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ABSTRACT The optimal operation of a combined cooling, heating and power (CCHP) system depends
on its structure and adopted energy dispatch strategies. This paper proposes a matrix modeling method
for the CCHP system structure, in which multi-energy supply is regarded as the input of system, and
cooling, heating, electric load as the output of the system. The energy flow from the system input to output
includes the scheduling matrix, the efficiency matrix, and the energy conversion matrix model. Adopt mixed
rolling-horizon and particle swarm optimization algorithm to allocation the system scheduling factor to
promote optimal operation of CCHP systems. According to the characteristics of input and output energy
flow in different seasons of a certain area, the system is simulated and calculated. The results show that the
adoption of rolling-horizon optimization for the thermal-electric load in winter can fully calculate the three
scheduling strategies and select the optimal strategy in the rolling window. Compared to other methods,

the optimization of scheduling factors in summer highlights the low-cost benefits.

INDEX TERMS CCHP system, rolling horizon, matrix model framework, intelligent scheduling.

I. INTRODUCTION

Combined cooling, heating and power (CCHP) system, also
called trigeminy system, which is an important part of the
Energy Internet system [1]. CCHP system has the character-
istics of reducing environmental contamination, improving
utilization of primary energy and decreasing cost of energy
utilization [2], [3]. Therefore, it has been widely concerned
by scholars from all over the world.

With sustainable development of distributed energy,
including development and utilization of wind energy [4],
solar energy [5] and biomass energy [6], the single energy
supply CCHP system has gradually developed into a
multi-energy supply CCHP system [7], [8]. While the inte-
gration of distributed energy provides great benefits for a
CCHP system [9], [10], unification of renewable energy and
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non-renewable energy systems is also confronted with many
challenges [11].

Research on different CCHP systems has unique design
structures, and the common CCHP system structure is com-
posed of equipment that produces power, thermal energy,
and cold energy[12], [13]. The generation of electric energy
includes renewable energy generation (wind turbines, solar
photovoltaic) and non-renewable energy generation (gas tur-
bines, internal combustion engines, etc.) [14], [15]. The
equipment of producing thermal energy has an electric heater
that converts electricity into thermal energy [16], and has
a gas boiler that generates thermal energy through fuel and
combustion [17]. Equipment of producing cold energy con-
sists of an electric chiller that converts electric energy into
cold energy [18] and an absorption chiller that converts
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thermal energy into cold energy [19]. A CCHP system com-
posed of the above components generates cold, heat and elec-
trical energy output through external energy input to meet all
loads. From the point of view of mapping matrix, a CCHP
system can be regarded as the focus area is provided with
a plurality of energy vectors in the input and output termi-
nals [20]. Therefore, CCHP system can establish a matrix
model of the input and output relationships and analyze and
optimize system operation a using matrix model.

There are many uncertainties in CCHP system, including
energy input [21], selling price [22] (the price of electricity
and fuel at different time periods), and load [23], all of
which have a great effect on the operation of CCHP. In order
to put the system in an optimal environment, including the
minimum operating cost [24], [25], the minimum pollutant
discharge [26] and the most efficient energy utilization [27],
the uncertain factors of CCHP system should be dealt with
reasonably. Generally speaking, the methods of dealing with
CCHP that contains uncertain factors often are reactivity and
precaution. The reactivity method includes rolling-horizon
method [28] and model predictive control [29]. The pre-
caution method includes stochastic programming and robust
optimization.

The rolling-horizon optimization method appeared in
the 1970s. It is a method to solve the computational dif-
ficulty of large-scale optimization decision problems, and
can obtain complex and dynamic environment information
in timely and effectively to make optimal decisions. The
essence of the rolling horizon method is to supersede the
static large-scale optimization problem solving process with
a series of small-scale optimization problems solving pro-
cesses repeated over time to achieve the goal of reducing the
amount of calculation and adapting to the uncertainty under
the premise of optimization. The work [30] considers the
time-varying load and other uncertain variables, and uses the
rolling-horizon algorithm to optimize the operation state of
CCHP system. The work [31] aims at minimizing costs, com-
bines rolling horizon and stochastic operating methods on
the basis of mixed integer linear programming, and performs
optimal energy management for uncertain supply and demand
in the microgrid. The work [32] is considering the multi-
level transportation cost problem, formulating transporta-
tion capacity and transportation volume to achieve minimum
expected cost, and using the rolling horizon optimization
algorithm to analyze the worst case to adjust the transporta-
tion plan.

Combined with the background of the above topics, this
work sets up efficiency matrix, scheduling matrix and energy
conversion matrix model on the structure of the multi-energy
CCHP system, which can visually understand the relation-
ship between modules and distribute energy flexible and
reasonably. Using rolling horizon optimization algorithm
can quickly respond to a CCHP system with dynamic vari-
ables and propose solutions. An example analysis is made
for different seasons in a certain area, and CCHP sys-
tem cost is reduced by optimizing the scheduling factor.

VOLUME 6, 2018

The simulation illustrates show that rolling horizon algorithm
has good adaptability to the uncertain information in dynamic
scheduling environment, and the reasonable adjustment of
rolling window can effectively improve the quality of energy
scheduling.

Il. SYSTME MATRIX MODELLING

In this section, an intuitive matrix model is built according to
the structure of CCHP system. The use of three matrixes for
calculation and optimization are: efficiency matrix, schedul-
ing matrix and energy transformation matrix.

A. STRUCTURE COMPOSITION OF CCHP SYSTEM

The work [33] combines wind energy with traditional CCHP
system to improve environmental protection capability of
traditional CCHP system by utilizing clean and renewable
characteristics of wind power. The work [34] adds solar
energy to traditional CCHP system and uses solar energy to
collect heat and photovoltaic power to reduce consumption
of disposable energy. Based on both situations, this work
proposes a scheme to add both wind and solar energy to a
CCHP system, which not only increases development and
utilization of renewable energy, but also reduces consumption
of disposable energy and the output of polluting gases.
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FIGURE 1. CCHP system structure and energy flow diagram.

A CCHP system structure and energy flow as showed
in Fig. 1. It is not difficult to see from the figure that CCHP
energy input includes grid energy, wind energy, solar energy
and fuel. In which wind energy is used by wind turbines and
outputs electrical energy; there are two forms of solar energy
utilization, one is used by photovoltaic cell and generates
electrical energy, and the other is used by solar collector and
generates heat energy; gas turbines and gas boilers, both of
them require fuel. Gas turbine can produce heat and electric-
ity simultaneously, and Gas boiler can be used to make up
for thermal load of CCHP; there are three types of energy
conversion components: electric heaters, electric chillers,
and absorption chillers; CCHP system outputs energy in the
form of electricity, heat, and cold. Energy conversion process
in Fig. 1 can correspond to three matrix models.

A CCHP system cannot meet load demand only with
uncontrollable new energy. The most important power
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support is a gas turbine which converts fuel energy into
useful mechanical energy by burning coal, carbon etc. The
residual heat in the combustion chamber can be absorbed by a
heat recovery boiler. Electric chillers and absorption chillers
simultaneously absorb electricity and heat generated by the
second stage of energy to meet regional cooling load. Electric
heater is used as backup heating equipment to provide heat
energy. In the whole energy dispatching process, fuel alloca-
tion, thermal energy absorption ratio of absorption refrigera-
tors, electric energy absorption ratio of electric refrigerators
and electric heater need to be coordinated with each other,
and combined with working characteristics of equipment and
output characteristics of energy to achieve goal of reducing
costs.

B. COEFFICIENT MATRIX

Efficiency is the amount that expresses energy conversion
capability of a system component and is the ratio of use-
ful power to drive power [35]. Here are some statements,
the input vector is Zi = [vi, Si, Fi, Egrid, Ohi, Qcil® and the
output vectors is Zo = [Vo, So, Fo, Euser» Oho» QcolT of CCHP
system. The subscript i and o represent input and output of
CCHP system; v, S, F, On and Q. represent wind speed,
solar intensity, fuel, heat energy and cold energy, respectively;
Egia and Eyger represent power from grid and load demand,
respectively. The input-output relationship of CCHP system
can be represented by efficiency matrix Zg.

Zo = ZetZ; ()
According to the input-output relationship of wind tur-

bines, efficiency of wind turbines ZW eff can be expressed
as the following matrix form:

0 0000007 W
0 000000[]| O
w_[0]|_[0oo00000[|O0|_ _w ,w
Zo=|py|T|aw 0000 0| | 0 |TErZ
0 000000|]| 0
0 000000] [0
@

Efficiency matrix generation process of other components
is similar to wind turbine. The efficiency matrix of photo-

voltaic cell is Zgj‘f ; the efficiency matrix of the solar col-

SC.
e b

thermal efficiency matrix of gas turbine generator are ZEG;

lector is Z0; the power generation efficiency matrix and

and Z;}Q respectively; the efficiency matrix of gas boiler,
electric heater, electric chiller and absorption chiller are ng,
Zf]? , Zfﬁc and Z?ﬁ? respectively; they can be expressed in
sequence in the form of following matrix.

0 0 0000|[0 O O0OOO|[|0O0O0 O 000
0 00000||0 O O000O|)J00 O 000
00 0000 00 0000 00 0 000
Onpy 0000 |0 O 0000|]|00ngp000
0 0 0000|l|0nscO0O000||00 O OOO
0 0 0000||0 O O0O0OO|])J0O0O0 O 000
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[00 0 0001000 000]1[000 0 00
00 0 000O(|0OOO0OO0OO0OO0Of|J0O0OO0 O OO
00 0 000O(|]OO0OO0OO0OO0OO0O(|0O0OO0 O OO
00 0 000|1]000000|(000 O OO
0076000000 000[[000 700
|00 0 000]|000000f[000 O 0O
[000 0 00][0000 O O
000 0 00(J]0000 O O
000 0 00(J]0000 O O
000 0 00(J]0000 O O
000 0 00(J]0000 O O
_OOOnEcoO 00007’]A(j0

C. DISPATCH MATRICES

Dispatch matrix represent the distribution and circulation of
energy in CCHP system. The fuel supply will be separated
into two parts: one for the gas turbine and the other one for
the auxiliary boiler. egT and g represent dispatch factors for
gas turbine and auxiliary boiler.

For = agr - Fi
agr +ag =1 3
Fa—ag - F. GT +aB 3)

The fuel input for gas turbines and auxiliary boilers can be
represented by scheduling matrices ZGT dis and ZB dis:

"0 0000007 [0]
0 00 0 000 0
G
G F°1 |00az 000 Fi_G_.
Z'=19|=looo0o000 o | = ZdsZi
0 000 000 0
0] |oooooo] 0]
“)
"0 [00 00007 [0]
0 000000| |0
7B — FiB:()OOtBOOO Fizg_zi
i 0 000000| |0 i
0 000000| |0
o] [ooooo0o0] |o0]
5)

In the process of refrigeration, electrical chillers absorption
electric energy is converted into cold energy, and absorption
chillers absorption heat energy is converted into cold energy.
Finally, two kinds of cold energy flow gather to meet the cold
load demand. In the process of heating, besides heat gener-
ated by gas turbines and auxiliary boilers, electric heaters can
be used to convert electric energy into heat energy to meet
load demand.

The percentage of electricity absorbed by an electric refrig-
erator and electric heater are wgc and agy, respectively. The
percentage of heat absorbed by the absorption chiller is aac.
The equality relation can be expressed as:

QEuser + OEH + aEC = 1 (6)
OHuser +aac = 1 @)
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The scheduling matrix can be represented in turn as:

0 0 0 000
0 0 0 000
0 0 0 000
Zis = an - 0 0 0 000 ®)
nw npv agt-ngt 1 0 0
L0 0 0 000]
T 0 0 0 000
0 0 0 000
0 0 0 000
Zis = oxc- 0 0 0 000 ®)
0 0 0 000
| 7w mpv act-ner 1 0 0 |
0 0 0000
00 0000
AC 00 0000
Zis =9AC |9 0 0000 (10)
00 0000
| 0 nsc L 00O

Where, L = agr - (1 — ner) + (1 — agr) - 8.

D. CONVERSION MATRIX

Energy conversion matrix of CCHP system describes the
whole process of component efficiency and energy flow,
as well as operating strategy of CCHP system. According to
a CCHP system structure of Fig. 1, and the input and output
vectors of CCHP can be represented as follows:

Zi = [vi, Si, Fi, Egrid, Oni, Qcil”

= [vi, Si, Fi, Egia, 0,0]" (11)
Zs = [vo, So, Fo, Euser, Oho, Qco]T
= [01 0,0, Eyger, QhOa QCO]T (12)

It can be seen from equations (11) and (12) that the input
elements of CCHP system include wind speed, sunlight inten-
sity, fuel and power grid energy, and both thermal energy and
cold energy are zero. The output elements include cold, heat,
electricity corresponding to a CCHP system load, wind speed,
sunlight intensity, and fuel output are zero.

Energy transformation matrix of CCHP system can be
expressed as:

Zo = ZconZi (13)
The power balance matrix of CCHP system is as follows:
Eyser = (Pw + Ppv + PGT + Egrid)%Euser
= (nw - vi + npv - Si + aGT * NGT * Fi + Egrid)XEuser
= [nw, npv, acr - nar, 1,0, 0]
Vi, Si, Fi, Egrid, 0, 01" tbuser (14)
The heat balance matrix of CCHP system is as follows:
On = (Osc + Qat + OB)YHuser
+ (Pw + Ppy + PGt + Egrid)2EH
= [0, nsc, [agr (1 — nar) + (1 — acr) N8, 0,0, 0]
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x [vi, 8i, Fi, Egrid, 0, O]Tal-luser
+ [nw, npv, aGT - nGT, 1,0, 0]
X i, Si, Fi, Egrid, 0, 01" - agn (15)

The cold balance matrix of CCHP system is as follows:

Qc = Qec + Qac
= (Pw + Ppy + PGt + Egrid)@EC
+(Osc + Qcr + OB)anc
= [nw, npv, aGT
16T, 1,0, 0] - [vi, Si, Fi, Egiia, 0, 01" - agc
+10, nsc, [agr (1 — ner) + (1 — acr) 781, 0, 0, 0]
x [vi, Si, Fi, Egrid, 0, 01" atnic (16)

The transformation matrix of CCHP system can be derived
from formula (11) - (16).

0 0 O 0 00

0 0 O 0 00
,_| 0 0o 0 0 o0l|R
° 7 |aBusertw Va2 Va3 Buser 0 0
nwoagHn Vs2 Vs3 agg 00
nwaec Ve2 Vo3 agc 00

V42 = apusernpv, Vs2 = npvaEH + 7SCQHuser

Ve = npvaec + nsconc, Va3 = GBuser®GT - GT
V53 = agr - nGT * 9EH

+ [egr (1 — ner) + (1 — aGr) 1B] - CHuser
V63 = aGr - 16T - ®EC

+ [agr (1 — ner) + (I — acr) B8] - OHC (17

Ill. OPTIMIZATION

Evaluating operation quality of CCHP system includes three
indexes: operation cost, environmental cost and system bene-
fits. In this section, the constraints and objective functions of
CCHP system are described in detail and transformed into a
matrix model for analysis.

A. OBJECTIVE FUNCTION MATRIX
The operation cost, environmental costs and system profit of
CCHP system can be expressed as follows:

N
C = Zci,om ZPGT'At+Cfuel(VGT+Vboiler) (18)

i=1

C2 = ptkea(Vor + Vioiter) (19)
C3 = Cgrid — Cheat — Ceool (20)
C=C+C+GC (21)
Cheat = QhCh
Ccool = QcCc

Cerig,1 = Ce ZPgrid,zAt
Cgrid,2 = lekea Zpgrid,tAt
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Pgrid,t > 0

(22)
Pgrid,t < 0

Caia = Cerid,1 + Cgrid,2
Cgrid,l

Where C;, C; and C3 are system operation and mainte-
nance costs, environmental costs, system benefits, respec-
tively. C;om is the maintenance cost of i device; Cyel, Ce,
Cy, and C, are fuels, electricity, heat energy and cold energy
prices, respectively; Vgt and Viiler are the volume of fuel
consumed by gas turbines and auxiliary boilers, respectively;
e and pe are the carbon conversion coefficient of fuel and
electricity, respectively; kc, is the rate of carbon emission;
Cygrid,1 and Cgrig,2 are electric energy sale and purchase price
and the environmental costs of consuming electrical energy.

B. CONSTRAINT CONDITION MATRIX
There are two aspects to be considered in the optimization
of CCHP system: (1) scheduling factors; (2) Input value of
electric energy and fuel.

The input vectors of CCHP system include scheduling
factors, and input values of electric energy and fuels:

x = [aGT, BN, @EC, @HCs F, Egrial (23)

In combination with the supply-demand relationship,
the only equality constraint of CCHP system matrix model is
relationship between the output vector and the input vector,
and show by formula (13). The scheduling matrix Z.,, can be
expressed in vector x:

ZCOH

=[h11Wa4 — h11W3s + h12Was + hi3W3s + hi 1 Wae
+ h1aWselxx"U 3
+ (=h2oWos — hpa W3y + hpoWos + hoaWie)x Qg
+ (=h33Was — h33W3y
+h33Was — h3aWas + h3sW3e + h3aWae)xQ1,
+hiWia+h1iWie—h31 Wos —h31 Wias+h31 Wae)xQ5
+(—Way — Wias + Was + WiexQy + U (24)

The above equation is simplified for clarity, where the
composition of letters and matrices are completed by the
following formula.

h = ner.  hn=nw, hsz=npv, hsa=nsc, h31=nB
hiz =2ngr — 1+nB, hiz =ngr — 1+ 18,
hi4 = —ngr — 1B
0000O0O 0000O00O0
0000O0O 0000O00O0
0000O00O0 0000O00O0
Wiu=1100000|"#=|010000
0000O0O 0000O00O
0000O0O 0000O00O0
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000000 000000
000000 000000
000000 000000

Wa=1l001000"5=]000000
000000 010000
(000000 | (000000 |
000000 0000007
000000 000000
000000 000000

Wss=1000000["=|000000
001000 000100
(000000 ] (000000 |
0000007 0000007
000000 000000
000000 000000

Wis=1000000|"%={000000
000000 000000
[100000 | (001000 |
0000007
000000
000000

Wis=1000000
000000
(000100 |
000000 0 0 0000
000000 0 0 0000
000000 0 0 0000

Wss=1000000[Y"|ywnew 0100
000000 0 nsc 0000
000010 0 0 0000

0,=[100000]
0, =[010000]
Q;3=[001000]
0, =[000100]

In addition, the input of a CCHP system can be expressed
in vector x:

Z; = px
000010
000001
000000
P=1000000 (25)
000000
000000

Equality constraints can be translated into:

(h11W2as — h11W3s + h1oWos + hi3W3s
+h11Wie + h14W56]xxTU13Px
+ (—h2aWaq — hpaW3g 4+ hpaWos + hoa W3e)xQy Px
+ (=h33Wag — h33W3g + h33Wos — h3aWys
+ h33 W36 + h3aWa6)xQ1,Px
+huWis+h 1 Wie —h3tWas

VOLUME 6, 2018



W. Yanan et al.: Intelligent Scheduling Optimization of Seasonal CCHP System

IEEE Access

— h31 W35 + h31W46)xQ13Px
+ (=W — Wig + Wos + WiexQ4Px + UPx—7, =0
(26)

In terms of CCHP system inequality constraints, there
are the following parts: (1) output power constraints of
CCHP system components; (2) fuel consumption constraints;
(3) interaction constraints with the power grid. Taking output
constraint of gas turbine as an example, the output constraint
of other components has the same characteristics and matrix
model.

Z8T. <[000PST00]" =25T < 28T @7

o,min — 0, max
Z5" = Zeon 231 Zi (28)
Z8T = WisxWs; (29)

IV. MIXED ROLLING-HORIZON AND PARTICLE

SWARM OPTIMIZATION ALGORITHM

Rolling horizon scheduling strategy has two important com-
ponents: prediction window and rolling window. A prediction
window size, a scrolling window size, and a scrolling step size
are three quantitative descriptions parameter of the rolling
scheduling strategy.

Rolling-horizon algorithm is usually used to solve large-
scale optimization problems caused by uncertainty of input
data. This method has been used in financial research, energy
management and many other fields. In the multi-energy-
driven CCHP system, due to the intermittent and uncertain-
ties of wind energy, solar energy and load, the difficulty
in energy dispatching and distribution is increased. Uncer-
tainty problems in dealing with energy systems usually have
fuzzy and probability expression, and then use artificial
intelligence algorithms(genetic algorithm and particle swarm
algorithm) to manage multi-objective energy optimization
problem. In this work, the matrix model of the CCHP system
is established, and the rolling-horizon method is used to
update the input (wind power, photovoltaic power, solar col-
lector and cooling and heating load) information. At the same
time, unit scheduling and energy allocation are optimized
to reduce computational complexity and save computational
time.

In order to realize the rational utilization and scheduling
of energy in CCHP system, a matrix model is established for
the components of CCHP system, which satisfies the power
constraints within the scope of system dispatching capability,
and keeps the real-time renewal of the input energy rolling
optimization, and the particle swarm optimization algorithm
is used to update the optimal dispatching of the system.
An illustrative framework for energy scheduling is shown
in Fig. 2.

A. ROLLING-HORIZON SCHEDULING STRATEGY

As a online predictive scheduling strategy, rolling horizon
algorithm needs to predict part of future information at each
scheduling time. A CCHP systems are jointly supplied by
multiple distributed energy sources with dynamic uncertainty,
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FIGURE 2. Scheduling model architecture.
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CCHP system
matrix model

Scheduling
results

and include four scheduling categories to meet load require-
ments: proportion of fuel distributed to gas turbine is «gr;
proportion of electrical energy to thermal energy is agq; pro-
portion of electrical energy to cold energy is agc; proportion
of thermal energy to cold energy is ayc.

The proportion of know or predicted information contained
in a prediction window represents the size of (time length) a
prediction window, which can determine the degree of pre-
diction of future dynamic information. When the prediction
window size is zero, which means that the future informa-
tion is completely unknown; when the prediction window
is large enough, which means that the future information is
completely mastered.

Forecast window lays the foundation for a local dispatch to
be performed at the current moment. The amount of informa-
tion in prediction window is relatively large, and the data need
to be analyzed and selectively entered into the local schedul-
ing process. Rolling window is defined as a combination of
information in prediction window with certain characteristic
conditions and size is a quantitative parameter.

SF

P1

P2

P3

P4

N

2l 2 5] 123 5 16 17 1’ 9

FIGURE 3. Scheduling task assignment diagram.

Scheduling task assignment is shown in Fig. 3. Abscissa
represents time, and ordinate represents scheduling fac-
tor (SF). A CCHP system performs normal operation accord-
ing to schedule tasks that have been scheduled. Forecast
window is three times the length of schedule window, and
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scroll window is adjusted appropriately with the prediction
information. The unit of time is 1 hour. Develop a scheduling
plan based on the power and load information of predic-
tion window. When there is a difference between predicted
scheduling plans of the two adjacent periods, the latter time
period is set as a rolling window, and prepares to change the
schedule plan. When there is no difference between predicted
scheduling plans of the two adjacent periods, the current
running state is maintained.

Forecast window 1 set a rolling window in #3 time period
and send a task to P3, which means that only P3 changes a
scheduling task at the time of 73, and the other scheduling
states remain unchanged at #,. When the forecast window 2
information arrives, set a rolling window in f5 time period,
and the task is assigned to Py and P3, which means that
scheduling state of CCHP system is unchanged at the time
of 74, and scheduling state at #5 time is properly adjusted as

the task is reached.

Initialize system status parameters, including
scheduling window (sw), prediction window
(pw), rolling window (rw), number of particle
groups N and 7 =0, ¢ =t+1.

v

‘ Allocate energy in forecast window period ‘

Update the input information and current status
of the system matrix

‘ Calculate energy allocation value, N=N+1

T

— N
< N>max >
!

‘ Send calculation results to rolling window

N

N
//

Y
End
FIGURE 4. Flow chart of energy scheduling method based on the mixed
rolling horizon and particle swarm optimization algorithm.

B. PARTICLE AWARM OPTIMIZATION ALGORITHM

Particle swarm optimization (PSO) is a new evolution-
ary algorithm [36], [37]. Because of the advantages of
easy implementation, high precision and fast convergence,
the method has attracted more and more attention from
researchers. In this paper, PSO is used to calculate the energy
scheduling problem. The basic principles and applications of
PSO are not described here in detail. CCHP system schedul-
ing calculation process is shown in Fig. 4.

S1: Initializing system parameters;
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S2: According to the predicted power and load informa-
tion, particle swarm optimization algorithm is used to formu-
late the forecast scheduling plan;

S2-1: Sets the initialization particle size, and the individual
optimal speed and location;

S2-2: Optimal and global optimum of particle is calculated
according to the constraint condition and objective function;

S2-3: Determine whether the number of iterations N
exceeds the maximum value of max. If N>max, then execute
the step 3; if N<max, then iterate.

S3: Comparing the scheduling results calculated by the
prediction window, selectively setting a part of the prediction
window as a rolling window.

S4: When the operation is near the rolling window, should
be ready to update the scheduling task.

C. PARAMETER SELECTION OF PSO

For the parameter selection of PSO, cognitive learning factor
c1 and social learning factor c¢; are set to the same value of 1.7,
and the inertia weight coefficient w decreases linearly with
the number of iterations.

i(Wmax — Omi
a)(i) — wmax _ ( max[ mm) (30)
Where w(i) is inertial weight value of i iterations;
®max and wpip are 0.9 and 0.4 respectively; I is the maximum

iteration count.

V. EXAMPLE

In this paper, two typical seasons (winter and summer) in the
same area are simulated. CCHP system equipment parame-
ters, energy prices and other data are listed in Table 1.

TABLE 1. System coefficients.

symbol  variable value
ner efficiency of gas turbine 0.85
1 efficiency of boiler 0.8
NEn efficiency of electric heating 0.6
Nac efficiency of absorption chiller 1.15
/e efficiency of electric chiller 3

Cea carbon tax rates (¥/g) 0.0002
e CO, emission conversion factor of electricity(g/kWh) 968

e CO, emission conversion factor of nature gas(g/kWh) 220
LHV Low heat value of natural gas (kWh/m?) 0.014
Cria electricity price (¥/kWh) 0.56
Chuel natural gas price (¥/m?) 0.0035
Cheat hot water price (¥/m?) 0.2

A. TYPICAL DAILY SCHEDULE OPTIMIZATION IN WINTER
In winter, output power of a photovoltaic battery, output
power of a wind turbine, and output heat energy of a solar
thermal collector are shown in Fig. 5(a); electric and heat load
shown in Fig. 5(b), where cold load demand is zero.

It can be seen from Fig.5 that solar energy can’t be received
at night, and wind resources are very rich, so we can make
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FIGURE 5. (a) is the output of energy data and (b) is a load energy data in
winter.

full use of wind energy resources to meet the increased heat
demand at night. Because the demand for cooling load is zero,
the energy dispatch of CCHP system is the transformation of
heat energy and electric energy.

First, prediction window is set to 3 hours, and rolling
window is set to 1 hours. At the beginning of each run of
scroll window, forecast window is re-adjusted to predict a
CCHP system input and load requirements so that scroll
window position can be adjusted in time. On this basis, three
scheduling strategies are adopted to schedule a CCHP system.

The symbol WT, PV and SC in the figure are expressed as:
wind turbine, photovoltaic and solar collector.

Strategy 1: Gas turbine is used to generate enough heat
energy to meet requirements of heat users. When electrical
energy is insufficient, and purchased electricity from the
power grid. When electrical energy is surplus, electricity
is sold and the total cost is calculated. Strategy 2: First,
the amount of power output is calculated when gas turbine
produces enough heat energy. When electrical energy is less
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than the electric load, it is converted into a strategy 1 oper-
ation system. When output power is larger than the electric
load, the strategy 2 operation system and the total cost is
calculated. Strategy 3: First of all, when gas turbine produces
enough electricity, the heat and heat load are compared. If the
heat energy is less than the heat load, gas turbine will need to
be used to convert electricity into heat to satisfy the heat load.
If thermal energy is greater than the heat load, excess heat will
be sold.

According to the results of the three strategies, it can be
seen that strategy 1 doesn’t need information on the supply
and demand in the future, so it can be called a rolling hori-
zon scheduling method with a prediction window of zero.
Strategy 2 and strategy 3 are the optimal scheduling strategy
methods which are calculated through the prediction window.
The position of rolling window and the size of scrolling step
are reasonably designed. Eventually, energy is effectively
scheduled when the time comes. From the experimental con-
clusion of Fig. 6, it can be seen that cost of the scheduling
method with a prediction window of zero is much higher than
that of a reasonable prediction window.
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FIGURE 6. Analysis of scheduling results.

B. TYPICAL DAILY SCHEDULE OPTIMIZATION IN SUMMER
The supply and demand of typical days in summer and win-
ter are slightly different. There are three kinds of load of
cold, heat and electricity in summer typical days. Therefore,
we need to consider the value of scheduling factor vector x
in all aspects of simulation experiments. Output power of
photovoltaic battery, wind turbine, and solar thermal collector
are shown in Fig. 7(a), and electric and heat load shown
in Fig. 7(b).

In the process of scheduling, considering that cold load
can’t be generated directly, it needs to be converted from elec-
tric energy or heat energy. At this time, values of agc and agc
need to be set. Heat energy can be transformed by electric
energy in emergency, so the value of agy can be set. Finally,
consider the condition of fuel allocation to set the value of
the ag. Through simulation experiments, it is found that the
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FIGURE 7. (a) is the output of energy data and (b) is a load energy data in
summer.

cost of CCHP system increases with the increase of «gy value
without considering special circumstances.
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FIGURE 8. The best value of agc, apyc and op.

The optimization of ogc, apc, o and gt values per hour
in a typical summer days is shown in Fig. 8. The results
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showed that demand for heating load decreased significantly
in the time period of sufficient sunlight (10-18), and the value
of agc decreased significantly. During periods of low sunlight
(0-10, 18-24), heat load demand and the value of agc and ap
increases significantly.

The algorithm proposed in this work is compared with
the improve particle swarm optimization (I-PSO) [38],
differential evolution and particle swarm optimization
(DE-PSO) combined algorithm [39], opposition-based learn-
ing and particle swarm optimization (OBL-PSO) com-
bined algorithm [40]. Table 2 shows the results of optimal
scheduling.

TABLE 2. Comparison of the experimental results of three methods.

time I-PSO DE-PSO OBL-PSO RH-PSO
1 397.9819 433.5186 402.3162 381.6244
2 425.1191 341.9320 433.5521 379.7314
3 497.5127 505.7619 477.9011 375.5534
4 402.3614 433.5211 463.0306 374.1634
5 398.1159 366.3289 402.3566 373.5120
6 512.0272 451.0020 500.5212 416.0490
7 503.3371 491.6626 521.3226 478.4913
8 556.8092 512.7710 493.7371 478.5718
9 466.1735 443.6652 451.6009 420.3729
10 370.5582 411.3361 313.5155 325.3474
11 323.2355 288.7357 302.7780 265.5040
12 306.9819 258.1665 288.7062 257.1632
13 298.5233 322.7006 273.6020 248.8861
14 313.2670 267.0015 2333119 239.1969
15 232.1836 288.3355 226.1180 243.9802
16 309.9903 311.2561 313.7559 280.2553
17 358.7069 373.6099 434.6882 365.1077
18 411.2582 390.5328 377.1883 402.6053
19 422.5360 417.3310 457.5759 432.4985
20 511.3307 436.1150 493.5116 4472369
21 500.0126 493.8008 466.7210 459.8560
22 516.8389 527.3091 507.7311 469.6179
23 451.0076 393.6788 422.0097 405.3091
24 463.7165 433.1072 413.5213 382.1369
TABLE 3. Experimental time comparison.

time I-PSO DE-PSO OBL -PSO RH-PSO
1-3 286.36 277.22 290.13 236.73

4-6 293.30 278.35 292.33 228.35

7-9 277.81 275.79 289.32 260.16

10-12 288.90 282.47 277.66 240.31

13-15 289.32 286.68 285.36 238.77

16-18 292.11 281.33 290.37 242.95

19-21 290.32 279.05 292.81 251.75

21-24 287.66 278.96 288.40 232.28

Table 3 lists the average scheduling runtime of the four
algorithms in every 3 hours of the day, and time unit is ‘ms.’
By comparison, hybrid rolling horizon algorithm is slightly
faster in calculation time than other algorithms, and the cal-
culation time is relatively stable.
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VI. CONCLUSION

Based on the structure of CCHP system, this work proposes
a matrix modeling method that can intuitively express energy
flow and energy conversion forms. In addition, the operation
optimization of CCHP system is completed by meet the
constraints of system supply and demand balance and com-
ponent output power. In the process of using hybrid rolling
optimization algorithm to complete energy scheduling, the
following conclusions are drawn by analyzing the typical
daily scheduling conditions in winter and summer seasons:

(1) Compared with the traditional mathematical models of
multiple components, CCHP system matrix model is clearer
and easier to understand.

(2) In the analysis of typical days in winter, the predic-
tion window of rolling horizon algorithm has played a great
advantage, and reducing the scheduling time and scheduling
costs.

(3) The hybrid scrolling horizon algorithm has a good
application and popularization to deal with random variables
of a complex matrix. This method allows information to be
updated and responds to plan deviations in time, and this fea-
ture is suitable for the supply and demand of the uncertainty
calculation.

With the development of China’s West-East Gas Trans-
mission Project and offshore natural gas project, and CCHP
system with natural gas as the main fuel can be developed and
utilized on a large scale.
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