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Abstract: Due to the randomness of the intermittent distributed energy output and load demand of
a micro-energy-grid, micro-sources cannot fully follow the day-ahead micro-energy-grid optimal
dispatching plan. Therefore, a micro-energy-grid is difficult to operate steadily and is challenging to
include in the response dispatch of a distribution network. In view of the above problems, this paper
proposes an integrated optimal dispatch method for a micro-energy-grid based on model predictive
control. In the day-ahead optimal dispatch, an optimal dispatch model of a micro-energy-grid is built
taking the daily minimum operating cost as the objective function, and the optimal output curve of
each micro-source of the next day per hour is obtained. In the real-time dispatch, rolling optimization
of the day-ahead optimal dispatching plan is implemented based on model predictive control theory.
The real-time state of the system is sampled, and feedback correction of the system is implemented.
The influence of uncertain factors in the system is eliminated to ensure steady operation of the system.
Finally, the validity and feasibility of the integrated optimal dispatching method are verified by a
case simulation analysis.

Keywords: multi-energy stream; micro-energy-grid; model predictive control; optimal dispatch;
real-time dispatch

1. Introduction

With the gradual depletion of energy and increasingly salient environmental problems,
the proportion of renewable energy consumption is increasing. All the countries in the world give an
increased importance to renewable energy technology research. Renewable energy technology has
become a hot topic in the energy field [1-4]. American futurist Jeremy Rifkin proposes the concept of
the energy Internet [5]. Scholars promote the transformation of smart grids to the energy Internet [6-9],
focusing not only on the clean utilization of electricity but also on the integrated utilization of
cooling—heating-electricity-gas energy [10-15]. Then, the concept of micro-energy-grid is proposed.
The micro-energy-grid is the natural extension of the microgrid. As a subsystem of the energy Internet,
the micro-energy-grid is composed mainly of an electric power grid, a cooling and heating energy grid,
a gas grid and other energy streams. The micro-energy-grid is applied in urban communities, industrial
parks, rural areas and other areas. The micro-energy-grid uses electricity-heating-cooling storage
and achieves conversion of cooling-heating-electricity-gas multi-energy, which is the main way to
consume renewable energy [16,17]. Rural areas in China are rich in biomass energy, which has
caused serious environmental pollution. At the same time, the utilization efficiency of biomass
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energy is low. Renewable energy is abundant in rural areas of China, but the existing rural power
grid is weak, and photovoltaic (PV) and wind power poverty alleviation facilities are insufficient.
Therefore, the study of the rural micro-energy-grid optimal dispatch can achieve local rational
utilization of biomass energy and renewable energy and improve the rural environment. Therefore,
the micro-energy-grid is of great significance to the construction and development of new countryside.

Researchers working on the optimal dispatch of the microgrid have conducted substantial
research [18-24]. For example, in [18], a bilevel optimal algorithm for microgrid clusters based
on the alternating direction method of multipliers is proposed to achieve coordinated optimization
for a multi-microgrid. In [19], a multi-objective optimal dispatching method for an isolated microgrid
considering flexibility is proposed to improve the ability of the system to address the uncertainty
of PV and wind power. In [20,21], the optimal operation methods for a microgrid are proposed
based on the improved adaptive evolutionary algorithm and swarm optimization algorithm. In [22],
considering the uncertain factors of renewable energy generation and price, a dispatching method of a
reconfigurable microgrid based on uncertainty risk is proposed to achieve the benefit maximization of
microgrid operators. In [23], an alternating direction method of multipliers based distributed algorithm
is proposed to solve the economic dispatch model of the islanded microgrids. In [24], considering the
random charging influence of electric vehicles on the microgrid, a multi-objective optimal dispatching
model based on improved particle swarm optimization is proposed. Three different dispatching
scenarios are established, and the corresponding dispatching results are discussed. Finally, the validity
of the model is verified by case study. However, the above references focus on electric energy.
The typical scenario of a cooling-heating-electricity-gas multi-energy stream micro-energy-grid is
not considered. In [25], the day-ahead optimal dispatching model of the micro-energy-grid based on
an energy hub is built to achieve optimal operation of the cooling-heating-electricity-gas multi-energy
stream. In [26], a non-cooperative game model of micro-energy-grid and user is established based on
game theory, and a method for solving the game model is proposed to achieve the economic operation
of the micro-energy-grid. In [27], a two-stage stochastic mixed-integer linear programming model
is proposed for the optimal dispatch of the micro-energy-grid. In [28], considering the demand-side
response, a bilevel optimal scheduling model of the micro energy network based on the load aggregator
business is proposed and verified by simulation. In [29,30], the optimal dispatching model of a PV
agricultural greenhouse micro-energy-grid is proposed to simultaneously maximize the PV energy
consumption and heat the greenhouse. Although the abovementioned references have achieved the
day-ahead optimal dispatch of the cooling-heating-electricity-gas micro-energy-grid, the micro-sources
cannot fully follow the day-ahead optimal dispatching plan of the micro-energy-grid due to the
randomness of the intermittent distributed energy output and load demand. Thus, the operating
results may not match the actual operation of the system. The micro-energy-grid is difficult to
operate smoothly, and participation of the grid in the response dispatch of the distribution network
is challenging.

In general, the recent studies have the following problems. (1) The research objective relates to
the single-energy network represented by electrical energy. The demand of coordinated utilization
of cooling-heating-electricity-gas multi-energy stream is difficult to satisfy. (2) Some of the above
references study cooling-heating-electricity-gas multi-energy stream and achieve the day-ahead
optimal dispatch of the cooling-heating-electricity-gas micro-energy-grid. However, due to the
randomness of the intermittent distributed energy output and load demand, the micro-sources cannot
fully follow the day-ahead optimal dispatching plan of the micro-energy-grid. Thus, the operating
results may not match the actual operation of the system. The micro-energy-grid is difficult to operate
smoothly, and participation in the response dispatch of the distribution network is challenging. (3) The
research on rural micro-energy-grids is beneficial for achieving local rational utilization of biomass
energy and renewable energy. However, few studies of micro-energy-grids in rural areas of China
have been reported.

In response to the above problems, this paper makes the following contributions:
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(1) The energy-supply architecture of the micro-energy-grid, including wind, PV, micro-turbine,
and other micro-sources, is built, and the demand of cooling-heating-electricity load is considered.

(2) An integrated optimal dispatching method based on model predictive control for the
micro-energy-grid, which divides the optimal dispatching process into the day-ahead optimal
dispatch and the real-time optimal dispatch, is proposed. In the day-ahead optimal dispatch,
the optimal dispatch model of the micro-energy-grid is built taking the daily minimum operating
cost as the objective function, and the hourly optimal output curve of each micro-source in
the next day is obtained. In the real-time optimal dispatch, based on the model predictive
control theory, taking the day-ahead optimal dispatching results as the reference values, intraday
multi-period rolling optimization and sampling real-time system state for feedback correction
are conducted.

(3) In this study, the energy-supply architecture of the proposed energy grid is suitable for the rural
areas of China. Biogas, PV energy and other biomass and renewable energy sources are used to
achieve the integrated utilization of all kinds of resources in rural areas.

The remainder of this paper is structured as follows: Section 2 establishes the energy-supply
architecture of the micro-energy-grid and presents the components and operating mechanism of the
micro-energy-grid. In Section 3, an integrated dispatching framework of the micro-energy-grid is built
based on model predictive control, and the integrated dispatching method of the micro-energy-grid is
outlined. In Section 4, an integrated optimal dispatching model of the micro-energy-grid, including
the day-ahead and real-time optimal dispatching model, is built. In Section 5, a case study is used
to validate the proposed model. The full paper is summarized and future work is predicted in
Section 6. The general workflow of the integrated optimal dispatch of the rural micro-energy-grid with
multi-energy stream based on model predictive control is shown in Figure 1.

Section 1 Section 2

Energy-supply architecture:
Energy-supply architecture and operating mechanism of the

Problem:

How to achieve optimal operation of the micro-energy-gird? . S
P P ey°e micro-energy-grid is introduced.

Section 4 Section 3

Integrated dispatching framework:
An integrated dispatching framework based on model predictive
control for the micro-energy-grid is established, and the
integrated dispatching method of the micro-energy-grid is given

Integrated dispatching model:
An integrated dispatching model for the micro-energy-grid is
established, including the day-ahead dispatching model and the

real-time dispatching model.

in outline.
Section 5 Section 6
Case study: Conclusion:

A case is used to demonstrate the correctness of the model. Relevant conclusions and future work are drawn.

1 1T 8

Figure 1. General workflow for the integrated optimal dispatch of the rural micro-energy-grid with
multi-energy stream based on model predictive control.

2. Components and Energy-Supply Mechanism of Rural Micro-Energy-Grid

In this paper, the cooling-heating-electricity-gas multi-energy stream micro-energy-grid includes
wind and PV power generation system, micro-turbine, biogas-fired boiler, heat-recovery boiler,
lithium-bromide absorption-type refrigerators, battery storage device, cooling and heating storage
device, and air-source heat pump. The energy-supply architecture of the system is shown in Figure 2.

The micro-energy-grid is connected to the external distribution network. When the electricity
energy supply of the micro-turbine, wind and PV power generation system is larger than the internal
electrical load, electrical energy is sold to the external distribution network, and the battery is charged.
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When the electricity energy supply of the abovementioned device is less than the internal electrical
load, electrical energy is purchased from the external distribution network, and the battery storage
is discharged. The function of the battery storage device is peak load shifting. The heating load is
satisfied by the heat-recovery boiler, biogas-fired boiler and air-source heat pump. The raw material
of the heating device is provided by the biogas generated by biomass waste and rural natural air.
When the heating energy supply of the micro-energy-grid exceeds the internal heating load, the heating
storage device is charged. When the heating energy supply of the micro-energy-grid is less than the
internal heating load, the heating storage device is discharged. The function of the heating storage is
peak load shifting. The cooling load is satisfied by the lithium-bromide absorption-type refrigerator
and air-source heat pump. When the cooling energy supply of the micro-energy-grid exceeds the
internal cooling load, the cooling storage device is charged. When the cooling energy supply of the
micro-energy-grid is less than the internal cooling load, the cooling storage device is discharged.
The function of the cooling storage is peak load shifting.

Cooling stream
— - - Biogas stream

— +FElectrical stream |

Heating stream Power grid
;ri B T; 7777777777777777 ‘ Agricultural load
o ; g | i
toae IR —
ME. N ,
Biogas-fired | Air-source
boiler | heat pump Heating and cooling
B e # ”2 storage device

Wind and PV power

generation system Battery storage device

Micro-turbine
cogeneration system

Figure 2. Energy-supply architecture of the micro-energy-grid.

3. Integrated Optimal Dispatching Framework of the Micro-Energy-Grid Based on Model
Predictive Control

The accurate curves of the intermittent renewable energy output and load demand are built by
the accurate prediction. However, as the predictive time scale increases, the predictive accuracy of the
wind and PV power generation system decreases, as well as the load, resulting in a large deviation
between the day-ahead optimal dispatching strategy and actual operation, which cannot satisfy the
actual dispatching requirement of the system. Thus, an integrated optimal dispatching method for the
micro-energy-grid based on model predictive control is proposed in this paper. The integrated optimal
dispatch includes the day-ahead optimal dispatch and real-time optimal dispatch. The integrated
optimal dispatching framework of the micro-energy-grid is shown in Figure 3.

(1) Day-ahead optimal dispatch

Based on the day-ahead predictive curve of the wind and PV power generation system as well as
load, and considering the characteristics of each micro-source and the relevant constraints, the daily
minimum operating cost of the micro-energy-grid is taken as the objective function. The hourly optimal
output curve of each micro-source in the next day is obtained. The charge and discharge curves of
the energy storage device and the hourly power exchange curve of the micro-energy-grid and the
distribution network in the next day are also obtained.
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(2) Real-time optimal dispatch

Rolling optimization of the intraday real-time optimal dispatching plan is performed by taking
5 min as a period to eliminate the actual intraday operating deviation caused by the large predictive
error, and the ultra-short-term predictive information of the wind and PV power generation system as
well as load is considered simultaneously. Based on model predictive control theory, the correction
plans of all the micro-sources in the time window (the time window includes many periods) are
obtained. In each time segment, the corrected dispatching plan of the next period is issued. In the next
5-min period, the above-mentioned process will be repeated, and the operating state of the system is
sampled in real time to implement the feedback correction of the system.

Day-ahead optimal dispatch

Day-ahead optimal
= dispatching output curve of
each micro-source

Day-ahead predictive of .| Day-ahead optimal
wind, PV, and load dispatching model

Real-time optimal dispatch

Ultra-short-term
predictive information of —
wind, PV, and load

. Output dispatching curve
Intraday rolling P P g cur
— Lo » of each micro-source in
optimization . .
the next 5-min period

The day-ahead optimal
dispatching output curve
of each micro-source is |

taken as the reference Actual operating state of the
value system is sampled in the real
time

Figure 3. Integrated optimal dispatching framework of the rural micro-energy-grid.

4. Integrated Optimal Dispatching Model of the Rural Micro-Energy-Grid

4.1. Day-Ahead Optimal Dispatching Model

In this study, the biogas is provided by the rural biogas supply station. The sources of the raw
materials are rural straw, animal waste and other kinds of biomass waste. Therefore, the daily operating
cost of the proposed rural micro-energy-grid includes mainly the cost of purchasing electricity from
the distribution network and selling electricity to the distribution network, the converting cost of
environment pollution, the maintenance cost of the system, and the cost of purchasing biogas. The daily
minimum operating cost of the micro-energy-grid is taken as the objective function in the day-ahead
optimal dispatch. The objective function is as follows:

minC = min(celertri + Ciaintain + Cpollution + Cgas + Cestor) 1

24 e (4 e — e
Caenn = & (0320 p (1) 4 820 p ()] —es(t)(Prv ) + Pur() — es(OBun (1) @)

t=1
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24 24 24
Cmaintain = tgl CmEBPEB(t) + t;] CmGBPGB(t) + t;] CmWTPWT(t)+

24 24 24
tzl CmACPAc(t) + tzl CmASHPPCASHP(t) + tzl Cmcsfﬂ?’ |Pcst0r(t) |+

24 24 24 (3)
El CiumtPyr(t) + El Cnpv Ppy (t) + El CimasupPrasup (1) +
5 = =
tgl thstor |Phstor(t)|
m
Cpoliution = Y, (Cy + Dy)By(Pur(t) + Pep(t)) 4)
y=1
Cgas = Cruel (Pmr(t) + Pop(t)) ®)
24
Ces’tor - Z (Cmestorl + CmestorZ) |Pest0r(t)| (6)
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The constraint conditions that must be satisfied by the day-ahead optimal dispatch are as follows:

Electrical power balance constraint condition:
Pestor () + P (£) + Pex(t) = Petectritoad () + Paswp (1) — Pwr(£) — Pey () @)

Heating power balance constraint condition:
PHASHP(t) + PEB(t) + PGB(t) + Phstor(t) = Pheatingload(t) (8)
Cooling power balance constraint condition:
PCASHP(t) + PAC (t) + Pcstor(t) = Pcoolingload (t) (9)
Micro-turbine constraint conditions:
0 < Pyr(t) < Pyt (10)
— REM™ < Pyr(t) — Pyr(t—1) < Ryp 11
Mt < Pur(t) = Pyr(t —1) < Ry (11)
Heat-recovery boiler constraint conditions:

P t 1 — e — rec
Pep(f) = mr (£)( 7717 111)rec!]EB (12)
e

0 < Pgg(t) < Pgg”™ (13)

Biogas-fired boiler constraint conditions:
0 < Pop(t) < PR (14)
— REZ"™ < Pop(t) — Pap(t —1) < R (15)

Lithium-bromide absorption-type refrigerator constraint conditions:

Pyr(8)(1 —7e —
PAC(t) _ MT( )( ’7917 U])UIECUACWEB (16)
e

0 < Ppc(t) < PRE (17)
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(8) Cooling-heating-electricity storage device constraint conditions: Because the functions and
principles of the battery storage device and the cooling and heating storage device are similar,
their general models are as follows:

Sstor(t) = Sstor(t - 1)(1 - 5) + ATpch(t)ﬂch/Etstor - ATPdis(t)/(WdisEtStOI‘) (18)
Shter < Sstor(t) < ST (19)
Sstor(0) = Sstor(T) (20)
0< Pdis(t) < Pimax (21)
0 < Py (t) < Pomax (22)

P, (1), Pyor(t) > 0
P t — ch stor 23
StOI‘( ) { _Pdis<t),PSt0r(t) < 0 ( )

(9) Air-source heat pump constraint conditions:

Pyasnp(t) = DyastpPastp(f) (24)
Peastip(t) = DeasppPastp () (25)
0 < Pagrp(f) < PR&hp (26)

(10) Power exchange between the micro-energy-grid and the distribution network constraint condition:

PRU™ < Pey () < PR (27)
(11) Reserve power constraint condition:
P\r/l\}%x + Pll;l{?X + Pl{l/}%x + Pg)}ax > Pelectrﬂoad(t) (1 + Yres) (28)

4.2. Real-Time Optimal Dispatching Model

Model predictive control is a closed-loop optimal control method that includes model prediction,
rolling optimization and feedback correction. This strategy includes the following steps. (1) At current
time k and current state x(k), the future state of the system is predicted based on the predictive model.
Based on the above analytical results, considering the current and future constraints, the control order
sequence of the future time k + At, k 4 2A¢, ..., k + NAt is obtained by solving the optimization control
objective function. (2) The first value of the control instruction sequence is applied to the control
system. (3) At time k + At, the state is updated to x(k + At), and the above steps are repeated. In this
paper, an intraday real-time optimal dispatching model is built to achieve the optimal coordinated
intraday dispatch of each micro-source based on model predictive control theory.

4.2.1. Predictive Model

The control variables are obtained by solving the rolling optimization model. The output curves
of the micro-source and storage are predicted in the future time-limited region. The specific predictive
model is as follows:
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nAt

Pp(k+nAt) = Pey(K) + L APpg(k+1t)
t=At
nAt

Bop(k+nt) = Pop(K) + % APgy(k+1)

nit
Pyc(k+nAt) = Py (k) + ): APAC(IH— t)

n[

Pyr(k +nAt) = Py (k) + ): APMT(k+f)
Ppsup(k+ nAt) = Pygpp(k ) + [;AtAPASHP(k +1)
At
Pegtor(k + nAt) = Pegeor (k) + r—ZA:APHW(k +1) (29)

nit
ket ndt) = Potor (k) + L APesror(k+1)

Pegtor(

Prgor (K + 1AL )+ Z AP]

zsmr(

k+t)

stor

)=
Sestor(k +1At) = (1 = Gestor) scm(k +(n—1)At) — At p o (k+ nAt)
Sestor (k 4+ nAt) = (1 — Oestor) Sestor (k + (11 — 1) At) —

Fiotor Pegior(k +nAt)
Shetor (k +nAt) = (1 ‘7'11stur)5hstor(k+(”*1)At) “rmsor B ror (K 1AE)

nAt nAt
P (k+nAt) = Py (k) — t;A,APMT(k+ t) — ,,):A,AP"“”’(k +t)— ';NAPWT(k+ t) — [;A'AP,,V(k+ )+ ): APmmzoad(k+ t) + ): APASHP(k+ t)
n=12,---,N

4.2.2. Objective Function (Rolling Optimization)

In this paper, the minimum variations in the intraday power exchange between the
micro-energy-grid and the distribution network, the state of charge of the cooling-heating-electricity
storage device, and the energy-supply units are taken as the objective function. The real-time optimal
dispatching model is built based on model predictive control. The objective function is as follows:

. NAt A 2 NAt A 5 NAt A 5
min] = ZAt(Pex(kH)—Pex(kH)) + L (Setor(k+0) = Sestor (k1) + % (Setor(k+1) = Sestor(k-+ 1))+
t= t=

NA

T Stttk ) = Stk + D)2 + 3 (Potrlk 1) = Pestr 6+ 0 + 5 (Pstrk+£) = Prsr 6+ )+

I\_]At A A A (30)
tZ (Pustor (k4 £) = Ppstor (k+1))? +tzt(PEB(k+t)_PEB(k+t))2+tgt(PGB(k+t)_PGB(k+t))2+
I\?A AN . AN N;t A\
tgt(PAc(k+ t) = Pac(k+1t))*+ t;m (Pumr(k+1t) = Pyr(k+1)* + Zt (Pasup(k+t) — Pagpp(k+t))?

When rolling optimization is performed, the system state is sampled in real time, which is
equivalent to a certain amount of feedback correction effect. The constraint conditions that must be
satisfied by the real-time optimal dispatch are as follows:

(1) The controllable unit constraint conditions:

APDIN < APy (k +
APE < APgg(k+1) < énl?X
APTIN < APpc(k+1t) <

APTR < APy ir(k + 1) < AP

APRSp < APugup(k + 1) < APREp

0 < Pgg(k + nAt) < PEE™ (31)
0 < Pgg(k +nAt) < PEEX

0< PAC(k+ nAt) < Nl

0 < Pyr(k+nAt) < Pyt

0 < Pygpp(k +nAt) < PX§p

n=12,---,N
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(2) The electricity—cooling-heating storage device constraint conditions:

AP, < APygyor (k+ 1) < API:

AP < APgior(k +1) < APEEY

AP, < APygor(k+1) < APREY

P2io: < Pegtor (k -+ nAt) < PR

Pmt“ < Pestor(k+nAt) < PEEL (32)
Prsor < Protor (kK +nAt) < PR,

Seator < Sestor(k +nAt) < SR

Stator < Sestor(k +nAt) < SR

SIN < Spstor (k -+ nAE) < STAX

n=1,2---,N

4.3. Integrated Optimal Dispatching Model Solution

The solution steps of the integrated optimal dispatch of rural micro-energy-grid based on model
predictive control are shown in Figure 4.

Start

Y

Day-ahead optimal dispatch

The daily minimum operating cost of rural micro-energy-grid is taken as objective
function. The day-ahead optimal dispatching model of rural micro-energy-grid is built.
The objective function and constraint conditions are shown in formula (1-28).

|

The solution method is particle swarm algorithm. The optimal dispatching output
curves of each micro-source of the next day per hour is obtained

Real-time optimal dispatch

The real-time optimal dispatching model is built

based on model predictive control. The objective

function is shown in formula (30).The constraint
conditions are shown in formula (31-32).

Optimal dispatching

period is over? The actual output

curves of the micro-
sources at timef + A
are taken as initial
value of the real-time
optimal dispatching

The active power output variations of the micro-sources in el
the next N time are obtained by the sequential quadratic model.
programming algorithm.

The output variations of the micro-sources at timek + A
are issued. The active output curves of the above
parameters at time k+ At are obtained.

End

Figure 4. Integrated optimal dispatching solution workflow of the rural micro-energy-grid.
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(1) The daily minimum operating cost of the rural micro-energy-grid is taken as the objective
function, and the day-ahead optimal dispatching model of the rural micro-energy-grid is built.
The problem is solved using the particle swarm algorithm, and the hourly optimal dispatching
output curves in the next day are obtained for each micro-source.

(2) The power output curves of the micro-sources in the day-ahead optimal dispatch are taken as the
reference values. The real-time optimal dispatching model is built based on model predictive
control. The active power output variations of the micro-sources in the next N time are obtained
by the sequential quadratic programming algorithm.

(3) The power output variations of the micro-sources at time k + At are issued, and the active power
output curves of the micro-sources at time k + At are obtained.

(4) The actual power output curves of the micro-sources at time k + At are taken as the initial values
of the real-time optimal dispatching model. The process then returns to Step 2, and a new round
of optimization is performed.

5. Case Study

A village in western China was taken as a case. According to the actual situation of the region,
electrical and heating energy are supplied in winter, and electrical and cooling energy are supplied in
summer. The electricity price of the power grid is based on the time-of-use electrical price issued by Gansu
Province Development and Reform Commission in China. Electricity is sold to the distribution network at a
price of 0.65 (RMB-(kW-h)~1). The purchasing price of biogas is 0.35 (RMB-(kW-h)~1). The value of the
power generation efficiency of the micro-turbine 7. is 0.26, the value of the heating loss coefficient of the
micro-turbine #; is 0.03, and the value of the recovery efficiency of the flue gas waste heat 7. is 0.55 [31].
The lithium battery storage device was adopted in this case study. The cost for storing energy in lithium
battery is 0.2 (RMB-(kW-h)~1). The parameters of the energy-supply device [32,33] are shown in Table 1.
The maintenance costs [32,34,35] for the energy-supply device are shown in Table 2. The parameters of the
electricity—cooling—heating storage device [32] are shown in Table 3. The electricity selling prices of the PV,
wind and micro-turbine power generation system are shown in Table 4. The electricity selling price of the PV
and wind power generation system contains government subsidy. The related parameters of environmental
pollution are in [35]. The time-of-use electrical price of the power grid is shown in Figure 5. The predictive
data of the wind and PV power generation system and the cooling-heating-electricity load were obtained by
Monte Carlo simulation [36,37] of the day-ahead optimal dispatch. The predictive results of the day-ahead
optimal dispatch are shown in Figure 6. To reflect the universality of the test parameters, the intraday
ultra-short-term prediction data are the sum of the day-ahead predictive value and the predictive error,
which has a normal distribution. The intraday ultra-short-term predictive results of the real-time optimal
dispatch are shown in Figure 7. The parameters of the particle swarm algorithm were as follows: number
of particles, 20; number of iterations, 50; learning factor, 2; period of the day-ahead optimal dispatch, 1 h;
predictive and control times, 60 min; and period of rolling optimal dispatch, 5 min.

e
©

e
o
T
I

5 I I I 1 !
0 ZO 4 8 12 16 20 24

Time [h]

Time-of-use electricity price [RMB - (kW . h)'1]

Figure 5. Time-of-use electrical price curve of the power grid.
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Table 1. Parameters of the energy-supply device of the micro-energy-grid.

Device Parameter Value
Maximum generated power 100
(kW-one™1)

Micro turbine(six)

Rated efficiency 0.26
Climbing speed (kW-min~1) Upward 30, Downward 20
3 . Maximum input power (kW) 900
Heat-recovery boler Rated efficiency 0.9
i . . . Maximum input power (kW) 900
Lithium-bromide absorption-type refrigerator Rated efficiency 12
Maximum input power (kW) 500
Biogas-fired boiler Rated efficiency 0.8

Climbing speed (kW-min—1) Upward 30, Downward 20

Maximum heating and cooling

. . 1
Air-source heat pumps for heating and exchange power (kW) 000
cooling exchange Heating and cooling 37
efficiency parameter ’
P h bet icro- -grid .
OWET EXCAATEE DETWEET MICLO"enersy-git Maximum exchange power (kW) 1000
with external power grid
PV power generation system Maximum generated power (kW) 300
Wind power generation system Maximum generated power (kW) 100
Table 2. Maintenance costs of the energy-supply device.
Device Maintenance Cost (RMB-(kW-h)~1)
Micro turbine 0.03
Heat-recovery boiler 0.02
Lithium-bromide absorption-type refrigerator 0.025
Biogas-fired boiler 0.02
Air-source heat pump 0.02
PV power generation system 0.03
Wind power generation system 0.03
Battery storage device 0.03
Heating storage device 0.02
Cooling storage device 0.02
Table 3. Parameters of electricity—cooling-heating storage device.
Electricity-Cooling-Heating State of Charge of
Storage Device Efficiency Self-Discharging Efficiency of = Cooling-Heating-Electricity Capacity
Parameter Max Cooling-Heating-Electricity (kW-h)
Max Charge . Maximum Minimum
Discharge
Battery storage 02 02 0.02 09 02 1000
device
Heating storage 02 02 0.3 09 0.1 1000
device
COOldmg storage 0.2 0.2 0.03 0.9 01 1000
evice

Table 4. Electricity selling price of the PV, wind and micro-turbine power generation system.

Device Price (RMB-(kW-h)~1)
0.2610 (23:00-24:00, 00:00-07:00)
Micro turbine 0.5100 (07:00-08:00, 11:00-18:00)

0.7590 (08:00-11:00, 18:00-23:00)

0.8610 (23:00-24:00, 00:00-07:00)
PV and wind power generation system 1.1100 (07:00-08:00, 11:00-18:00)
1.3590 (08:00-11:00, 18:00-23:00)
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Figure 6. The day-ahead predictive data of the wind and PV power generation system, and the

cooling-heating-electricity load in: winter (a); and summer (b).
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Figure 7. Intraday ultra-short-term predictive data of the wind and PV power generation system,

and the cooling-heating-electricity load in: winter (a); and summer (b).
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5.1. The Results of Day-Ahead Optimal Dispatch

The electrical load balance curves of a typical day in winter (Figure 8a) and summer (Figure 8b)
under day-ahead optimal dispatching mode are shown in Figure 8. The output power curves of
the micro-sources in winter and summer are similar. Therefore, Figure 8a is taken as an illustrative
example. According to Figure 8a, during Periods 23-24 and 0-7, because the price of electricity is at the
lowest point and is lower than the price of biogas, wind energy and the electricity purchased from the
distribution network are used to satisfy the electrical load demand, and the battery storage device is
fully charged. Battery storage is used to improve the economy of the system. In Periods 7-23, the price
of electricity price is at the highest and exceeds the price of the biogas. The electricity purchasing
cost of the micro-energy-grid is relatively high. Therefore, the micro-turbine, PV and wind power
generation system become the main electricity-supply units. The battery storage device is discharged
to satisfy the electrical load demand if the above units cannot satisfy the demand. The battery storage
device is charged during periods of low electricity prices and low loads. The battery storage device
is discharged in periods of high electricity prices and high loads. The function of the battery storage
device, which is peak load shifting, is achieved, and the economy of the system is improved.

1000
800
600~
400~
S
X 200
=
S Y.
[ \
5 - V\?A/
o
o
200 —— Battery storage |
— Power exchange with distribution network
400 —8— Micro-turbine -
—o—Electrical load
~6001 PV power system i
Wind power system
— | | | | |
8000 4 8 12 16 20 24
Time [h]
(a)
1000
800+ -
600+
400+
E 200+ -—“\
S 1
[
H = Bm&%%%ms—LL— ﬁ \]
[e]
o
-200F —— Battery storage i
— Power exchange with distribution network
—4001- —&— Micro-turbine i
—o— Electrical load
~600- PV power system B
Wind power system
-800 | | | | |

0 4 8 20 20 24

12
Time [h]
(b)

Figure 8. The electrical load balance curves of a typical day in winter (a) and summer (b) under
day-ahead optimal dispatching mode.



Energies 2018, 11, 3439 14 of 23

The heating load balance curves of a typical day in winter (Figure 9a) and the cooling load balance
curves of a typical day in summer (Figure 9b) under day-ahead optimal dispatching mode are shown
in Figure 9. The output power curves of the micro-sources for the heating load in winter are similar
to those of the micro-sources for the cooling load in summer. Therefore, Figure 9a is taken as an
illustrative example. According to Figure 9a, during Periods 23-24 and 0-7, the price of electricity is
at the lowest point of the day. The air-source heat pump and biogas-fired boiler are used to satisfy
the heating load demand, and the heating storage device is fully charged. During Periods 7-23,
the price of electricity is at the highest point of the day, and the heat-recovery boiler becomes the
main heating-supply unit because insufficient electricity is supplied by the heating storage device and
biogas-fired boiler. The heating storage device is charged during periods of low electricity prices and
discharged during periods of high electricity prices to satisfy the demand of the system.

1000 9 ‘

800

600

—— Heating storage

—Heat recovery boiler

400 —&—Gas boiler

—o— Air-source heat pump
Heating load

Power [kW]

200

12 1‘6 2‘0 24
Time [h]

(a)

-200

o

800

—— Cooling storage -

— Lithium-bromide absorption-type refrigerator

—— Air-source heat pump b
Cooling load

300+~

Power [kW]

200~

100

-100+-

o N\ |
Y
N

— |
200 8 12 16 20 24
Time [h]

(b)

Figure 9. The heating load balance curves of a typical day in winter (a) and the cooling load balance
curves of a typical day in summer (b) under day-ahead optimal dispatching mode.

5.2. The Results of Real-Time Optimal Dispatch

The electrical load balance curves of a typical day in winter (Figure 10a) and summer
(Figure 10b) under real-time optimal dispatching mode are shown in Figure 10. According to
Figure 8, the day-ahead optimal dispatch plan takes an hour as the time scale, but the dispatch is
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extensive. The predictive error of renewable energy and electrical load and the influence of unplanned
instantaneous power fluctuation on the control of the micro-energy-grid are not fully reflected.
The system cannot respond to fluctuations in the renewable energy and load in time. According
to Figure 10, the day-ahead optimal dispatch is improved upon by the real-time optimal dispatch.
The real-time optimal dispatch is more accurate than the day-ahead optimal dispatch, and the output
power of each electricity-supply unit has small fluctuation. The real-time optimal dispatch is more
in line with the actual situation. Because the power of each electricity-supply unit has only a small
change, safe operation of the system is guaranteed; meanwhile, the renewable energy and electrical
load fluctuation are considered. Therefore, the micro-energy-grid can operate smoothly.

1200
1000
800
600
5 400
g
’q‘, 200
3
a 0
200 —— Battery storage |
— Power exchange with distribution network
—400F —— Micro-turbine i
——o— Electrical load
-6001 PV power system i
Wind power system
— 1 1 L L L
800, I 8 12 16 20 24
Time [h]
(a)
1000
800
600
g0
E 200
= d
o L
: 0 W
o
o
200 —— Battery storage i
—Power exchange with distribution network
~400F —— Micro-turbine i
—o—Electrical load
00k PV power system |
Wind power system
— 1 1 L L L
800, 1 8 12 16 20 24
Time [h]
(b)

Figure 10. The electrical load balance curves of a typical day in winter (a) and summer (b) under
real-time optimal dispatching mode.

The heating load balance curves of a typical day in winter (Figure 11a) and the cooling load
balance curves of a typical day in summer (Figure 11b) under real-time optimal dispatching mode are
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shown in Figure 11. Similar to Figure 10, the state of the energy-supply units related to the heating load
(Figure 11a) in winter and cooling load (Figure 11b) in summer follows the operating strategy of the
day-ahead optimal dispatch. Compared with the day-ahead optimal dispatch in Figure 9, the output
power of each energy-supply unit is accurate, and the power variation of each energy-supply unit is
smaller. Thus, safe operation of the system is guaranteed. The system can respond quickly to changes
in cooling and heating loads, thereby further improving the applicability of the system.
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Figure 11. The heating load balance curves of a typical day in winter (a) and the cooling load balance
curves of a typical day in summer (b) under real-time optimal dispatching mode.

5.3. Comparison of Optimal Results between the Day-Ahead Optimal Dispatch and the Real-Time
Optimal Dispatch

The comparison of electricity-supply units (Figure 12a) and heating-supply units (Figure 12b)
in winter between the day-ahead optimal dispatch and real-time optimal dispatch are shown in
Figure 12. The comparison of electricity-supply units (Figure 13a) and cooling-supply units (Figure 13b)
in summer between the day-ahead optimal dispatch and real-time optimal dispatch are shown in
Figure 13. Compared with the day-ahead predictive data for the wind and PV power generation
system, and the cooling-heating-electricity load in Figure 6, the intraday ultra-short-term predictive
data for the wind and PV power generation system, and the cooling-heating-electricity load in Figure 7
has small fluctuations. The day-ahead predictive data are used in the day-ahead optimal dispatch,
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and the intraday ultra-short-term predictive data are used in the real-time optimal dispatch. According
to the comparison of optimal results between the day-ahead optimal dispatch and the real-time optimal
dispatch in Figures 12 and 13, the energy-supply units in the real-time optimal dispatch can respond to
the power variations of the wind and PV power generation system, and the cooling-heating-electricity
load in real time. The validity of proposed method in this paper is further verified.
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Figure 12. Comparison of electricity-supply units (a) and heating-supply units (b) in winter between

the day-ahead optimal dispatch and the real-time optimal dispatch.
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Figure 13. Cont.
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Figure 13. Comparison of electricity-supply units (a) and cooling-supply units (b) in summer between
the day-ahead optimal dispatch and real-time optimal dispatch.

6. Conclusions

An integrated optimal dispatching method based on model predictive control for a rural
micro-energy-grid is proposed in this paper to address the randomness of the intermittent distributed
energy output and load demand. The integrated optimal dispatching method includes the day-ahead
optimal dispatch and real-time optimal dispatch. In the day-ahead optimal dispatch, the optimal
dispatch model of the micro-energy-grid is built taking the daily minimum operating cost as the
objective function, and the output power curve of each micro-source is obtained on an hourly time
scale. In the real-time optimal dispatch, the rolling optimization of the day-ahead optimal dispatching
plan is implemented based on model predictive control theory. The real-time state of the system
is sampled, and feedback correction of the system is implemented to achieve smooth operation
of the system. According to the simulated case study, the state of the energy-supply units in the
micro-energy-grid maintains the operating strategy of the day-ahead optimal dispatch. The output
power of each energy-supply unit is accurate, and output power variables of the units are small.
The safe operation of the system is guaranteed, and the system can respond rapidly to fluctuations in
the output power of renewable energy and the electricity-cooling-heating load. The applicability of the
system is further extended.

In the next step, intraday ultra-short-term renewable energy generation and prediction
of electricity-cooling-heating load are strengthened, and the optimal dispatching model of the
micro-energy-grid is more detailed. The operating dispatching plan more closely fits the actual
operating conditions of the system to promote the rapid development of micro-energy-grid technology.
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Nomenclature

Variables

c difference between the cost of purchasing electricity and the income of selling electricity
electri for the micro-energy-grid

Crnaintain maintenance cost of the micro-energy-grid

Cpollution cost of environmental pollution



Energies 2018, 11, 3439

Cgas
ey (t)

ey (t)

Pyc(t)
Phstor (t)

Pcstor (t)

P electriload (t)
Pyspip(t)
Peasnp(t)
Priastp ()

b heatingload (t)
P coolingload (t)
Cruel

CmEeB
CmGB
Cmestorl
CmestorZ
Cmmr
CmI"V
CwT
Cmac
CmASHP
thstor
Cmcstor
max
P MT
max
P EB
max
P GB
max
p AC

down
RMT

Nrec
JEB
Hac
Sstor (t)

19 of 23

cost of purchasing biogas

electricity purchasing price of the micro-energy-grid

electricity selling price of the micro-energy-grid

power exchange between the micro-energy-grid and the distribution network (purchasing
electricity power is positive, and selling electricity power is negative)
heating power of the heat-recovery boiler

heating power of the biogas-fired boiler

electrical power of the battery storage device (discharge is negative and charge is positive)
electrical power of the micro-turbine

electrical power of the PV power generation system

electrical power of the wind power generation system

cooling power of the lithium-bromide absorption-type refrigerator

heating power of the heating storage device (discharge is negative, and charge is positive)
cooling power of the cooling storage device (discharge is negative, and charge is positive)
electrical load

electrical power of the air-source heat pump

cooling power of the air-source heat pump

heating power of the air-source heat pump

heating load

cooling load

biogas price

penalty of pollutant gas y

environmental value of pollutant gas y

emission value of pollutant gas y

type of pollutant gas

maintenance cost of the heat-recovery boiler

maintenance cost of the biogas-fired boiler

cost for storing energy in the battery storage device

daily manual maintenance cost of the battery storage device

maintenance cost of the micro-turbine

maintenance cost of the PV power generation system

maintenance cost of the wind power generation system

maintenance cost of the lithium-bromide absorption-type refrigerators
maintenance cost of the air-source heat pump

maintenance cost of the heating storage device

maintenance cost of the cooling storage device

maximum electrical power of the micro-turbine

maximum heating power of the heat-recovery boiler

maximum heating power of the biogas-fired boiler

maximum cooling power of the lithium-bromide absorption-type refrigerator
downward climbing speed of the micro-turbine

upward climbing speed of the micro-turbine

downward climbing speed of the biogas-fired boiler

upward climbing speed of the biogas-fired boiler

value of the power generation efficiency of the micro-turbine

value of the heating loss coefficient of the micro-turbine

value of the recovery efficiency of the flue gas waste heat

efficiency of the heat-recovery boiler

efficiency of the lithium-bromide absorption-type refrigerator

state of charge of the cooling-heating—electricity storage device
self-discharging efficiency of the cooling-heating-electricity storage device
charging power of the cooling-heating—electricity storage device
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pdis (t)
Tch
Ndis
AT

Etst'or
stor

Sstor

Pemax

P dmax

Pstor

D CASHP

D HASHP

max
P ASHP

min
Pex

max
P ex

YI‘ES

APy (K + 1)
APygp(k +1)
APy (k+1)
APy (K + 1)

AP electriload (k +
t)

Cestor
es(t)
ea(t)

A
Pex(k+1)

A
Pestor(k + t)
A
Sestor(k + t)
A
Pcstor(k + t)
A
Scstor(k + t)
A
Phstor (k + t)

A

Shstor(k + t)
A
Peg(k+1t)
A

Pcs (k + t)

A
Pac(k+1t)

A
Pyr(k+t)

A

Paswp (k+ 1)
AP
APmax
ary
NG
AP
APE*

discharging power of the cooling-heating—electricity storage device

charging efficiencies of the cooling-heating—electricity storage device
discharging efficiencies of the cooling-heating—electricity storage device
dispatching period

total capacity of the cooling-heating—electricity storage device

minimum state of charge of the cooling-heating—electricity storage device
maximum state of charge of the cooling-heating—electricity storage device
maximum charging power of the cooling-heating-electricity storage device
maximum discharging power of the cooling-heating—electricity storage device
charging and discharging power of the cooling-heating—electricity storage device
cooling efficiency of the air-source heat pump

heating efficiency of the air-source heat pump

maximum electrical power of the air-source heat pump

minimum power exchange between the micro-energy-grid and the distribution network
maximum power exchange between the micro-energy-grid and the distribution network
system reserve rate

power variation in the heat-recovery boiler

power variation in the biogas-fired boiler

power variation in the lithium-bromide absorption-type refrigerator

power variation in the micro-turbine

power variation in the air-source heat pump

power variation in the wind power generation system

power variation in the PV generation system

power variation in the electrical load

cost for storing energy in the battery storage device

electricity selling price of the PV and wind power generation system

electricity selling price of the micro-turbine

power exchange between the micro-energy-grid and the distribution network in the
day-ahead optimal dispatch

charging and discharging power of the battery storage device in the day-ahead optimal
dispatch

state of charge of the battery storage device in the day-ahead optimal dispatch
charging and discharging power of the cooling storage device in the day-ahead optimal
dispatch

state of charge of the cooling storage device in the day-ahead optimal dispatch
charging and discharging power of the heating storage device in the day-ahead optimal
dispatch

state of charge of the heating storage device in the day-ahead optimal dispatch

power of the heat-recovery boiler in the day-ahead optimal dispatch

power of the biogas-fired boiler in the day-ahead optimal dispatch
power of the lithium-bromide absorption-type refrigerator in the day-ahead optimal
dispatch

power of the micro-turbine in the day-ahead optimal dispatch

power of the air-source heat pump in the day-ahead optimal dispatch

minimum power variation in the heat-recovery boiler

maximum power variation in the heat-recovery boiler

minimum power variation in the biogas-fired boiler

maximum power variation in the biogas-fired boiler

minimum power variation in the lithium-bromide absorption-type refrigerator
maximum power variation in the lithium-bromide absorption-type refrigerator
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APgin minimum power variation in the micro-turbine
APGF maximum power variation in the micro-turbine
APRR minimum power variation in the air-source heat pump
API&p maximum power variation in the air-source heat pump
APZIn minimum charging and discharging power variation in the battery storage device
AP maximum charging and discharging power variation in the battery storage device
APRn minimum charging and discharging power variation in the cooling storage device
AP maximum charging and discharging power variation in the cooling storage device
AP, minimum charging and discharging power variation in the heating storage device
AP maximum charging and discharging power variation in the heating storage device
PR maximum charging and discharging power of the battery storage device
pmin minimum charging and discharging power of the battery storage device
P maximum charging and discharging power of the cooling storage device
pmin. minimum charging and discharging power of the cooling storage device
Pl maximum charging and discharging power of the heating storage device
P, minimum charging and discharging power of the heating storage device
Shan. minimum state of charge of the battery storage device
pre maximum state of charge of the battery storage device
Smin minimum state of charge of the cooling storage device
i maximum state of charge of the cooling storage device
hmsltrér minimum state of charge of the heating storage device
Shns maximum state of charge of the heating storage device
Etestor total capacity of electricity storage device
Etcstor total capacity of cooling storage device
Ehstor total capacity of heating storage device
Oestor self-discharging efficiency of the battery storage device
Ocstor self-discharging efficiency of the cooling storage device
Ohstor self-discharging efficiency of the heating storage device
Nestor charging and discharging efficiency of the battery storage device
Hestor charging and discharging efficiency of the cooling storage device
Hhstor charging and discharging efficiency of the heating storage device
Abbreviations
PV photovoltaic
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