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Abstract: As the increasing penetration of sustainable energy brings risks and opportunities for
energy system reliability, at the same time, considering the multi-dimensional differentiation of users’
reliability demands can further explore the potential value of reliability resources in Integrated Energy
Microgrid (IEM). To activate the reliability resources in a market-oriented perspective and flexibly
optimize the operational reservation in dispatch, an optimal dispatching model in IEM considering re-
liability principal-agent contracts is proposed. We establish the reliability principal-agent mechanism
and propose a cooperative gaming model of Integrated Energy Operator (IEO) and Integrated Energy
User (IEU) based on the optimal dispatching model. At the upper level, the economic dispatching
model of IEO is established to optimize the operation reservation, and the reliability principal-agent
contract from users in the lower level would influence reliability improvement. Each IEU in the
lower level maximizes its energy utilization and gives the corresponding reliability principal-agent
incentives according to the reliability improvement degree and its actual demand. The bi-level model
is solved by the KKT condition and strong duality theorem. A case study verifies the effectiveness
of the proposed model in reducing the energy dispatch cost, improving the economic benefits of
each participant, realizing the optimal allocation of reliability resources and optimizing the IEM
energy structure, and the sensitivity analysis of dispatch cost with the user’s energy-using benefits
is discussed.

Keywords: optimal dispatching model; reliability principal-agent contract; cooperative gaming;

bi-level optimization

1. Introduction

With distributed energy developing rapidly, the higher penetration of renewable
energy is a double-edged sword for energy system reliability [1] and energy supply flexi-
bility [2], and in this context, with the Integrated Energy Microgrid (IEM) flourishing, the
traditional units [3] and the auxiliary service energy market is experienced a great change
within their footprint [4]. Therefore, in this context, the energy dispatching optimization
in IEM considering the market mechanism of customer reliability auxiliary services can
not only effectively explore the potential benefits of reliability in energy dispatching, but
also allocate the reliability resources fairly and reasonably according to the differentiated
market demand; thus, it can further improve the economic benefits of energy use for the
whole of society, and promote energy structure transformation.

With the diversification of the energy market, energy reliability is gradually trans-
forming from a public product to a private product as an auxiliary service [5]. Therefore,
the traditional vertical administrative energy reliability management needs to be changed
and updated. As the demand differentiation for users’ energy reliability, reliability ser-
vices should also consider the interests of both the system-side and user-side to achieve
a win—-win result. In articles [6-8], based on the idea of “the higher quality, the higher
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price”, the reliability improvement cost is evaluated and priced from an economic view
for reliability services. Article [6] indicates that the pricing signal is sensitive to network
reliability, article [7] develops an analytical “electricity price reliability” model consider-
ing the time of use (TOU) strategy to evaluate the reliability of the power system, a new
method of reliability pricing is proposed to reflect the value of energy storage systems on
consumer-centric reliability improvement in article [8]. Furthermore, with the increasing
penetration of sustainable energy, the operational risk of energy operators will continue to
increase, which impacts negatively the revenue of integrated energy market participants
and increases system costs. Consequently, by establishing a market-based approach for
setting user reliability preference [5], energy operators can recover their costs in the inte-
grated energy systems with photovoltaic uncertainty and system networks [9]. In addition,
as the transaction model for reliability indexes such as the system average interruption
duration index (SAIDI), system average interruption frequency index (SAIFI), customer
average interruption duration index (CAIDI), customer average interruption frequency
index (CAIFI) and loss of load probability (LOLP) is commonly adopted [10], and the
transaction depends on customer damage function (CDF) [11] and service quality [12] is
also widely used nowadays, it is a good method to establish a reliability service mechanism
with risk management tools [10,12]. By introducing an insurance mechanism, new blood
is injected into the reliability management field by enhancing the economic incentives for
reliability improving decisions with excellent economics [13] and controlling distributed
energy resources [14], energy storage systems [15]. However, since the goal of the insurance
mechanism is to spread the uncertainty risk of the user’s lost load loss, it doesn’t fully
exploit the potential benefits of the reliability resource optimal allocation. Meanwhile,
although these studies have effectively improved the energy system reliability through
various market mechanisms, most of the proposed models are still from a long-term per-
spective by changing the grid structure, etc., and do not meet the dynamically changing
reliability needs of users in real-time and with a flexible manner.

In the real-time dispatching of IEM, the reliability improvement mainly relies on the op-
timization of operational reservation. Unlike the traditional system, the IEM considers the
reservation co-optimization among multiple-energy systems, promotes renewable energy
consumption, and ensures system reliability [16]. With the increase in uncertainties in the
energy system, article [17] presents a stochastic mathematical framework to address epis-
temic uncertainty and aleatory uncertainty, which reduces the risk caused by uncertainty
effectively. As for the uncertainties of equipment failures and load changes, considering
the uncertainty of unit output, article [18] defined the safety constraints of IEM operation,
and established a stochastic optimization dispatching model, which improved the system
reliability effectively. Article [19] introduced the conditional value at risk theory into the
risk quantification of IEM and built a robust optimization model for day-ahead dispatching.
For the multiple failures of system components, probabilistic reliability constraints are
introduced in the reservation dispatching optimization model. By introducing chance
constraints of multiple reliability indicators [20], component capacity [21], and dynamic
operational reliability constraints [22] in day-ahead dispatching, reservation optimization
is performed to improve system reliability. However, most studies have focused on solving
uncertainties from system perspectives to improve energy supply reliability, ignoring the
strong subjective initiative and the great potential value of users for reliability improvement.
Therefore, considering users’ energy reliability demand and their variability will bring
more improvement space for IEM dispatching in balancing economy and reliability.

To address the above problems, based on the differentiation of users’ energy reliabil-
ity demand, we propose an optimal dispatching model for IEM considering a reliability
principal-agent contract, to find a balance between the economy and reliability of IEM
dispatching by market tools. This paper establishes the reliability principal-agent mecha-
nism and proposes a cooperative gaming model of Integrated Energy Operator (IEO) and
Integrated Energy User (IEU) based on the optimal dispatching model. At the upper level,
the economic dispatching model of IEO is established to optimize the operation reserva-
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tion, and the reliability principal-agent contract from users in lower-level is influencing
the degree of reliability improvement. Each IEU in the lower level maximizes its energy
utilization and gives the corresponding reliability principal-agent incentives according to
the degree of reliability improvement and its actual demand. The bi-level model is solved
by the KKT condition and strong duality theorem. A case study verifies the effectiveness of
the proposed model in reducing the energy dispatch cost, improving the economic benefits
of each participant, realizing the optimal allocation of reliability resources and optimizing
the IEM energy structure, and the sensitivity analysis of dispatch cost with user’s energy
use benefits is discussed.

2. Energy Reliability Principal-Agent Model

An IEM has a variety of designs and sizes, and typically contains one or more kinds of
distributed energy as shown in Figure 1, such as wind turbine (WT), photovoltaic (PT), mi-
cro combined heat and power (CHP) system, etc., and multi-energy loads, such as electrical
and thermal loads, with various characteristics. In these structures, the integration and co-
ordination of various energy systems can provide a good accommodation environment for
distributed renewable energies and good performance in energy efficiency, and reliability.
Due to the subtlety of the energy micro-grid, it can not only realize lean and high-quality
improvement on energy services, but also adapt to the rules of energy marketization, which
makes it a good choice as a pilot for energy market reform.

IEO: IEU:
Energy price Energy demand
Reliability Reliability incentive
IEO IEU

e
Electricity
v ) o
Grid

CHP -
External
Gas Networks Load
-
——Electricity Flow Gas Flow —— Heating Flow

Figure 1. The energy frameworks of IEM.

With the increasing uncertain factors in energy dispatching, energy reliability is facing
new opportunities and challenges for both systems operators and users; as the energy
auxiliary market is developing into diversified and individualized areas, considering users’
reliability demand differentiation in the energy reliability resources allocation optimization
would have a strong market value and potential to lead the trend.

The principal-agent relationship refers to one or more participants appointing another
participant to serve a certain business according to an explicit or implicit contract, and pay-
ing them corresponding remuneration according to the quantity and quality of provided
services. The establishment of the new principal-agent relationship is a supplement and
improvement of the traditional relationship between operators and users. In addition, in
the market context, we focus on quantifying the load loss with economic indicators. There-
fore, with the traditional LOLP conception applied in calculating users’ energy shortage
probability, it is more convenient to quantify the load loss for an economic expected value
by selecting a probability. In addition, when a detailed shortage time index is needed, and
multiplication with a detailed time scale is carried out, the average outage time per hour
can also be obtained easily.

According to the principal-agent theory, in the IEM, the energy reliability principal-
agent model consists of the principal IEU and the agent IEO. With the quantity and quality
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of reliability improvement provided by IEO, IEU gives IEO the corresponding remuneration
under this principal-agent mechanism. The model makes the reliability resource allocation
further improved by highlighting users’ participation, and follows the direction of energy
market development. With the effective economic incentive from users, it not only keeps the
balance between the reliability improvement degree and the economy of its cost in energy
dispatching, but also flexibly satisfies the diversification of users’ reliability demands in the
spatial and temporal dimensions.

2.1. Reliability Principal-Agent Function

Since the energy supply interruption will lead to different damage degrees to the
user’s energy-using utilization during their business hours, from the perspective of the
user’s loss of load probability (LOLP), the user’s energy-using utilization considering the
energy reliability index LOLP in a short dispatching period is as follows.

T
Uigui = Y ) (1— LOLP},)b}, )
t=1xeX

where, T is the dispatching period (unit: hour), X is the energy type, which contains
electricity and heating, that is X ={x|x € (e,h)}; Ujgy; is the energy-using utilization
(unit: USD) of the user i; LOLPY; is its loss of load probability, which also represents the
reliability level; and b} is the beneflts (unit: USD) that the user earns without energy
supply interruption.

According to the principal-agent theory, the amount of incentive payoff is directly
related to the benefits that users gain with the reliability improvement. Therefore, based
on the actual benefits-improved for users by reliability improvement, the setting of the
reliability principal-agent contact is expressed as follows.

AU — (LOLP;, — LOLPY)bY, )
— X
Leriy = a4 + By (LOLP; ; — LOLP}, )by, ®)

where, Au"f"f’ is the additional energy-using utilization (unit: USD) that is brought by
reliability 1mprovement I3, ; ; is the reliability incentive (unit: USD) that principal-agents
contact defined, a7 is flxed incentive (unit: USD) paid to the IEO; and f;, is the incentive
coefficient, which represents the importance of energy supply at that moment; it would be
influenced by the business benefits, reliability situation, energy pricing and so on.

2.2. Reliability Principal-Agent Constraint

To maintain the fairness of the principal-agent contract, we stipulate that, on one
hand, as shown in Equation (6), when the user does not choose a reliability principal-agent
contract, the IEO must maintain at least the original reliability during the period, and
cannot maliciously change the reliability index to cheat the user of the reliability incentive
out of their pay; on the other hand, as shown in Equation (7), when the amount of the
reliability incentive proposed by the user is less than the cost paid by the IEO to improve
the energy reliability in dispatching, the IEO has the right to reject the contract and maintain
energy reliability in the original state.

aj; >0 (4)
0< By <1 (5)
LOLP;, — LOLP% > 0 ®)

1
Feie = Gy @
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where, C™ is the reliability improving cost (unit: USD) by IEO, which can be obtained

after IEO energy dispatching.

3. IEM Optimal Dispatching Model Considering Reliability Principal-Agent Contact
3.1. Objective

According to the reliability principal-agent model proposed above, IEO takes its
net revenue Rjgp maximum as the dispatching optimization objective, and the relevant
factors include the revenue of energy selling to IEU Rg, ; ;, the incentive obtained from the
reliability principal-agent contract I ; ;, the operation and maintenance cost of the units
under normal operation scenarios Cy, ;, and the reservation purchase cost under each

failure scenario C, ;. The objective function can be described as follows.

T N
maxRipo = ¥ L [ X (R, + I p)
=1 xeX i=1 8)

T (Gt Cly)]
Y

where, Y* is the set of equipment generating energy x, Y*= {Y*, Yh} and the electricity
part includes combined heat and power (CHP), external grid (EG), wind turbine (WT)
and photovoltaic(PV), Y¢ = {y|y € (CHP,EG,WT,PV) }; and the heating part includes
combined heat and power (CHP), external heating networks (EH) and a gas boiler (GB),
Yh = {y|ly € (CHP,EH,GB)}.

Rsell it = Wi Lz tAt (9)
Ciy = c"'fp’{tAt (10)
Clyp Z PrsCy i Ry st (11)

x,r xp Xp
Cyt = WEG/EH ~ Cyt (12)

where, wy is the selling price (unit: USD) for IEU, L;‘, ; is the load (unit: kWh) of the user i;
c;:t is the production cost (unit: USD) of equipment y supplying energy x at time ¢, and
Py, is corresponding unit output (unit: kW) according to the optimal dispatching in the
normal state; S is a set of failure scenes, s € S, p; s is the probability of failure scene s, C;f is
the reverse cost (unit USD) of equipment y, which is the difference of the external market
selling price wEG /EH, and cy i R; 15 is the corresponding reserve amount (unit: kWh) that
dispatches in failure scene s.

3.2. Energy Dispatching Constraints
3.2.1. Economic Constraints

To maintain the energy market order in the IEM, the apportionment mechanism of
reliability improving cost should obey the rule of “More money out, more money in”,
which is shown as followed.

1
e = ZY Cly (13)
yey>
x,rel
rel _ it rel
e e (14)
Xx,re

where, C/™ is the reliability improving cost (unit: USD) by IEO, C/®! is the reliability
improving cost (unit: USD) apportioned to each user, which is according to their additional

energy utilization AU
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3.2.2. Operational Constraints for Normal State

e  Energy balance constraint
N
YLh= L Py (15)
i=1 yeY*

e  Multi energy supply constraints

P X X P X
uy,t y,t,min S Py,t S uy,t y,t,max (16)
1 u
Apy?r‘pllax < P;,t - P;,tfl < APy,&ax (17)

where, uyp,t is the available status of equipment y over period ¢, 1 for on, 0 for off. P;

,,min
and Pj; ., is the upper and lower bounds of the output (unit: kW) of energy x from

equipment vy, respectively; AP;‘,’I‘{l"aX and AP; Fhax is the maximum ramp rate of reducing
and increasing output (unit: kW /h) of equipment y, respectively.
As for the multi-energy units, their energy conversion functions for CHP and GB are

as follows.

2
P (e:HP,t = W(gjgpp gHP,t (18)
h 2h g2
Plp, = Yeripese Perp (19)
h 2h
PG = 77%13 P éB,t (20)

where, qézgp is the electricity generating efficiency of CHP, and né%e is the heating generating

efficiency of GB, respectively; yeCzIfIP is the thermal power ratio of CHP.

3.3. Energy Reliability Model
3.3.1. Component State Probability

In this model, the reliability index of the IEM is defined by the LOLP of the power
supply system and the heating system, and obtaining them by transforming the reliability
assessment model into a reliability probability constraint in energy dispatching. A two-state
component reliability model is adopted, and its state transfer process is considered as a
homogeneous Markov process. The dispatching cycle is divided into 24 intervals, and each
component is in normal operation before the first interval; consequently, a component may
have 224 state sequences, from which the normal and fault probability of each component
at each period can be obtained. Considering the first-order faults and the IEM-containing S
components, the probabilities of sth system state and the (s + 1)th (normal) system state
can be found as follows, respectively.

S
prs=pis [ | P (21)
Kks
S
prsi1 =11 P?,s (22)
s=1

where, P?,s and P},s is the probability of component s being in working and fault states at
time interval £.

Z’ly,t,spy,min S P;,t + R;,t,s S uy,t,spy,max (23)
where, uy , ; is the state of equipment y supplying energy x in the state scenario s during

the time interval ¢, and 1 for normal operation, 0 for fault.
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3.3.2. Energy System Reliability Assessment

When there is a shortage of a certain energy supply in the IEM, the amount of its
optimal load shedding to different users under the scenario s is LOSS;‘ tar and it keeps
the energy supply-demand balance after the load cut, as shown in Eqdétion (24). And
Equation (25) represents the constraint on the energy cut amount according to the user
reliability demand. Finally, the energy interruption situation of each user under multiple
scenarios is counted to calculate the LOLP index, which would be regarded as an important

index in the cooperative game to influence the optimal dispatching of IEM.

N
Z (Lj; — LOSS;; ) = Z u;,t,s( ;,t + R;,t,s) (24)
i=1 yeY>
0 < LOSSf;, < ufien L (25)
LOLPY, = )" ps,tu;j;{gijp (26)
seS

where, LOSS}, . is the load loss amount (unit: kWh) for each energy system under scene s;

x,loss

ui,t,s,up

is the load loss state; when it is 0, it means no load loss, and 1 means load loss.
4. Bi-Level Cooperative Gaming Model
4.1. User-Side Model in the Lower Level

According to the analysis of the relationship between the user’s energy utilization and
the reliability improvement in Chapter II, the user’s business revenue with the reliability
resource optimization is (1 — LOLPl?ft)c;('be“i. After considering the basic energy sale and
the paid-for reliability principal-agent contract, the user’s objective function to maximize
the overall energy utilization is as follows.

— X
e = iy + B (LOLP;, — LOLP;, )by, (27)

T

The participation constraints in the game are described as Equations (4)—(7) in Chapter II.

4.2. Frameworks of Cooperative Gaming

Based on the energy dispatch and reliability principal-agent mechanism in the IEM,
the game participants are motivated by the common interest direction of improving the
reliability of system operation. Since the objective of the gaming is the same, and the infor-
mation of the reliability transaction is symmetrical, the game is a cooperative game and can
achieve the Pareto optimum under this gaming information environment. The cooperative
game emphasizes collective rationality, and the core problem is how to cooperate and
allocate the benefits gained from it. Therefore, in the proposed model, the gaming focuses
on the allocation of the system reliability resources based on the reliability principal-agent
contract, and it is also played to maximize the profit of each party.

As shown in Figure 2, in the bi-level cooperative game, the upper-level subject is the
Integrated Energy Operator, IEO, and the lower-level subject is each Integrated Energy
User who is integrated by the principal-agent contract, IEU.

At the upper level, the IEO will purchase and dispatch energy operative reservations
according to the reliability demand within the IEM, achieve a balance between the stable
and reliable energy supply and the economic dispatch, and coordinate resources flexibly
to meet the demand of multiple energy loads, and finally gain from the reduction of
dispatch energy costs, energy sales, and auxiliary services of improving reliability. Its
specific contents include regulating energy prices, negotiating reliability principal-agency
contracts, deciding on whether to accept reliability service contacts or not, and allocating
reliability resources.
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Figure 2. The frameworks of cooperative gaming with energy flow.

At the lower level, users optimize their energy reliability demand strategies based
on the reliability information and energy price information transmitted from the up-
per level, and propose their desired reliability demand and reliability principal-agent
incentives to IEO individually, to maximize their energy utilization within the limited
reliability resources.

The operation reservations dispatch is based on the energy transaction prices in the
external day-ahead market and the historical real-time market. In cooperative gaming, the
IEO makes optimal decisions based on the users’ actual reliability benefits and reliability
improvement costs of each user at the lower level, and the improvement degree of reliability
depends on the declared energy utilization of the users and the commissioning principal—-
agent contract. The user pays for the reliability improvement cost to the IEO.

5. Solution of Bi-Level Optimization

In the proposed bi-level cooperative gaming model, the setting energy prices and the
practical energy reliability information given by the IEO in the upper level will guide the
users’ energy strategies in the lower level, while the reliability incentive stated by the IEU
in the lower level will affect the reliability costs and energy dispatching in the upper level
in turn. This game process demonstrates how the users affect the reliability allocation in
IEM. It also shows how the energy dispatching balances the need for energy reliability with
its economics.

Since the lower-level problem is continuous and convex, the objective function and
constraints of the lower-level model can be replaced by its KKT conditions as the constraints
of the upper level. After that, the bi-level optimization problem becomes a mixed-integer
linear programming (MILP), which simplifies the solving difficulty of the problem.

Since the transformed single-level problem is nonconvex, there exists a non-linear term

Bit (L@t — LOLP};) in complementary condition and the objective function. It requires
a transformation of the relaxation condition to reduce the solving difficulty of the problem.
As the low-level model is convex and linear, which indicates that it obeys the strong duality
theorem; accordingly, the initial objective can be described as a typical mixed-integer linear
programming (MILP) by the strong duality theorem and the Big-M method.

In this case, the bi-level problem can be solved successfully with the YALMIP toolbox
on the platform of MATLAB by invoking the GUROBI solver. The practical hardware
environment of the test system is Intel i7-8700 CPU 3.20 GHz, 8 GB RAM, the operating
system is Win10 64 bit; and the development environment is MATLAB R2019a.
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6. Case Study

An Asian pilot IEM is taken as a case to simulate the proposed energy dispatching
model considering the reliability principal-agent contact. Since the model involves the
heating part, and it is only winter that has heating supply, this paper only simulates the
bi-level optimization game in winter conditions.

The voltage of the distribution electricity network in IEM is 10 kV, and three IEUs are
considered to take part in the reliability principal-agent, which contains commercial, official,
and industrial users, and it is suitable for analysis and comparison due to their diversity
and representativeness of reliability demand characteristics in time and space dimensions.

The IEM contains one wind turbine, one photovoltaic unit, two CHP units, and one gas
boiler. The load types in the users are electric load and heating load. The IEO gives priority
to dispatching units within IEM, and when sudden problems occur on the units, priority
is given to dispatch other units within the region; if the supply shortage amount is too
large, IEO will consider purchasing energy reservations from the external energy market to
ensure system operation and meet users’ reliability demand. The overall energy structure
of this IEM is shown in Figure 3. Since the energy generating units in IEM are usually
close to the load centers and the topology of the distribution network and heat network is
relatively simple with few nodes, we assume that there is no energy flow blockage.

e 3
o b
EH | It
] Commercial Area
B = Official Arca  — Electricity Source  —— Electricity Load
[ 1 Industrial Area — Heating Source ~ —— Heating Load

Figure 3. The energy frameworks of the pilot IEM.

To verify the effectiveness of the proposed reliability principal-agent contract on
energy dispatching, the following two modes are set to simulate and compare reliability
and economic effect.

Original Mode: Keep the original dispatching mode without considering the reliability
principal-agent contract;

Incentive Mode: Dispatching energy in the bi-level program considering the reliability
principal-agent contract.

6.1. Comparison of Cost and Benefits of Reliability Improving

To verify the optimal dispatching model’s economic benefits on the dispatch cost of
IEO and the energy benefit of IEU considering the reliability principal-agent contract, this
part compares the original mode and the incentive mode, to obtain the increased energy
benefit of the users due to the reliability improvement and the benefit of IEO due to the
reduced operational dispatch cost. At the same time, the reliability improvement costs
for the electricity part and the heating part are compared to see the benefits improvement
degree of each energy system in the context of this case.

As shown in Table 1, in the optimal dispatch considering the reliability principal-
agent contract, with allocating reliability improving incentives from users to acquiring and
optimizing energy reservation, IEO provides energy auxiliary services for users. From
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the table, it can be obtained that the cost of heating reliability improving is slightly lower
than the electrical part. Among them, electric energy accounts for 56% of the total cost
of reliability improving, and heating energy accounts for 44%. However, for the benefits
from the reliability improvement of the users, electrical energy accounts for 40% and
heating energy accounts for 60%, which shows the cost-effectiveness of heating reliability
improvement is more significant than that of electricity. Consequently, in fund-limited
situations, they are more likely to give priority to heating reliability improvement. At the
same time, the overall net profit of both the users and the IEO is improved. For IEO, the
overall dispatch cost was optimized by 27.3% due to the change in energy structure guided
by the reliability principal-agent contract. This shows that the optimal dispatching model
considering the reliability principal-agent contract has economic superiority and can lead
to a win—win situation for all parties.

Table 1. Costs and Benefits of Reliability Improving.

Reliability Improving Users’ Improving IEO Improving
Cost (USD) Gain (USD) Profit (USD)
Electricity 224,221 340,208
Heating 175,871 509,806 525,182
Total 400,092 850,014

6.2. Comparing Reliability of Multiple Types of Users during Peak and Valley Times

To verify that the optimal dispatching model considering the reliability principal—
agent contract can meet the diversity of reliability improving demands of multiple users
at different periods, this section demonstrates the reliability index of three types of users
during the peak and valley times of system energy use. Considering that the reliability
demands are differentiated due to their profitability, initial reliability, and system reliability
resource tension, two representative periods with different characteristics at 10:00 and
20:00 are selected for comparison in this section to verify the effectiveness of the model in
personalized quality improvement service.

Comparing the energy reliability changes of different users between the peak and
trough period, as shown in Figures 4 and 5, all types of users’ energy reliability improves
to different degrees, but there is variability in the improvement degree due to the users’
different reliability needs at different times. Comparing Figures 4 and 5, for commercial
users, 10 o’clock and 20 o’clock are both their earning time, so their electricity and heating
reliability is greatly improved at that time. However, because 20 o’clock is more important,
there is a slight increase in the reliability during this time compared to the former. For
official users, energy is more profitable at 10 o’clock than at 20 o’clock; therefore, their
reliability both improved to a greater degree at 10 o’clock, while the degree of reliability
improvement for 20 o’clock is less. The industrial users’ loss of energy supply interruption
is lower than the formers, so they have the lowest desire to seize reliability resources;
at 20 o’clock, the reliability improvement is zero because of its being unprofitable. In
addition, the overall degree of heating reliability improvement is higher than that of
electricity, because the unit cost of heating reliability improvement is lower, and its cost-
effectiveness for user profit improvement is stronger; therefore, there are more scenarios to
give priority to heating reliability improvement in the limited fund allocation. In summary,
after considering the reliability principal-agent, by energy dispatching optimization, the
reliability resource allocation can be optimized according to the users’ personalized demand,
and the users’ loss of energy supply interruption can be reduced; consequently, a win—-win
situation can be achieved under the cooperative game between IEO and users.
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Figure 4. The energy reliability improvement for each user at 10:00.
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Figure 5. The energy reliability improvement for each user at 20:00.

6.3. Comparison of Energy Dispatching Structure under Normal Operation Scenario

To explore the impact of the proposed model on the basic energy dispatch situation
under normal operation scenarios, this section compares the energy dispatch of IEO for
each unit’s output in original mode and incentive mode, comparing the proportion of each
unit’s output in the electricity part and heating part under different modes. As a result,
it verifies the effectiveness of the model for optimizing the dispatch cost, and it verifies
whether it is a good guide for the energy dispatching structure.

Compare the unit output situation in 24 h dispatching under different modes in a
normal operation scenario. As shown in Figures 6 and 7, after considering the reliability
principal-agent contract for energy dispatching, the CHP dispatch amount decreases, the
WT and PV increase by 41.7% and 61.4%, respectively, and the GB also increases. This
is because, in the original model, IEO dispatching amount is not much on WT and PV
to ensure the reliable and stable operation of the system, and relies on CHP and GB
which are highly reliable but more expensive units. However, after taking the proposed
principal-agent contract, IEO can use the reliability incentive provided by the uses to
purchase additional energy operation reservations, which makes the reliability of the system
extra guaranteed and improved, and reduces the difficulty of operation and maintenance,
providing more space for low-priced, sustainable energy to grow. At the same time, as CHP
units adopt the “power to heat” model, the reduction of CHP using amount will increase
the amount of GB in the heating system. From the viewpoint of energy structure, the
optimal dispatching considering the reliability principal-agent mechanism can effectively
improve the sustainable energy consumption capacity in the micro-grid, and the energy
structure is developing in the direction of low carbon and environmental friendliness.
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In addition, since the energy dispatch in the system normal scenario gives priority
to using units within the micro-grid, but in the unit failure scenarios, the operation reser-
vations dispatch will purchase reservations with the external grid and external heating
network. Therefore, there is no external grid or external heat network output situation in
this figure.

6.4. Reliability Transaction in the Incentive Mode

To demonstrate the transaction and interaction between IEO and IEUs in the proposed
model, in terms of the campus structure, this section shows the reliability improving costs
paid by users to IEO according to the reliability principal-agent contract, and the improved
energy-use benefits for each user after the reliability has been improved by IEO are also
shown. Thus, in the proposed model, the win—win results in terms of economics for both
sides of the cooperative game are verified.

As Figure 8 shows, the users’ energy utilization is improved to different degrees
through the reliability principal-agent contract, and the benefits are much higher than the
cost of reliability improvement. The largest transaction volume in the IEM is the official
user, and the smallest is the industrial user. It is the reason that the official area has the
largest energy-using volume in the park, and their losses are also heaviest when facing the
load interruption, so their demand for reliability is large not only on the amount, but on
quality. In contrast, the industrial user has small energy volume and has less reliability
demand during the peak energy consumption period. In addition, the greater the cost paid
for the reliability principal-agent contract, the more the reliability improvement benefits
received for the user. For the more profitable users, like the commercial and official, the
reliability principal-agent mechanism has a better effect on them and shows more signifi-
cant economic returns. In summary, the integrated energy dispatching model considering
reliability principal-agent contract requires certain reliability improving cost, but creates
more benefits for each user in the IEM; in addition, users make personalized transactions ac-
cording to their reliability demands, which can better achieve the optimization of reliability
resource dispatching and thus maximize the welfare of the whole society.
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6.5. Sensitivity Analysis on IEO Cost with user’s Energy-Using Benefits

This part aims to explore the relationship between the four parts of IEO energy

dispatch cost

and the variation of the IEU’s energy-use benefits b in the incentive mode.

As shown in Figures 9 and 10, regarding the b in the above case calculation as the standard
benefits, in the range of 0.6 times to 1.4 times, exploring the trend of the operation cost and
reliability improving cost of the IEO in electric and heating energy.
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Figure 9. The sensitivity analysis on IEO operation cost with user’s energy-use benefits.
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Figure 10. The sensitivity analysis on IEO reliability improving cost with user’s energy-use benefits.
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As can be seen from Figure 8, the operation cost of electricity energy tends to decrease
as the user’s energy-using benefits b} increase, while the operation cost of heating tends to
increase slowly. This is because the reliability principal-agent contract affects the structure
of energy dispatching for IEO, as shown in Figure 6, the electric energy part tends to
increase the dispatch amount of low-cost sustainable energy, which significantly reduces
the operation cost of electricity. While the heating energy part has a slight increase due
to the production pressure from CHP units shifting to GB units. For the electricity part,
its operation cost first decreases significantly in the user’s benefit smaller stage, and then
the rate of decrease slows down. Due to the profit space that created by a large amount
of low-priced renewable energy, which causes the operating cost to decrease significantly
when the user’s benefits are small. In addition, when the renewable energy penetration
reaches a certain level, its growth space shrinks and the operation cost decreases slowly
for the energy dispatch. For the heating energy part, the rising rate of its operation cost
becomes slower gradually, because the cost difference generated by the adjustment of
energy structure is not large, so the impact on its operation cost is small, but because the
operation cost of GB is slightly higher than that of CHP, so its operation cost is slowly rising;
as the growth of renewable energy penetration ratio becomes slower, its rising quantity is
even slower on the energy dispatch changing amount.

As shown in Figure 10, the reliability improving cost tends to increase with the
increase of user energy-use benefits by. This is because the increase in users’ benefits will
directly affect the size of the reliability principal-agent contract and the scope of reliability-
improving funds available. In terms of electricity, the cost of improving reliability increases
faster in the benefit smaller stage and slows down slightly in the later stage. This is because,
within a certain range, it is easier to improve the reliability in the electricity part, and a
larger improvement can be achieved at a lower cost; therefore, in this part, there is a large
profit space for the reliability principal-agent on the IEU side, and the money amount for
reliability improving rises significantly. However, as the degree of reliability increases, its
unit reliability improving cost will become larger, and the profit margin from reliability
improvement becomes smaller for users, so the growth rate of the volume of the reliability
principal-agent contracts slows down, and thus, the growth rate of the money used by
IEO for reliability improving also decreases slightly. For the heating part, its reliability
improving cost is in a steady and slow growth state, which is because the heating reliability
demand does not change much with the user’s energy-use benefit, consequently, it is in a
slowly rising trend.

7. Conclusions

In this paper, to realize the flexible and optimal allocation of energy reliability re-
sources, and further explore the potential value of reliability resources from the perspective
of the differentiation of users’ reliability demands, we propose an optimal dispatching
model in IEM considering the reliability principal-agent contract, verify its effectiveness
and superiority through the case study, and obtain the following conclusions.

(1) In terms of economy, on the one hand, the model effectively reduces the energy
dispatching cost of IEO, because of the improvement of reliability in the system, the
space for low-price sustainable energy consumption is enhanced; on the other hand,
the loss of energy supply interruption for IEUs is targeted, and their energy utilization
are improved to different degrees, which realizes the win—-win situation of multiple
participants in the cooperative game.

(2) Interms of system reliability, the model optimizes the allocation of reliability resources
by the market mechanism, which significantly improves the system reliability with
low cost on IEO; each type of user within the IEM also achieves a personalized
improvement of energy reliability in the time dimension.

(3) Interms of energy structure, the model can effectively improve the sustainable energy
consumption capacity in the IEM, and promote the energy structure developing in
the direction of low carbon and environmental friendliness.
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