,

W =a(Xy® +Y5%),
V=T(Xy> +Y5%).

These variables influence on the waste utilization, the insured damage, the penalties, and
the insurance rate.

We formulate the problem of searching for the compromise rate accounting to the
following conditions:

maXHI,H/\mame , 36
TeQ, TeQ, (36)

Ql:{T|T€(O,1)/\H],H(T)>0/\HH[(T)>0}. (37)

Model 3: two agents of the 1% type are customers of the waste utilization and the
insurance; the 2"¢ agent is the contractor of the waste utilization; the 3™ agent is the insurer
of the internal damage and the external damage of the 1% agent. This system has the weak
relation. (Fig 3)
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Fig. 3. The agent’s interaction schema in Model 3.

The problem of searching for VRC and the optimal production volume of the 1% type
agents is

1y =0pi+W;=Coi— fi = Xiyi® ~Vi—H; - F;, i=12, (38)
Ui*0;* = argmax 7y, (39)
Jfied;.0;€edp
X;=p(Qp)e 1,
Y; = X,
Coi =80, _
Fy = py %5V + XY, i=12 (40)

H; =aY;6]®,
— S S
Wi=a;(X;yi” +Y;6;"),
S S
Vi=T(X;y;" +Y:6;").
where 7 ={Il;,i =1,2} is the vector of criteria in model 3.

The profit function (23) of the 2™ agent is the sum of the revenues, which are provided
by two agents of the 1% type, and it has the following form:

svsU v 41
Iy =(py —cy) 236 + X7 )- (41)
i=1
The problem of searching for the price py* according to maximization of the 2" agent’s
profit function is

py*=argmax 1], (42)
pYeR+
py =py L5 + X, =12 (43)
By using an analogy with the previous case, the profit function (26) of the 3™ agent is
2
Iy =2V =Wy). (44)
i=l1

The problem of searching for the insurance rate 7" according to the maximization of the
3" agent’s profit function is
T*=argmax Il (45)
Tste(0,1)
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v, =T(Y;5° +Xi7iS)a_
= S s T
I=T-0" + Xi7i" )%

(46)
W, =a; (Y67 + X7 ),

2

s S\ ¥
267 + Xjy")< X,
i=1

We formulate the problem of searching for the compromise price py””" and the

compromise rate 7°°™, accounting to the following conditions:

max H]l A max H[z/\ max HU' (47)
ry €G Py €6 Py €6
Gy ={py | ;1 (py) >0l 2(py)>0n Il (py)>0}. (48)
max H]l A max H]z A max H]H (49)
T€Q2 Te 2 Te 2
QZZ{T‘TG(O,I)/\HII(T)>OVH[2(T)>O/\H[[] (T)>O} (50)
3. RESULTS
Assertion 1.
The function

fr= éln (0K,

K =-ayS — pas®S + 7" + TyS + uT8> + aus™ + upys? + pyyY

A(9)
sp(Q)
solution of the problem (19 — 22) for the continuously differentiable functions @(-) and

under conditions
E2p(0)e I K(BB(S-1)0P 7% +¢"(Q)ed K)~(£¢/(Q)e ¥ K)? >0 and K > 0,
?"(O)P(0) - ¢'*(0)>0.

The maximal profit of the I°' agent is

12=0*p=50" —f*—2.

and the value Q% which is calculated from the equation p —B,BQﬂ gL =0, are the

Proof. The profit function of the 1% agent (18) is
Iy = QP+(05—T)(X7S +Y5S)—BQﬂ —f_Z(Q)e—ﬂyres _avs’e —
—py (XY +78Y).

We search for the partial derivatives of this function, which are equal to zero:

aa% =-1-¢p(Q)e 7 [(@-T)(" +u6%) =" —aus™ - py (¥ + us¥)1=0

% = p=BpO" " + 9 (@ I [(a=1)° +u5) =" ~aus"™ — py (/¥ + us)=0

We solve these equations as follows:

Ep(Q)e I [(T—a) 7 + ud®)+ ¥ +aus™ + py (¥ + us?)] =1

Copyright ©2022 ASSA. Adv. in Systems Science and Appl. (2022)
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We introduce the denotation K = (3> + 8> )T —a)+ 7" +aus™ + py(us¥ +7yV) , then
we can write the optimal function VRI as follows: f* = éln(cfgo(Q)K ).

We write the equation
L£-1 ' =&
p=BpO" " -9 (Q)e * K =0,
and, for the aforementioned symbols K and f*, we get p— B,BQﬂ -l —% =0
®»

We solve this equation, and we search for O*.

We consider a function A(Q) = p—BﬂQﬂ -1 —%. This function is continuous function
(4

VQe AQ . Due to the features of continuous functions, the equation 2(Q)=0 has a solution,

because
- '(0)
H0)<0 for VO € dg | p< BROPT + L
(Q)<0 for 0 £0(0)
h 0 for VOe4 BBOP! &,
(Q)>0 for VOe Ay |p>BpO +§¢)(Q)
and

" 72
HQ)=-BAp-1QP 2L (Q)‘;:;QZ’(X © <0 it 000 -92(©)20.

We check a fulfillment of the maximum sufficient condition for the function /7,(Q, f) at

2
2 2 2
0%, o H,_{@ H[J |

f=*and Q=0*. For this purpose, we define the sign of A =

or? 00> | 900
2
T 20k,
of
2
T _ppp-10P -0 K.
o0
82171 . ' _g
3700 =5¢'(Q)e 7 K.
A=Ep(0)e T K(BR(B-DOP 7 +¢"(Q)e ™ K) - (ép/(Q)e 7 K)* >0.
2 2
If K>0, then M<0 and el <0, consequently, the pair (f* 0%*) is the maximum
of? 00>

point according to Sylvester’s criterion. l

Assertion 2.

Y s the solution to the problem (24 — 25) for the continuously

The value py*= %

differentiable function Y(py).
The maximal profit of the 2" agent is
E3
HH*:HH(pY):%(?(ﬁY —cy)?)-
4py
Proof: We write the profit function of the 2" agent (23), which is subjected to the
condition (25):

Copyright ©0000 ASSA Adv. in Systems Science and Appl. (0000)
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— Y
11 =(py —cy)(Py —pPy)—-
Py
We transform this expression as follows:

of Y - Y =
Iy ZPY(_J+I7Y[Y +CY]_YCY-
Py Py
This expression is the second-order power function, and it has the parabola graph with the

. py tc¢
maximum at py*= PYTY .

We search for the maximum of the profit function 17, * = I7j; (py *) of the 2™ agent:

_ 2 ~a — 2
HH*:(M) (_Yj+(wj(Y +YCYJ Tey = 4—<py —ep*
Py

2 Dy 2 Dy

Assertion 3.

o is the solution to the problem (27 — 28) for the

The insurance rate T* =

continuously differentiable functions X(T) and Y(T).
The maximal profit of the 3" agent is

1 — —
My =My (T%) = = X (T —a)”.
Proof: The profit function of the 3™ agent is
Oy =V -W=T-a)¥5° +Xy%)=(T - a)X%

We transform this function as follows:

HH]:TZ —£ +T )_(+g —OL)_(.
T T

This function has the parabola graph with the maximum point at 7* =

T+a

We determine the maximum of the profit function of the 3™ agent as follows:

_ 2, _ _ _
H[[]*:H]H(T*):(T_l_aj (—£j+(T+aj()?+a£j—a)?:%(f—a)z l

2 T 2 T

Assertion 4.

If ¢y <p7, then py" e[cY; PTY} is the solution of the problem (29), (31) for the

continuously differentiable functions @(-), else py’" €.
Proof: The profit function of the 1% agent is

M (py)=Qp+W—Co—f = Xy" =V —H - py (Xy" +75")
The utilized damage X 7/U +YsY corresponds to the demand function:
xV vV =7 -7 2L,

Py
Then the profit function of the 1% agent is

_ Y
I (py) =K, —PYY[ pyj PY——pYY+K1,
Py Py
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where K| is Op+W ~Co— f~Xy"® -V -H .

The maximum point of this function is py :PTY’ and the maximum of the profit
) ) 7} vY
function of the 1% agent I71;(py) is 11, (pTYj = _p%jLKl _

The profit function /7;(py) is analyzed in the proof of assertion 2.

Fig. 4. Compromise set of the 1st and the 2nd agents

The value pg is cy.

The figure 4 shows that the 1% agent prefers price py € [O, PTY} the 2" agent prefers

2

[p?v,cﬁpy}m{a P;}:@.

2

L5 _ _
price  py € [pg,u} Ir pY< PTY then  py™" [pg , PTY} else

The value py”" is the solution of the problem (29), (31), and it enables us to establish

the price py, which complies with the 1** and the 2™ agents. If one of the agents changes

this price, then the profit of other agent decreases, therefore, this is Pareto optimal
equilibrium set for 1% and the 2" agents’ prices according to profit function (18) as the
criterion of the 1% agent and profit function (23) as the criterion of the 2" agent.

Assertion 5.

T
If a<%, then T e{a; E} is the solution of the problem (30), (32) for the

continuously differentiable functions ¢(-), else T’ €.
Proof: The profit function 1% agent is

I, (T)=0p+W—Co~f - Xy"* —~H-F-T(Xy® +Y5°).
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The insured damage X; 7/S +Y5° corresponds to the demand function in the insurance
market: X;/S +Y55 = )?—)_(%.
We transform the profit function of 1% agent as follows:

m;(T)=K, —TY(1—§)=T2%—T)?+K2.

The value K, is Qp+W ~Cp— f~Xy"* ~F - H .

The minimum point of profit function //;(7T) is T =— and the minimum of the

N | N

function is H](%j =——+K,.
The profit function 77;;(T) is analyzed in the proof of assertion 3.

The graphs of the 1% and the 3™ agents’ profits for problem (30), (32) are demonstrated in
Fig. 5.
1
Iy

I

2

Fig. 5. Compromise set of the 1st and the 3rd agents

T
The acceptable set 7°°" is interval {a; E} These values enable us to transact of the

insurance contract, because the value 7°°"" complies with the 1 and the 3™ agents. The

deviation of the insurance rate relative to 7°°”" leads to a decrease in the profit of one of the

agents.

Thus, we identify the set of the possible values of the insurance rate 7"

and the price

of waste utilization py”", at which the system agents interact, and the process of the

industrial risk management is implemented.

Similar to the conclusion from assertion 4, we establish the Pareto optimal equilibrium
set for the 1% and the 3" agents’ prices according to profit function (18) as the criterion of
the 1% agent and profit function (26) as the criterion of the 3™ agent.
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4. DISCUSSION

The currently accepted risk management model is based on the standards [13] - [15] and, in
fact, implements the intra-firm management [3], [4], [6], [8], [16], [27], [31]. In comparison
with the aforementioned literature, we investigate the process of the industrial risk
management in the system of several organizations interconnected within the framework of
this process. Our system consists of three agents (the industrial firm, the insurer, and the
waste utilization firm) and provides a comprehensive examination of the risk management
process.

In contrast to use of MAS for SCM, we consider the MAS model, which includes the
agents that are not linked in a supply chain. We add the insurers and the waste utilization
firm to this model; therefore, our results extend the studies [18], [23]. In addition, our results
are industry invariant; consequently, it can be used for any industrial production. This
generality of results distinguishes our study from authors who considered risks for a
particular industry, for example [3], [8].

We derive an analytical form of the preventive risk costs function for an industrial
enterprise and prove that these costs depend logarithmically on the production volume of an
enterprise. This pattern means that the preventive risk costs increase more slowly in
comparison with a growth of the production. This feature encourages enterprises to take the
preventive measures and develops the concept of the proactive risk management [21].
Therefore, we prove that the proactive risk management strategy is optimal, i.e., it
corresponds to the minimum costs.

We calculate the optimal values of the waste utilization price and the insurance rate,
which maximize the objective functions of the waste utilization firm and the insurer. In
comparison with the approach [4], [16], which is based on the exogenously specified
insurance rate, in our model, the insurance rate is determined endogenously. In other words,
our model is based on such values of the waste utilization price and the insurance rate that
induce these firms to participate in contracts with the industrial enterprise. Consequently, in
these conditions, the decentralized decision-making system is configured according to the
mechanism of the centralized system.

In addition, we find the conditions of the compromise domain, i.e., the ranges of the
waste utilization price and the insurance rate, within which the system participants are
interested in concluding contracts. Therefore, we expand the MAS approach [1, 7, 19] related
to the revenue sharing, and reformulated it into the mechanism of the price sharing contract.
Next, we prove that the contract prices within the specified ranges are Pareto efficient.
Therefore, when the price varies within the compromise domain, the profit of one participant
grows, and the profit of the counterparty decreases, i.e., the price sharing contract
corresponds to the profit sharing contract. This is an important advantage of our approach:
our model not only allows us to estimate the damage from an industrial accident, but also to
calculate the economic effects of all participants in the risk management process and choose
the preventive costs sum that corresponds to the optimal solutions for all participants.

The results of this article can be used by industrial enterprises, insurance companies, and
waste utilization firms to determine the insurance rate and the utilization price. The resulting
compromise values of the rate and the price demonstrate the set of acceptable values at
which a contract will be concluded.

Finally, we briefly outline the directions for further research within our version of the
MAS model. Our results are obtained under certain restrictions on the type of a market
(assumption 1), the production function (assumption 2), and the damage function
(assumption 3). In the future, we plan to expand the study to consider other types of markets
and other production and damage functions.
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5. CONCLUSION

The optimization problems of searching for the firms’ risk prevention costs were investigated
in our previous articles [9], [22]. In particular, the optimal VRC function in the case of the
internal damage prevention according to the condition of the firm’s profit maximization was
derived. The problem of the external damage control was analyzed, and the optimal VRC
function with regard to fiscal penalties for the environmental damage and the civil penalties
for individuals’ property damages was proved. The problem of searching for the optimal risk
costs, taking into account the reinvestment of the firm’s profit, was considered, and the
optimal VRC function for a firm’s activity in the consequent periods was obtained. In this
paper, the problem of the industrial risk control in different system’s structures is
investigated.

We consider a risk control system of an industrial firm, which includes the insurance
company and the waste utilization firm. This system enables us to determine the conditions
of the insurance contract and the waste utilization contract. The problem of the industrial risk
control is a problem of the agents’ interests congruence. The calculated values of the
insurance rate and the waste utilization price are determined as the Pareto equilibrium set for
price and insurance rate.

We obtain the following results. The problem of the firm’s choice of the product volume
and VRC function in the system, which includes an industrial firm, a waste utilization firm,
and an insurance company, is solved in assertion 1. The problem of searching for the price of
the utilization, which maximizes the profit of a waste utilization firm, is solved in assertion
2. The problem of searching for the insurance rate, which maximizes the profit of an
insurance company, is solved in assertion 3. The problem of searching for the compromise
utilization price and the compromise insurance rate, taking into account Pareto optimal
principle for this variable, is solved in assertion 5. The final result provides the set of
acceptable values at which a contract will be concluded.
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