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Abstract
As a completely new residential distribution infrastructure, energy internet facilitates transac-

tions of equipment, energy and services. However, there is security risk under all the facilities.

This paper proposes an electricity pricing model based on insurance from the perspective of maximi-

zing the benefits of Energy Internet service providers by using the principal-agent theory. The con-

sumer prepays the provider insurance premiums and signs a contract. The provider sets electricity

price according to the premiums and therefore provides differentiated electric services for the con-

sumer. Loss suffered by the consumer due to the power failure is compensated by the provider ac-

cording to the contract. The equivalent model is presented and a necessary condition of the optimal

strategy is obtained on the basis of Pontryagin’ s maximum principle. At last, a numerical example

is presented, which illustrates the effectiveness of the proposed model.
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0 Introduction

Energy internet is based on power grids which uti-
lize renewable energy technologies, smart-grid technol-
ogies and Internet technologies. It is a kind of energy
interconnected and shared network, which fuses gas
networks, hydrogen power networks and electrified
transportation networks'''. As a completely new resi-
dential distribution infrastructure, energy internet facil-
itates transactions of equipment, energy and services.
The centralized computer mainframes give way to a dis-
tributed computing infrastructure which allows users to
access via a worldwide Internet. However, there is se-
curity risk under all the facilities'>’. Energy internet’ s
large unified power system will bring robustness prob-
lems. If a node or link faults, there may be a domino
effect turning the whole network into paralysis’>'. Un-
certainty of renewable energy generation and extreme
weather such as rain and snow will cause enormous
economic losses. The risk of energy internet is often
accompanied by a series of risks.

On the other hand, user-centric is the key to the

success of energy internet in business. This paradigm
shift can only be achieved by encouraging and facilita-
ting participation of individual residential customers
with a future power distribution infrastructure'*!. De-
signing incentive mechanisms to encourage consumers
to participate energy internet actively is needed'”’.
Insurance companies have rich experience of ser-
ving energy enterprises. Insurance mechanism in risk
management has made more and more extensive appli-
cation of a number of research results'®’. Fumagalli, et
al. '7*! proposed an insurance scheme for reliability
which provides economically efficient investment incen-
tives and alleviates consumers’ reliability risk. Xie
and Wei'®' analyzed four possible application modes of
reliability insurance and calculation models of insur-
ance premium under each application mode put forward
respectively. Wang, et al. "'’ proposed different relia-
bility levels of the insurance mechanism which allows
power companies to buy electricity from wind power
plants at different prices. Karimi, et al. """’ examined
the use of financial tools to manage dispatchable dis-
tributed generation economic risks and proposed a com-

prehensive framework considering various economic
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risks to distributed generation owners. Haring, et al. '*’

used insurance theory to evaluate the advantages of de-
mand side elasticity and differentiation in power quali-

13140 proposed  elec-

ty. Nitanan and Audomvongseree
tricity insurance pricing for bilateral contract market
and the pricing scheme is based on the fair game prin-
ciple. However, among all the literature, they charac-
terized loss of consumers as random variables. Since
the consumer’ s loss is often fuzziness by uncertain fac-
tors and cannot be exactly estimated by the insurance
company, it is rational to indicate the loss by a fuzzy
variable.

In this paper, an electricity price model is pro-
posed based on insurance from the perspective of maxi-
mizing the benefits of the Energy Internet service pro-
vider by using the principal-agent theory. The consum-
er prepays the provider insurance premiums and signs a
contract ; the provider sets electricity price according to
the premiums and therefore provides differentiated elec-
tric services for the consumer; loss suffered from the
consumer due to the power failure is compensated by
the provider according to the contract. This method can
achieve effective management of energy resources and
optimize resource allocation.

Deductible insurance is used to cover consumers’
loss, taking into account the adverse selection and
moral hazard caused by asymmetric information'>"* in
the insurance field. Because energy internet is more
open and interconnected than the smart grid""’ | which
leads to more uncertain factors threatening the safety of
users and further leads to more losses, therefore fuzzy
variables are used to represent subjective estimates of
consumers’ average loss and use the fuzzy theory to
solve the' ™’ optimization problem with subjective un-
certainty.

The following primary research contributions is
made in this study.

® Insurance mechanism is introduced into the
problem of the pricing of Energy Internet services and
an electricity price model based on insurance from the
perspective of maximizing the benefits of Energy Inter-
net service provider by using the principal-agent theo-
ry.

® Presenting the equivalent model is necessary
condition of the optimal strategy which is on the basis
of Pontryagin’ s maximum principle.

® A numerical example, which illustrates the ef-
fectiveness of the proposed model.

The rest of this paper is organized as follows; Sec-
tion 1 establishes an electricity pricing model based on
insurance mechanism. Section 2 presents the equiva-
lent model. Section 3 obtains the optimal solution for

the equivalent model. Section 4 gives an numerical ex-
ample to illustrate the effectiveness of the proposed
model. finally, Section 5 summarizes main results of
the paper.

1 An electricity pricing model based on in-
surance mechanism

In this section, an optimal electricity pricing
problem is considered, in which there are two partici-
pants, the provider and the consumer, among them,
the provider is the principal who provides electricity
service with insurance to the consumer and the con-
sumer is the provider’s agent'”''. Thus, there exists a
principal-agent relationship: the relationship between
the provider and the consumer. The consumer needs to
buy insurance from the provider and sign a contract.
The provider makes a pricing of the electricity service
according to the premium and provides differentiated
electricity services to the consumer. Because the con-
sumer should pay electric fees and premiums to the
provider, the provider needs to design an electricity
pricing mechanism and an insurance product pricing
mechanism.

The consumer gets access to the information of his
own loss, which is not available to the provider, before
buying the electricity service. Due to lacking relevant
data of the loss, the provider can only estimate the loss
based on expertise. This subjective assessment is deno-
ted by a fuzzy variable & Loss € has a continuous mem-
bership function with support [0, L], where L denotes
the consumer’ s maximum loss. The provider needs to
design an insurance contract under adverse selection
because of lacking relevant data of the consumer’ s
loss. Moreover, in order to stimulate the consumer to
reveal the factual information of his own loss, the in-
surance contract should contain a deductible. Let x e
[0, L] denote a certain amount of the consumer’ s
loss. The deductible and the premium are denoted by
D(x) and 7 (x) respectively. For the purpose of avoi-
dD(x)

dx

ding moral hazard, it is assumed that =0. In

other words, the deductible increases with the increase
of the consumer’ s loss. This kind of insurance contract
will penalize the consumer for a large loss.

The insurance payout is dependent on the deduct-
ible and the consumer’ s loss. The relationship be-
tween them may be not linear. Let /(D(x), x) denote
the payout. The electricity pricing is dependent on the
premium and denoted by P(w(x)). The consumer’ s
benefit from power utilization is denoted by g(x).

Thus, given that the consumer’ s initial wealth is



198

HIGH TECHNOLOGY LETTERSIVol. 24 No. 21 ]June 2018

wy(w, = L), the consumer’ s welfare is
W(m(x), D(x), P(m(x)), q(x), x) =
wy = m(x) = P(m(x)) —x +1(D(x), x) +q(x)
Vxe [0,L] (1)
Truthful announcement of loss implies that the in-
centive compatible constraint of the consumer must be
satisfied. W(P(mw(y)), w(y), D(y), q(x), x) are
used to indicate that the consumer’ s loss is x but he
says it’ s y. The incentive compatible constraint of the
consumer is that if for eachx e [0, L], the consumer
with loss x will choose (m(x), D(x), P(w(x))) to
maximize his own welfare, i.e. ,
W(m(x), D(x), P(m(x)), q(x), x)
= W(m(y), D(y), P(w(y)), q(x), x)
VYx,y e [0, L] (2)
In addition, the contract must be individually ra-
tional so that the consumer wants to participate in the
trade. u, is used to indicate the consumer’ s welfare
without purchase. Then the individually rational con-
straint is
W(m(x), D(x), P(m(x)), q(x), x) =y,
Yae [0,L] (3)
V(m(£), D(E) = m(&) - [(D(E), £) are
used to indicate the provider’ s benefit obtained from
the insurance contract, where ¢ is the social average
cost. The provider’ s welfare is
B(V(m(x), D(x)), P(m(x)))
= P(m(x)) —c+V(m(x), D(x))
Ve e [0,L] (4)
In the optimal electricity pricing problem, the
provider aims to maximize the expected social welfare
by designing an electricity price for the consumer under
the incentive compatibility constraint and participation
constraint. As a consequence, the electricity pricing
model can be formulated as follows:

max )))E[B(V(Tr(f),D(f)), P(mw(£)))]

(m(+), (), P(m(-

subject to:

W(nm(x), D(x), P(mw(x)), q(x), x) =

W(m(y), D(y), P(w(y)), q(x), %),

W(m(x), D(x), P(w(x)), q(x), x) = u,
VYx,y e [0, L] (5)

2 Model analyzing

In this section, an equivalent model of Eq. (5) is
considered.
2
9ID, x) = 0, the incentive
0D ox

compatibility constraint (2) can be written as

Proposition 1 If

dP(m(x)) dm(x) N dm(x) _ ol(D(x), x) dD(x)
dr dx dx oD dx

dD(x)
T de =0

Yxe [0,L] (6)
Proof By Eq. (1), the incentive compatibility
constraint (2) can be written as
w, — P(m(x)) —mw(x) —x +I(D(x), x) +p(x) =
wy —x = P(mw(y)) —w(y) +1(D(y), x) +p(x)
Yx,y e [0, L] (7)
Let J(x, y) =w, + I(D(y), x) = P(mw(y)) -
w(y) —x +p(x), for any given x, Inequality (7) can
be written as
J(x, x) = J(x,y) Y,y e [0, L] (8)
It means that J(x, y) obtains its maximal value at
y = x. Thus, J(«x, y) satisfies the first-order condition

8](;07,)0 = 0 and the second-order condition
y y=x
2
a']g# < 0. It follows from the first-order con-
y

y=x

dition that
dP(m(x))  dm(x) N dm(x) _ al(D(x), x)  dD(x)

dm dx dx oD dx

(9)
and

PID(x), %) CUONRICICIR) L &°D(x)

oD? dx oD da?

< (12P(1Tgx)) . (dﬂrr(x))2 + dP(m(x)) | (12Tr(2x)

dm dx dm dx

+¢§%ﬁ (10)

By differentiating Eq. (9) with respect to x:
d*P(m(x)) . ( dﬂn'(x))2 N dP(m(x)) | dm(x) . d*m(x)

d= dv dm da’ do?
_JI(D(x), %) | (dD(x))z . FI(D(x), x) dD(x)
on’ dx 0D dx
a(D(x), x) | d*D(x)

Applying Eq. (10) to Eq. (11) yields:
a*I(D(x), x) . dD(x) 50

dDox dx
Thus .
AD(x) _ o P10 2
dx  — 7 0Dox -
dD(x) <0 if O I(D(x), x) <0
dv«  — 7 aDox
Note that dDd(x) =0, thus Eq. (2)=Eq. (6).
x
On the other hand, by dD(x) = 0 and

dx
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PI(D(x) , x)
D ox
P(m(x)) = P(m(y)) +m(x) = m(y)

__[ADG)L ) dAD(s)

oD ds

=0, wheny > x:

x

_[lD(s), %) dD(s) 4
oD ds

= I(D(x), x) —1(D(y), x)
and wheny < x:

P(m(x)) - P(m(y)) +m(x) —mw(y)

__[ADG) L s) | dAD(s)
oD ds

=

x

[I(D(s), x) dD(s) .
g_I oD ds e
=I1(D(x),x) =I(D(y), x)
?I(D, x)

Dox

Therefore, when =0, Eq. (6) is sat-

isfied and incentive constraint (2) is satisfied.
Therefore the proof of Proposition 1 is completed.
Proposition 2 Participation constraint (3) can be

written as
w(L) =w, -P(w(L)) -L+I1(D(L), L)
+q(L) —u, (12)
Proof By Eq. (1), hence
AW(m(x). D(x). Pln(x) s q(x) o x) __ |, dq(x)
dx dx
B dm(x) +a](D(x) , x)  dD(x) _dP(Tr(x)) Jdw(x)
dx oD dx dm dx

and applying Eq. (9) yields:
dW(m(x), D(x), P(m(x)), q(x), x) _ dp(x)
dx dx
Assuming that%
dW(m(x), D(x), P(m(x)), q(x), x)
dx
Which means that W(mw(x), D(x), P(w(x)),

q(x), x) is decreasing with respect to x. Thus, partic-

< 1, thus:

<0

ipation constraint (3) is equivalent to:
W(m(L), D(L), P(w(L)), q(L), L) =
wy, —mw(L) -L-P(w(L)) +I(D(L), L) +q(L)
= U
It is easy to testify that the optimal insurance con-
tract satisfies
wy, —m(L) - L—-P(mw(L)) +I(D(L), L) +q(L) = u,
Otherwise, let:

m (L) =wy - P(w(L)) - L+q(L) +I1(D(L), L)

_—
da (x) _dw(x)
dx Todx Vo e [0, L]

New insurance contract (1, (), D(+)) can be

established, where 7, (x) = w(x). The new insurance
contract satisfies Eq. (9). Consequently, the new in-
surance contract is also feasible for model Eq. (5).
V(a, D) is strictly increasing with respect to r,
hence :

V(m (x), D(x)) = V(m(x), D(x))

It means that the provider will choose (,(-),
D(+)) rather than (w(+), D(+)).

Thus, an optimal insurance contract should satisfy
Eq. (12).

Therefore, the proof of proposition 2 is comple-
ted.

Proposition 3 The objective function of the model

Eq. (5) can be written as
L

maXL {[Wo —uy - L+q(L) —clo(x)

()
+ B(x) W}dx (13)

@(x) and @(x) are credibility density function and
density function of £ respectively.
Proof Integrating Eq. (9) and then applying Eq. (12)
yields
L
MDD g 4 (D), )
—m(x) +wy, —uy — L +q(L).
Because the provider’ s welfare is
B(V(m(x), D(x)), P(m(x)))
= P(m(x)) —c+V(m(x), D(x))
the following can be obtained;

B(V(m(x), D(x)), P(m(x)))

P(m(x) = |

x

TaI(D(s), 5)
Js

=w, —uy —L+q(L) —c+ ds
Moreover,
dB(V(m(x), D(x)), P(m(x))) _ _al(D(x), x)
dx ox
<0
which means that B(V(w(x), D(x)), P(m(x)))
is decreasing with respect to x. By Refs[22,23],

E[B(V(m(&), D(&)), P(w(£)))] =
L[wo —uy - L+q(L) -c +f%ds]¢(x)dx

J

is got.

Thus, the provider’ s welfare is

E[B(V(m(x), D(x)), P(m(x)))] =

LL{[WO —uy =L +q(L) —cle(x)
+ @(x) W}dﬁc

Note that the provider’ s welfare is irrelevant to
w( +) and P(mw(*-)), thus, decision vector (m( ),
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D(+), P(mw(-))) is simplified as D( ).

Therefore, the proof of proposition 3 is comple-
ted.

Theorem 1 For any given function P(w(+)),

Eq. (5) is equivalent to
L

maxL {[wo —uy =L +q(L) —clo(x)

D(+)
ox
subject to:

MBO, Vx e [0, L]
dx

(14)
Proof It is easy to verify the theorem according to
Propositions 1-3.

3 Optimal solution for the equivalent model

In this section, the optimal solution of the equiva-
lent model is obtained. Rewrite this problem as a con-
trol problem as follows.

Let

N(D(L), L) =w(L) —w, + P(w(L)) + L

—g(L) ~1(D(L), L) +u,
and
dD(x)
u(x) = i

Furthermore, let u( +) be the control variable,
c( +) be the state variable and N(D(L), L) = 0 be
the constraint.

Thus, Eq. (14) can be written as:
L

maXL {[wo —uy —L+q(L) —clo(x)

u(+)
+ ®(x) M}dx
ox
subject to:
dD(x) _
dx - u(x> ’
u(x) =0,

N(D(L), L) =0

Yz e [0, L] (15)
Hamiltonian

H(D(x), u(x), A(x), x) =
A u(x) + [wy —uy =L +q(L) —clo(x)
b (x) - D), 0 (16)

0%

where A (+) is an adjoint state.

According to Pontryagin ° s maximum princi-

12451 i optimal solution of Eq. (15) exists, then

ple
there exists adjoint state A ( +) such that the following
conditions hold :

1) u” maximizes the Hamiltonian Eq. (16), i.e. ,

HD (x) 1" A(x). x) = mgg(m Ty —uy - L

(L) = clg(x) + @(x) D). 2))

0x
(17)
2) (u” (), D" (), A(+)) satisfies
WA _ gy D), )
dv P (x) dDox (18)
dD(x) _ .
dx =u (x>

3) The boundary conditions are
N(D(L),L) =0
_d(D(L), L)
ME) = aD
ULCVL) 4 [y iy =L = +q(1) (L)
_l(D(L), L) dD(L)  ol(D(L),L)
aL dL aD

1

(19)

If (u*(+), D*(+)) is obtained by Eqs (17),

(18) and (19), then the optimal premium and the
optimal electricity price are

Pr(m™ (%)) +7" (x) = w,
al(D” (s),s) .
+J PR ds

—uy-L+q(L) —-¢

+1(D" (x), %)
4 Numerical example

In this section, a numerical example is presented
to obtain the optimal solutions for the electricity pricing
model by analytical methods and testify the effective-
ness.

It is considered the consumer’ s loss as fuzzy vari-
able ¢ with support [0,L], where L denotes the maxi-
mum of the consumer’ s loss. Without loss of generali-
ty, triangular fuzzy variable ¢ = (0,a,L) is used to
denote the provider’ s subjective assessment of the con-
sumer’ s loss, with the credibility density function

1
2a’

o0 =1 1 _

2(L -—a)’ “=

0, otherwise

0<<x<a

x <L

and the distribution function

x
—,0<<x<a

2a’

x + L -2a <r<l

2L-a) S

0, otherwise

d(x) =

Thus, the provider’ s optimal electricity pricing
problem can be formulated as follows
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maXLL{@(x)D(x) - (uy +c)p(x)}dx

D(+)

subject to:

(20)

dD(x)

T =0,

N(D(L),L) =0
where

N(D(L), L) = w(L) + P(w (L)) + u,
-1(D(L), L)

and

P(w(x)) +mw(x) = fal(l)(a#s)ds

+ I(D(x),x) —uy, —c
Eq. (20) can be formulated as follows
L
max [ | @(x)D(x) = (uy +e)b(x) | dv

subject to:
dD(x) _
i COP
u(x) =0,
N(D(L), L) = 0.
Hamiltonian
H(D(x) ,u(x),(x),2) = D(x)P(x) - (1 +c)p(x)
+ A(x)u(x)
If the payout function is I(D(x), x) = x —
D(x), according to Eqs (17), (18) and (19),
D" (x) = D(0) is obtained

and

P (mw" (%)) +7"(x) =w, —u, —c - D(0)

That means that if the deductible is larger, the
premium and the electricity price is lower; if the de-
ductible are lower, the premium and the electricity
price are higher. The optimal contract stimulates the
consumer to reveal factual information.

5 Conclusions

Energy Internet has become a focus of concern for
international academia and industry since Huang of
North Carolina State University introduced the concept
of it. In this paper, an electricity pricing model is pro-
posed based on the insurance from a perspective on
maximizing the benefits of Energy Internet service pro-
vider for the purpose of managing risk of Energy Inter-
net and designing incentive mechanisms to encourage
consumers to participate Energy Internet actively. The
equivalent model is presented and a necessary condi-
tion of the optimal strategy is obtained on the basis of
Pontryagin’ s maximum principle. At last, a numerical
example is presented which illustrates the effectiveness
of the proposed model. The results demonstrate that the

insurance contract stimulates consumers to reveal infor-

mation actually and the optimal electricity price en-
courages consumers to participate Energy Internet ac-
tively.
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