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In order to solve the problems of low energy cascade utilization degree, insufficient analysis
of response characteristics of equipment differentiation, and prominent low-carbon demand
in the integrated energy system, this paper researches the optimization scheduling of heat pump
energy storage coupling systems considering carbon certification synergy and response characteristics.
Firstly, a system operation framework and mathematical model were constructed using the heat pump
energy storage coupling system as the research object. Secondly, a carbon certification collaborative
mechanism was designed, and the uncertainties in the coupled system were decomposed based
on the CEEMDAN-IIR method to match the response characteristics of the equipment. Thirdly,
a coupled system operation optimization model was constructed to minimize the total system cost
and maximize new energy consumption. Finally, an empirical analysis was conducted to verify
the model’s effectiveness using a certain coupled system as an example. The results of the example
show that: 1) The heat pump energy storage coupling system can reduce operating costs by 22.5%
compared to other systems; 2) Compared with the carbon certificate collaborative mechanism,
a single carbon trading mechanism increases carbon dioxide emissions by 20.48 kg and reduces
the new energy consumption rate by 1.32%; 3) Compared with the EMD algorithm and EEMD
algorithm, the CEEMDAN-IIR method can more effectively suppress false modes, and improve

the stability and accuracy of decomposition.
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Introduction

The integrated energy system involves different
types of energy, such as electricity and heat. Due to the
complex system form, multiple types of equipment, and
significant differences in the characteristics of different
energy systems, it is technically difficult to couple and
ensure the coordinated matching of various energy
systems. The integrated energy system has problems
such as low energy cascade utilization, insufficient
analysis of equipment’s differentiation response
characteristics, and prominent low-carbon demand [1-2].
To address these issues, firstly, it is urgent to utilize the
complementary characteristics of complex storage and
easy transportation of electrical energy and easy storage
of heat, coupling heat pumps with thermal storage
devices to achieve the mutual conversion of electricity
and heat, effectively improving the energy utilization
efficiency of the integrated energy system [3]. Secondly,
it is urgent to analyze the differentiated characteristics
of the equipment and improve the system’s flexible
scheduling capability [4]. Thirdly, with the development
of carbon emission trading (CET) and green certificate
trading (GCT), it is urgent to explore the development
mechanism of the integrated energy system in these
two markets and promote the low-carbon development
of the system. On this basis, how to coordinate these
three issues to achieve optimal operation of the coupled
system has become a key issue.

Regarding the research on integrated energy systems,
scholars have conducted related studies on electric
thermal integrated energy systems. Smith et al. [5]
proposed a dynamic energy flow calculation model for
electric thermal integrated energy systems through the
unified energy path theory and analyzed the feasibility
of electric thermal complementarity. Aragao et al. [6]

proposed a multi-time scale dynamic optimization
(MSDO) method for ultra-short-term scheduling of
industrial electric thermal gas integrated energy systems
by analyzing the optimal minimum time granularity,
which utilizes the thermal energy of industrial parks.
Li et al. [7] utilized waste heat in data centers by
constructing an electric thermal integrated energy
system. Nord et al. [8] constructed an integrated energy
system design optimization model that considers the
economic level of farmers and zero carbon constraints,
utilizing the thermal energy of buildings. Based on the
short-term utilization of thermal energy, Hugo et al. [9]
discussed the role of seasonal thermal energy storage in
promoting renewable energy consumption and reducing
CO2 emissions. Novo et al. [10] constructed a regional
integrated energy system that includes seasonal thermal
storage and ground source heat pumps, fully utilizing
geothermal energy and reducing operating costs by 9%.

Scholars have conducted separate studies on CET
and GCT mechanisms. In terms of research on CET,
Xu et al. [11] introduced the tiered CET into integrated
energy systems and verified through numerical
examples that the tiered carbon trading mechanism can
significantly reduce carbon emissions. Based on the
literature [11], Li et al. [12] proposed a stepped carbon
tax method to efficiently control carbon emissions.
Huo et al. [13] constructed a seasonal CET based on
the carbon emission characteristics of the system at
different time periods. In the research on the GCT
mechanism, Wang et al. [14-15] used fixed carbon
emission factors to conduct carbon emission accounting,
established an integrated energy system optimization
model considering GCT costs, imposed economic
penalties on excess carbon emissions, and promoted the
reduction of carbon emissions in the integrated energy
system. Based on single CET and GCT, Wang et al. [16]
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considered the coupling of GCT and CET mechanisms
under the diversified utilization of hydrogen energy and
constructed a multi-time scale optimization model for
the integrated energy system of diversified utilization of
hydrogen energy.

Regarding the uncertainty of integrated energy
systems, existing research mostly achieves load peak
shaving and valley filling through demand response
or uses energy storage technology to smooth the
fluctuations of uncertain variables [17-18]. On this
basis, some scholars reduce system uncertainty by
analyzing the characteristics of the equipment. Jin et
al. [19-20] constructed dynamic models of the variable
operating conditions of equipment such as gas turbines,
gas boilers, and absorption refrigerants to reduce the
uncertainty of system operation.

The existing research focuses on constructing
operation optimization models for electric thermal
integrated energy systems, but there are three
shortcomings: 1) Existing research has utilized thermal
energy on both short-term and long-term scales
while verifying the feasibility of electric thermal
complementarity. However, there is limited research on
coupling heat pumps with energy storage to enhance
system resilience. 2) Most existing research focuses on
a single CET and GCT mechanism, with occasional
literature studying the coupling mechanism between
the two, but no solution has been proposed for the
overlapping parts of the two mechanisms. 3) Although
existing research has explored a series of uncertainty
mitigation methods, it is limited to studying the
operational characteristics of the energy storage devices
themselves and has not coupled the response capabilities
of the devices with the fluctuation characteristics of
the system, making it difficult to effectively explore the
response capabilities of multiple devices.

Based on the above research, this paper proposes
optimized scheduling of a heat pump energy storage
coupling system considering carbon certification’s
synergy and response characteristics. Compared with
existing research, it has the following innovative points:

(1) A coupling system consisting of a heat pump
unit and a thermal storage device has been constructed,
and a flexible adjustment mechanism for an electric
thermal integrated energy system has been proposed to
effectively improve its energy utilization efficiency.

(2) Established a collaborative mechanism for carbon
certification and proposed a solution for duplicate
accounting between the CET and GCT mechanisms.
The two mechanisms complement each other, effectively
controlling carbon emissions and improving clean
energy consumption.

(3) A response characteristic model based on the
complete ensemble empirical mode decomposition
with adaptive noise (CEEMDAN) was constructed,
which consists of low-frequency components with small
response frequency and large amplitude for medium and
large equipment with high inertia and medium/high-
frequency components with small response amplitude

and positive/negative periodic oscillation for energy
storage equipment that requires repeated charging and
discharging.

The other parts of this article consist of: Section
2, which constructs the operational framework
and mathematical model of the heat pump energy
storage coupling system. Section 3, where a carbon
certification collaboration mechanism for a coupled
system and a response characteristic model based on
CEEMDAN-IIR was designed. Section 4, where an
optimization scheduling model for heat pump energy
storage coupling systems was constructed. Section 5,
where a comprehensive energy system was taken as an
example for numerical analysis, provides a reference for
developing heat pumps and thermal storage equipment.

Framework of Heat Pump Energy Storage
Coupling System

System Operation Framework

The source end of the heat pump energy storage
coupling system constructed in this article consists of
coal-fired power generation (CFG), photovoltaic power
generation (PV), wind power generation (WP), and gas
boiler (GB). The conversion end comprises power-to-
gas (P2G) equipment and a ground source heat pump
(GHP). The storage end includes a storage battery
(SBA) and thermal storage equipment (TSE). The load
side includes electrical, thermal, and natural gas loads.
The operating framework of the coupled system is
shown in Fig. 1.

As shown in Fig. 1, the coupling mechanism of the
heat pump energy storage system is that the electrical
load is satisfied by CFG, PV, WP, and SBA. GB, GHP,
and TSE meet the heat load. The electricity-to-gas
conversion equipment and the natural gas network meet
the natural gas load. Excess electricity is stored in the
SBA during periods of low energy consumption. If
there is still surplus electricity, it is converted into heat
energy through a GHP and stored in a TSE. During
peak energy consumption periods, batteries and thermal
storage devices discharge energy to meet both electrical
and thermal loads, reducing the power consumption
of GHP. In addition, the heat pump energy storage
coupling system interacts with the external distribution
network and participates in the green certificate and
carbon trading market.

System Mathematical Modeling
CFG
The output of CFG units is related to coal

consumption and power generation efficiency, as shown
in Equation (1):
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Fig. 1. System collaborative operation framework.
CFG yCFG GB
pCFG _ ¢ t
t =
Bcoal (1) The GB is a gas thermal coupling device, and its

Where, P9 is the output of the CFG unit at
time t; a“" is the efficiency of CFG; O is the coal
consumption of CFG units at time t; 6, is the lower
calorific value of coal.

PV

The output of PV panels depends on the intensity of
light radiation, and the relationship between output and
radiation intensity is shown in Equation (2):

P

PV PV 2PV oPV
L =a S,

2)

Where, P is the output of the photovoltaic panel
at time t; o™ and SV is the power generation efficiency
and area of photovoltaic panels; F/"V is the intensity of
light radiation at time t.

wP

The output of WP depends on the wind speed, and
the relationship between output and wind speed is
shown in Equation (3):

WP WP WP WP
0 2 A A A
pwe | we
WP wp Vi in WP WP WP
Pt - Pe WP WP in < v, <V,
ve - vin
WP WP WP WP
Pe ve S V[ S vout

3)

Where, P is the output of the WP at time t; P V"
is the rated output of the WP; v** is the wind speed
at time t; v, V", v VF, and v " is the WP’s inlet wind
speed, outlet wind speed, and rated wind speed.

output model is shown in Equation (4):

HOP = 4P

“4)

Where, P is the heat generation of the GB at time
t; a® is the heat production efficiency of the GB; G, °®
is the natural gas consumed by the GB at time t.

GHP

A typical HP wunit comprises a compressor,
condenser, evaporator, and thermal expansion valve.
It extracts heat from the ground source by consuming
electrical energy, recovering low-temperature heat
sources to produce high-temperature heat sources.
The schematic diagram of the ground source heat pump
is shown in Fig. 2.

The output of the GHP is shown in Equation (5):

)

Where, H " is the heat generated by the HP at time t;
.. and a represents the efficiency of the compressor

and condenser, respectively; P, "* is the electrical
energy consumed by the HP at time t.

P2G

The electric-to-gas conversion equipment consists of
two stages. The first stage is to generate hydrogen gas
by electrolyzing water, and the second stage is to mix
hydrogen gas with CO, to generate methane, as shown
in Equation (6):

|

2H,0 — 2H, + 0O,

4H, +CO, — CH, +2H,0 ©)
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Based on this, the gas production of P2G equipment
is obtained as shown in Equation (7):
GIPZG

= aHz '(ZCOZ “Lin,t (7)

Where, G*9 is the gas production of P2G equipment
at time t; ay, and aco, is the efficiency of the first and
second stages of P2G conversion; P, ¢ is the gas
production rate of the P2G conversion equipment.

SBA

The battery discharges during peak hours and
charges during valley hours, as shown in Equation (8):

P;BA
SBA SBA SBA SBA _SBA is,¢

t =¥ (1_aloss )+ E:ha,t cha ~ " gBA A
dis

®)

Where, ,SBA and Qts_%A is the capacity of the

SBA at time t and t-1; aEESA is the self-loss rate of the

SBA . . . .
SBA; fcha,s and Pdsiz ,A is the charging and discharging

power of the SBA at time t; aEIElA and agiE’A is the

charging and discharging efficiency of the SBA.
TSE

The TSE releases heat during peak hours and stores
heat during valley hours, as shown in Equation (9):

TSE

HI
TSE _ ATSE TSE TSE TSE dis,t
t — %1 (l_aloss )+ Hcha,tacha " TSE A
dis
)
Where, QtT SE and QtT,SlE is the capacity of the TSE

SE
ss

at time t and t-1; alTo is the self-loss rate of the TSE;

Condenser

> A Expansion
valve
[ —
Evaporator
l l User

TSE TSE .
H hay and Hgisy is the heat storage and release power

. TSE .
of the TSE at time t; &chy  and a}SE is the heat storage
and release efficiency of the TSE.

Material and Methods

Analysis of the Carbon Certification Collaboration
Mechanism and Response Characteristics

Carbon Certification Collaborative Mechanism

The carbon certification collaborative mechanism
refers to the coordinated participation of heat pump
coupling systems in the CET and GCT markets. Below,
we will elaborate on the two markets separately and
construct a collaborative mechanism.

() CET

CET refers to the situation where if the actual CO,
emissions of an accounting entity exceed the free
allocation of carbon emissions, the accounting entity
needs to purchase the missing carbon emission rights in
the carbon trading market. Otherwise, the excess carbon
emissions can be sold in the carbon trading market.
This paper uses benchmark values to determine the free
carbon emissions, and based on this, the net emissions
of the heat pump energy storage coupling system are
obtained as shown in Equation (10):

co,,

fi CFP WP h HP B
i, = dg, (B 4 B+ BV ) df, () + HEP)

ac _ ;CFP( pCFP grid GB 1;GB
Dcoz,t - dco2 (Pt + Pbuy,t)+ +dcoz Ht

Aac _ nfree ac
Dcoz,t - Dcoz,t — Heo,,t

(10)

free ac Aac .
Where, Deo s, Deo,s, and Dgy ; is the free
carbon quota, actual carbon emissions, and net

carbon emissions of the coupled system at time t; dgoz
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and di‘oz is the free carbon quota coefficient for unit

electricity and heat energy; dS)FZP and HZG B s the
carbon emissions per unit of CFG and gas-fired boiler
output, respectively.

Introducing a tiered carbon price in the CET
obtains the carbon trading cost of the heat pump energy
storage coupling system, as shown in Equation (11).

If DAact >0, the carbon trading cost of the coupling

CTM
system is —|C; ‘, otherwise, it is ‘th M‘ .
Déloact —base DcAoacl
g'ﬁcb(?SC Cbase (1+70r)(DCAoacr g) g<DCA0ac[ 2g
‘CCTM‘
t
g2l ey oo 2] 20< i< e
o[+ e (143 )(D?o“t 3g) 3g<|Dinss| <4
(11

Where, ﬁ&ise is the benchmark price for CO,
trading; g is the range of carbon emissions; " s the
growth rate of carbon emission trading prices.

(2) GCT

GCT refers to the regulation that in order to promote
the development of renewable energy, the amount of
renewable energy generated in a certain system cannot
be less than a certain value. If the number of green
certificates in a system is less than the specified value,
purchasing the missing green certificates in the GCT
market is necessary. If the number of green certificates
in the system exceeds the specified value, excess green
certificates need to be sold in the GCT market. The
green certificate source for the heat pump energy storage
coupling system is photovoltaic power generation. The
net green certificate number of the coupled system can
be obtained as shown in Equation (12):

ex ex ele heat
Dcgr, =dcer (Lz +1 )

ac _ pv WP
Dcgr s = Dcgr ‘(Pt +5 )

Aac ac ex
DCETt — YCET.t _DCET,t

(12)

Where, Dgng,t and ng%”["t represents the number
of green certificates specified and actual at time t,

respectively; dépr is the minimum holding amount

of green certificates per unit load; Déﬁgr,, is the net
number of green certificates at time t.

Based on Equation (12), the green certificate
transaction cost of the heat pump energy storage
coupling system is obtained as shown in Equation (13).

A . . .
If DCECTJ >0, the green certificate transaction cost is
CET CET
-lc: cerTl.

, otherwise it is ‘

Uy

CICET ‘ DAac .z CET

(13)

Where, ECET is the unit green certificate price.

(3) Carbon certification collaborative mechanism

Photovoltaic power generation in the coupled system
not only calculates free carbon quotas in carbon trading
but also calculates the number of green certificates
in the GCT mechanism. In order to avoid duplicate
calculations, this paper uses the average method to
subtract duplicate parts, and the resulting kernel
reduction is shown in Equation (14):

—base , —CET pv WP
ACGM (°°z T )(P’ T4 )
Ct

2 (14)

Where, CtA COM s the cost reduction under the
carbon certification collaborative mechanism.

Analysis of Response Characteristics

Based on CEEMDAN-IIR

(1) Analysis framework diagram

In order to match the differences in response
characteristics of different devices and reduce the
uncertainty between the source and load ends of the
coupled system, where the uncertainty at the source end
comes from photovoltaic output and the uncertainty at
the load end comes from electricity, heat, and natural
gas loads. Based on this, this paper decomposes
photovoltaic output, electrical load, thermal load, and
natural gas load into low-frequency, mid-frequency, and
high-frequency components using the CEEMDAN-IIR
method.

In optimizing low-frequency components, the low-
frequency components are input as basic parameters into
the model, and the objective function is to minimize the
comprehensive cost to obtain the initial output of GB,
GHP, P2G, and CFG units. In optimizing intermediate
frequency components, the objective function is to
minimize the comprehensive cost and optimize SBA
and TSE’s charging and discharging plans. In high-
frequency component optimization, the objective is to
minimize the overall cost and optimize the charging
and discharging adjustment plan for SBA and TSE.
The specific optimization framework is shown in Fig. 3.

(2) CEEMDAN-IIR

The empirical mode decomposition (EMD)
method, as the most commonly used method for signal
decomposition, essentially decomposes the original
signal into a series of intrinsic mode functions (IMFs)
with different amplitudes by varying the scales of the
fluctuations. The Complete Ensemble Empirical Mode
Decomposition with Adaptive Noise (CEEMDAN)
algorithm is an improved empirical mode decomposition
method. The CEEMDAN algorithm can reduce the
reconstruction error to almost zero with fewer average



Optimization and Scheduling of Heat Pump... 7
s N ™
G o — — G o o — o - -
{ i s N i \
| o hequens) : 1 % Outout of GB :
I componen ! < Outout of GHP
] e 1 | N |
s KTy % OutoutofP2G |
P : | % Outout of CFG :
[ |
| —— 1 1
'\ i _________ =4 '\ S e =t
S T . 7. - \ o - \
: Medium-trequency :'1' Charging and
1 component I 1 discharging plan for |
I s | >| SBA :
: “Charging and
| | discharging plan for 1
\ v IS |
SO it
T TN ST T T T T
I High-[requency 1 I |
1 component : b Charging and disc]mrging'
: S EmEREEE YT T < | adjustment plan for SBA |
I 1 (% Charging and dischargingl
| ! | adjustment plan for TSE !
\ ! \ !
/ N e e e 7
/N /

Fig. 3. Optimization framework.

iterations by adding a finite number of adaptive white
noises at each stage, effectively avoiding the mode
aliasing problem of EMD methods.

However, the number of IMF components obtained
by CEEMDAN decomposition is too large, and the
frequency distribution of each IMF component does not
strictly conform to the time scale divided in the previous
text, so it is necessary to reconstruct each fluctuation
component. This paper uses an infinite impulse
response (IIR) filter to decompose and reconstruct
the IMF components in the three frequency bands
mentioned above, obtaining the fluctuation components
of photovoltaic output, electrical load, thermal load, and
natural gas load at three time scales: high frequency
(<15 minutes), medium frequency (15-60 minutes),
and low frequency (>1 hour). Taking photovoltaic
output as an example, a signal decomposition model is
constructed, and the signal decomposition steps of the
load are consistent with photovoltaic output.

1) CEEMDAN algorithm

Suppose P is defined as the original sequence of
photovoltaic output, and IMF(1, 2, , .., n) and res are
the individual fluctuation components and residuals
decomposed by the CEEMDAN algorithm. In this case,
the relationship is as shown in Equation (15):

n
P =Y IMF, +res
i1 (15)

Where the magnitude of res is relatively small and
can be ignored.

2) IIRF algorithm

Firstly, an IIR low-pass filter separates the low-
frequency components from each IMF component.

_ low rest
IMF, = IMF"" + IMF, (16)

Where, IMF” and IMF represents the low-
frequency and residual parts of the IMF component.

Then, an IIR high-pass filter separates the high-
frequency components from the remaining parts of each
IMF component.

rest __ high mid
IMF'™ = IMF"*" + IMF, (17)

Where, IMF"*" is the high-frequency part of the

i-th IMF component; the remaining IME.'”"d is the
intermediate frequency part of the i-th IMF component.

Finally, reconstruct according to different frequency
distributions.
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Where, F, . F,, and F,_refers to the high-
frequency component (<15 mmutes), mid-frequency
component (15-60 minutes), and low-frequency

component (>1 hour) of the net load.

Optimization and Scheduling Model of Heat
Pump Energy Storage Coupling System

Objective Function

In order to balance economy and environmental
protection, the economic aspect is characterized by the
minimum total cost of the coupled system, while the
environmental aspect is characterized by the maximum
renewable energy consumption rate.

(1) Minimize total cost

The cost of a heat pump energy storage coupling
system consists of the operating cost of the equipment,
carbon certificate trading cost, external interaction cost,
penalty cost for wind and solar power curtailment, and
energy sales revenue, as shown in Equation (19):

24 .
t=1

(19)

Where, C“ is the total cost of the coupled system;
Cer, Ceid, Crn, and R is the operating cost, external
interaction cost, wind and solar curtailment penalty
cost, and energy sales revenue of the coupled system at
time t.

The operating cost of the system is shown in
Equation (20):

op pv WP SBA | pSBA CFG
AR SBA(Pchat +Pyr |*iiceg B

minC;® =min

GB op HP | —op TSE TSE | | —op P2G
gy Hy” +ipH; +“TSE(Hcha,t+Hohsx)+ lipyg G

(20)

Op —oOp —Op —Op  —Op -—Op -—Op
Where, gy , Uyp » Ugpa s UCRG > Hop » Uip > UTSE »

and uPZG represents the unit operating costs of PV, WP,
SBA, CFG, GB, HP, TSE, and P2G, respectively.

The external interaction cost is the cost generated
by the interaction between the coupled system and the
power grid, heating network, and natural gas network,
as shown in Equation (21):

grid _ grld grid  pgrid grld grid grid
Ct (Pbuyt Psalet tu Hbuy, Hsale,t

grid grid _ ~grid
+ug,t (Gbuy,t sale,t

(e2))

rid grid rid . . .
Where, “g,z , Upy ,and uﬁ,t is the interaction cost

between the coupled system at time t and the power grid,
. id

heating network, and natural gas network; ﬁ,gur;,,t and

rid

Ps%ile ; is the purchase and sales volume of the coupled

system at time t on the power grid; HE bu ¢ and H grid

sale,t
is the purchase and sales volume of the coupled system
at the heating network at time t; Gflrll;lt Gg;f ;

the purchase and sales volume of the coupled system at
time t in the natural gas network, respectively.

The cost of wind and solar curtailment penalty is the
cost caused by the uncertainty of clean energy output in
the coupled system, as shown in Equation (22):

pun _  pun pv pre,pv
Ct = Upe (‘Pt _B

+‘PIWP _Ptpre,WP‘)
22)

Where, ull™ is the uncertainty cost caused by the

error in unit clean energy output; B”" and BP™

is the predicted output of photovoltaic and wind power
generation at time t.

Energy sales revenue refers to the income obtained
by the system through the sale of electricity, heat, and
natural gas, as shown in Equation (23):

Rsale ZLI ;alet
iel (23)

Where, uéale,t is the unit income of the i-th energy
source.

(2) Maximum renewable energy consumption rate

The clean energy consumption rate is shown in
Equation (24):

PPV PWP

ac,t ac,t

max/  =max| —0———
Ie
BPV P[WP

24

Where, / fre is renewable energy consumption rate;
PC . and B, 7 is the actual output of PV and WP.

Constraints

The operation of the heat pump energy storage
coupling system is subject to constraints such as
balance, operation, external interaction, and climbing,
among which the system balance constraints include
electrical energy, thermal energy, and natural gas
balance constraints, as shown in Equation (25):
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pv , pWP | pSBA | pCFG | pgrid _ pgrid SBA | pHP | pP2G | rele
Pt t Pt + Pdis,t + PI u Pbuy,t - Psale,z t Pcha,t + Pz’n,t + Pin,t u Lt

GB , yHP | yTSE , ryerid _ gyerd | ;TSE |, sheat
Ht +Ht +Hdis,t +Hbuy,z ~ Hale,t +Hcha,t +Lt

P2G | Hgrid _ ~grid GB
Gt + Gbuy,t ~ Maaleyt + Gin,f

(25)

The operational constraints of the coupled system
are shown in Equation (26):

pY PV < ppv
Pl S B < P

WP WP WP
£ min < Pt <H max
CFG CFG CFG
£ min < Pt <H max

GB GB GB
H min <H t <H, max

HP HP HP
Hmin < Ht < Hmax

P2G P2G P2G
Gmin < Gt < Gmax (26)

Where, PPy and Py, is the minimum and

maximum value of PV output; Pﬂf and PH‘ZE is the

minimum and maximum value of WP output; PH%EG

and Prg;G is the minimum and maximum value of CFG

output; H g}i and H gfx is the minimum and maximum

value of GB output; Hﬁi}; and H, g.fx is the minimum
and maximum value of HP output; GE;%S and Grf:ég is
the minimum and maximum value of P2G output.

The operational constraints of SBA and TSE are

shown in Equations (27) and (28), respectively:

PSBA SPSBA PSBA <PSBA

min cha,t >4 dis,t = ¥ max
SBA SBA
Pcha,t : Riis,t =0
SBA _ ASBA
1 — 24
SBA SBA SBA
Qmin < Qt < Qmax (27)

TSE TSE TSE TSE
Hmin < Hcha,t > Hdis,t < Hmax

TSE TSE

Hcha,t : Hdis,t =0
TSE TSE

O =0y

TSE TSE TSE
Qmin < Qt < Qmax (28)

Where, ngA and PnslfxA represents the minimum
and maximum values of SBA charging and discharging
BA SBA . .
power; QIS and @54 is the capacity of SBA at
SBA SBA .
the Ist and 24th moments; Omin  and Omax is the
minimum and maximum values of SBA capacity; H, EHSIF
and HEEE represents the minimum and maximum

values of TSE charging and discharging power; Q1T SE

TSE . .
and Os4 s the capacity at the Ist and 24" moments

TSE TSE ..
of TSE; Omin and Omax represents the minimum and
maximum values of TSE capacity.
The specific external interaction constraints are

shown in Equation (29):

grid  perid _
Pbuy,t sale,t — 0

grid  gpyerid _
Hbuy,t sale,t — 0
Ggrld Coerd 0

buy,? sale,t — (29)

Results and Discussion
Basic Data

This paper takes a heat pump energy storage
coupling system in a certain region as an example to
conduct a numerical analysis. The operating parameters
and economic parameters of each device in the coupling
system are shown in Table 1 [21-24].

The interaction prices between the coupling
system and the external power grid, heating network,
and natural gas network are all based on time-of-use
electricity prices, as shown in Table 2 [25].

The prices of electricity, heat, and gas sales within
the coupling system are shown in Table 3.

The interaction limits between the coupling system
and the power grid and between the heating network
and the gas grid are set to 500 kW, 800 kW, and 10 m?,
respectively. The limits for other units are shown in
Table 4:

The summer predicted output of wind power
generation and photovoltaic power generation is shown
in Fig. 4.

The summer demand for electricity, heat, and gas
loads is shown in Fig. 5.

Results Analysis
Optimization Result Analysis

(1) Signal decomposition results

The signal decomposition of wind power output,
photovoltaic output, electricity load demand, heat
load demand, and natural gas load demand based on
Equations (15) - (18) is shown in Fig. 6.

Fig. 6 shows that in terms of fluctuation amplitude,
the low-frequency component>the mid-frequency
component>the high-frequency component. Based on
the decomposition results of the photovoltaic output, the
fluctuation amplitudes of low-frequency, mid-frequency,
and high-frequency components are within the range
of [01000kW], [-400400] kW, and [-100100] kW.
This indicates that the amplitude of low-frequency
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Table 1. Operational and economic parameters.

Value Value Value Value
Parameter Parameter Parameter Parameter
of parameter of parameter of parameter of parameter
o6 0.88 0.0a1 29271.2 kl/kg B Ceom 0.90
SBA
Xeon 0.90 ay, 0.80 Ao, Aoss 0.1%/day
assh 90% agsh 90% o SE | 0r%/day | olSE 95%
TSE o e h —base 130
Qis 95% dco2 0.8 kg/kWh a’co2 ke/kWh Ueo, Yuan/ton
cr ex —CET 0.08
g 800 kg 14 14% dcer i, Yuan /kWh
7oP 0.04 0P 0.01 7P T 0.35
pv Yuan/kWh SBA Yuan/kWh CFG Yuan /kWh GB Yuan /kWh
—0op 0.30 —op 0.08 —op Z'tpl.lll 0.1
Unp Yuan/kWh UTSE Yuan/kWh UpaG Yuan /kWh pv Yuan /kWh

Table 2. External interaction price.

Electricity selling price Heat selling price Gas selling price
Period of time (Yuzgjfwh) Period of time (Yuzjffwm Period of time (YE;L‘;;})
Flat 175: ?000-1107::0000 0.60 175: :0000-1107:3)00 035 175: :0000-1107::0000 23
Valley | 23:00-6:00 0.30 23:00-6:00 0.25 23:00-6:00 2.1

Table 3. Internal

energy sales price.

Electricity selling price Heat selling price Gas selling price
. . Price . . Price . . Price
Period of time (Yuan/kWh) Period of time (Yuan/kWh) Period of time (Yuan/m?)
11:00-14:00 11:00-14:00 11:00-14:00
Peak 18:00-22:00 0-95 18:00-22:00 085 18:00-22:00 26
7:00-10:00 7:00-10:00 7:00-10:00
Flat 15:00-17:00 0.70 15:00-17:00 065 15:00-17:00 24
Valley 23:00-6:00 0.40 23:00-6:00 0.35 23:00-6:00 2.2
Table 4. Unit capacity limit.
Unit Maximum Unit Maximum Unit Maximum Unit Maximum
PV 1800kW WP 3000kW GB 100kW HP 300kW
P2G 36m’ SBA 250kW TSE 60kW CFG 550kW

component fluctuations is relatively large, which can

have small fluctuation amplitudes, which is in line with

effectively match the operating characteristics of the charging and discharging characteristics of SBA

equipment such as GB, GHP, P2G, and CFG units. The
high-frequency components oscillate periodically and

and TSE. It can reduce the operating state of energy
storage devices that are overcharged or overdischarged
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Fig. 5. Load demand.

in a short period of time and improve the utilization rate
of energy storage devices. From the comparison of the
fluctuation amplitudes of various types of wind power
generation and photovoltaic power generation, it can
be seen that the fluctuation amplitude of wind power
generation is greater than that of photovoltaic power
generation, indicating that the volatility brought by wind
power generation needs to be given special attention.

(2) System operation optimization results

Optimize and analyze the electrical, thermal, and
natural gas subsystems of the heat pump energy storage
coupling system based on the signal decomposition
results. The operation optimization results of the electric
energy subsystem are shown in Fig. 7.

From Fig. 7, it can be seen that wind power
output and photovoltaic output have complementary
characteristics. From 23:00 to 3:00, photovoltaic output
was 0, but WP is in a high incidence stage. During
12:00-14:00, photovoltaic output peaked, while wind
power output was relatively low. From 22:00 to 5:00,
due to the high frequency of wind power generation,
there is less demand for electricity load. After meeting
the system’s energy demand, the excess electricity

supply is stored in the SBA. During the time period
of 1:00-3:00, after reaching the maximum storage
capacity of the battery, the coupling system sells excess
electricity to the external power grid. During 18:00-
20:00, photovoltaic output was almost zero, and energy
consumption peaked. Wind power alone cannot meet the
system’s energy demand, so coal-fired power generation
units are started for energy supply.

The operation optimization results of the heat energy
subsystem are shown in Fig. 8.

As shown in Fig. 8, the heat load demand of the
heat pump energy storage coupling system is mainly
met by the HP and the GB, with the heat generated by
the heat pump being greater than that of the GB. This
is mainly because HP’s conversion efficiency is higher
than that of GB. The TSE played a role in various time
periods, including 15:00-17:00, 23:00-24:00, and 4:00.
The TSE stores heat, and during these time periods,
there is a sufficient supply of electrical energy. Part
of the remaining electrical energy is converted into
thermal energy through an HP and stored in the TSE.
During the rest of the time, the heat storage equipment
releases heat, especially from 1:00 to 3:00. The heat load
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Fig. 6. Signal decomposition results.

demand is high, and even after the heat pump operates
at full power, it still cannot meet the heat load demand.
It is necessary to use the TSE and externally purchased
heat energy to meet the shortfall in heat demand. This
indicates that the TSE effectively realizes the coupling
between the electrical energy subsystem and the heat
energy system.

The operation optimization results of the natural gas
system are shown in Fig. 9.

As shown in Fig. 9, during the time periods of 2:00-
3:00 and 5:00-7:00, it is necessary to supply both natural
gas load demand and GB. Therefore, during these time
periods, the natural gas generated by P2G equipment
cannot meet the system’s demand, and the system
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Fig. 8. Optimization results of heat energy subsystem operation.

needs to interact with the external natural gas network
to purchase the missing natural gas. At the two time
points of 1:00 and 7:00, there is an excess supply of
natural gas, and the heat pump energy storage coupling
system sells natural gas to the external natural gas
network.

Effectiveness Analysis

This article’s three innovative points are: the
construction of a heat pump energy storage coupling
system, the carbon certification collaborative
mechanism, and the uncertainty decomposition of the
CEEMDAN algorithm. It also analyzes the effectiveness
of these three aspects.

(1) Effectiveness analysis of heat pump energy
storage coupling system

In order to verify the effectiveness of the heat pump
energy storage coupling system, three scenarios were
set up, as shown in Table 5.

Based on the three scenarios set in Table 5,
the operating costs and external interaction costs of
the heat pump energy storage coupling system in the
three scenarios are shown in Table 6.

According to Table 6, although the operating cost
of Scenario 2 increased by 11.21 yuan compared to
Scenario 1, the external interaction cost decreased by
428.89 yuan, with a reduction rate of 22.50%. This is
because scenario 2 adds a thermal storage device based
on scenario 1, increasing the operating cost of the TSE.
However, through the thermal storage device’s peak heat
release and valley heat storage mechanism, it is possible
to reduce the system’s high-priced purchase of thermal
energy during peak hours and lower the system’s
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Fig. 9. Optimization results of natural gas subsystem operation.

Table 5. Scenario setting for effectiveness analysis of heat pump
energy storage coupling system.

Scenario 1 Scenario 2 Scenario 3
HP x x v
TSE x \ \

Table 6. Scenario comparison of effectiveness analysis of heat
pump energy storage coupling system.

Scenario 1 Scenario 2 | Scenario 3
Operating cost | ;6,535 | 763656 | 7167.12
(yuan)
External
interaction cost 1906.20 1477.31 1477.31
(yuan)

external interaction costs. Compared with Scenario 2,
Scenario 3 has reduced operating costs by 469.44 yuan,
with a reduction rate of 6.14%, and the external
interaction costs are consistent. This is because scenario
3 is based on scenario 1, and the economic efficiency of
heat generation through HP units is higher than that of
GB, which can reduce the system’s heat production cost.

(2) Analysis of the effectiveness of carbon
certification collaboration mechanism

In order to verify the effectiveness of the carbon
certification collaborative mechanism, the following
three scenarios were set up:

Scenario 1: The coupled system only considers
the CET;

Scenario 2: The coupled system only considers
the GCT;

Scenario 3: The coupling system considers
the carbon certification collaborative mechanism.

On this basis, the clean energy consumption rate
and carbon dioxide emissions for the three scenarios are
shown in Fig. 10.

According to Fig. 10, Scenario 1 has higher carbon
dioxide emissions of 20.48kg and a lower clean energy
consumption rate of 1.32% compared to Scenario 3.
This is because Scenario 1 did not consider the GCT
mechanism, resulting in a decrease in the driving
force of the heat pump energy storage coupling system
to absorb wind and photovoltaic power, leading to
a decrease in the clean energy consumption rate. Under
the condition of fixed load demand in the coupled system,
the proportion of WP and PV output decreases while
the proportion of CFP increases accordingly. Scenario
2 shows a 79.71% increase in carbon dioxide emissions
and a 0.64% decrease in clean energy consumption
rate compared to Scenario 3. This is because Scenario
2 did not consider the carbon trading mechanism, and
the coupled system, from an economic perspective, will
increase the output of coal-fired power generation units,
increasing the system’s carbon emissions. This indicates
that the carbon certification collaborative mechanism
can not only reduce carbon emissions but also increase
the consumption rate of clean energy.

(3) CEEMDAN algorithm

To verify the effectiveness of the CEEMDAN
algorithm in signal decomposition, it was compared with
the EMD algorithm and the ensemble EMD (EEMD)
algorithm using the mean absolute error (MAE), mean
absolute percentage error (MAPE), and root mean
square error (RMSE) as comparison metrics, as shown
in Equation (30):
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Where, U™ is the decomposed signal value at time
t; U is the actual signal value at time t.

Based on Equation (30), the comparative results are
shown in Table 7.

As shown in Table 7, the EEMD algorithm reduces
MAE, MAPE, and RMSE by 9.56%, 19.96%, and
7.13%, respectively, compared to the EMD algorithm.
This is because EMD has a weaker ability to handle
noise and mode mixing problems and is easily affected
by signal noise. EEMD introduces random perturbations
based on EMD and decomposes the original signal by
adding different white noise multiple times to reduce
random errors. The CEEMDAN algorithm reduces
MAE, MAPE, and RMSE by 25.48%, 11.40%, and
35.76%, respectively, compared to the EEMD algorithm.
This is because although EEMD solves some problems
in EMD, there may still be modal aliasing issues.
CEEMDAN can more effectively suppress false modes
and improve the stability and accuracy of decomposition.
This algorithm performed well in denoising and modal

Table 7. Comparison results of three types of algorithms.

EMD EEMD CEEMDAN
MAE 118.65 107.31 79.97
MAPE 11.07% 8.86% 7.85%
RMSE 106.25 98.68 63.39

decomposition tasks,
aliasing problems.

effectively eliminating mode

Applicability and Limitations Analysis

(1) Scenario expansion analysis

In order to expand the application scenarios of the
model in this article, the CEEMDAN algorithm was
used to solve it. The optimization scheduling model
of the heat pump energy storage coupling system,
considering the synergy and response characteristics
of carbon certificates, was extended to typical days
in different seasons throughout the year, where spring
and autumn are collectively referred to as transition
seasons. The scenario settings are shown in Table 8.
The effectiveness analysis of the heat pump energy
storage coupling system has fully verified that
configuring energy storage devices can significantly
reduce the system’s external interaction costs. Therefore,
energy storage devices are configured in all scenarios in
the expansion analysis.

Based on the scenarios set in Table 8, Fig. 11 shows
the total cost and clean energy consumption rate of
typical days in the transition season, summer, and
winter under different scenarios. The negative total cost
represents the system’s revenue.

Fig. 11 shows that in each season, the proposed
optimization scheduling model for the heat pump energy
storage coupling system considering carbon certification
synergy and response characteristics (Scenario 6)
has the lowest total cost and the highest clean energy
consumption rate compared to other scenarios.
The total cost of Scenario 6 during the transition season,
summer, and winter, is -8524.37 yuan, -33671.25 yuan,
and -25900.96 yuan, respectively. Compared to the
other five scenarios, the average total cost is reduced
by 0.93%, 0.89%, and 0.95%. From the perspective of
clean energy consumption rate, Scenario 6 had clean
energy consumption rates of 95.31%, 91.22%, and
89.39% in the transition season, summer, and winter,
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Table 8. Scenario settings for typical days in different seasons throughout the year.

System composition Cooperative mechanism
Typical days of the year Scenario
HP TSE CET GCT
Scenario 1 X \ N X
Scenario 2 v N X
. 1 X X
Typical days of the Scenario 3 N N
transition season Scenario 4 N N % N
Scenario 5 X v N \
Scenario 6 v v Y v
Scenario 1 X \ N X
Scenario 2 v v N, x
. 1 X X
Typical days of the Scenario 3 N v
Summer season Scenario 4 \ v x S
Scenario 5 X v N v
Scenario 6 v R \/ v
Scenario 1 X R\ \ X
Scenario 2 v v S X
. 1 X X
Typical days of the Scenario 3 N N
winter season Scenario 4 S \ x Y
Scenario 5 X v v N
Scenario 6 v N N
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Fig. 11. Total cost and clean energy consumption rate on different typical days throughout the year.
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Fig. 12. Sensitivity analysis results.

respectively. Compared with the other five scenarios,
the clean energy consumption rates increased by 1.36%,
1.17%, and 2.54%, respectively. This indicates that
the model proposed in this article applies to typical
daily scenarios throughout the year and can effectively
improve the regional systems’ revenue and clean energy
consumption rate.

(2) Sensitivity analysis

In order to enhance the applicability of the model
proposed in this article, sensitivity analysis was
conducted by selecting the CO, trading benchmark
price, unit green certificate price, internal unit electricity
sales revenue, internal unit heat sales revenue, internal
unit gas sales revenue, external unit electricity exchange
price, external unit heat exchange price, and external
gas exchange price as sensitivity factors. Record these
sensitive factors as dl, d2, d3, d4, d5, d7, d8, and d9,
respectively, and explore whether the variation range
of sensitive factors within [-20%, 20%)] affects the
applicability of the model proposed in this paper,
and analyze the limitations of the model proposed in
this paper. The sensitivity analysis results are shown
in Fig. 12.

As shown in Fig. 12, from the perspective of the
impact of various factors on the system’s net income,
the changes in dl, d2, d3, d4, d5, d8, and d9 are
all positively correlated with the net income of the
system, while the external unit electricity exchange
price (d7) is negatively correlated with the net income
of the system. This is mainly because the interaction
cost between the heat pump energy storage coupling
system and the external power grid is positive. When
the exchange price of external unit electricity increases,
the interaction cost between the system and the external
power grid also increases, resulting in a decrease in the
system’s net income of the system. From the perspective
of the impact of various factors on the net income of
the system, the internal unit sales revenue (d3) has the
greatest impact on the net income of the system, with
a sensitivity coefficient of 1.09, mainly because the
internal sales revenue of the system accounts for the
largest proportion. This indicates that in order to ensure

the stability of revenue, the heat pump energy storage
coupling system needs to meet the electricity demand of
internal users, and the system also needs to prevent and
control the impact of unstable wind and photovoltaic
power supply on the system in real time. If the system’s
power supply is unstable, it will cause a sharp decline in
its net profit.

Conclusions

This paper takes the heat pump energy storage
coupling system as the research object, considers carbon
certification’s synergy and response characteristics, and
constructs a multi-objective optimization scheduling
model for Western Australia with the highest clean
energy consumption rate and total cost. A simulation
analysis is carried out using a certain system as an
example, and the simulation results show that:

(1) Compared to a single heat pump and energy
storage system, a heat pump energy storage coupling
system can reduce the system’s energy purchase during
peak hours and lower the system’s operating costs and
external interaction costs.

(2) Compared with the single CET and the GCT, the
carbon certificate collaborative mechanism improves
the driving force of the heat pump energy storage
coupling system to absorb wind and photovoltaic power,
reduces the output proportion of CFG units in the
system, reduces carbon emissions, and increases the
consumption rate of clean energy.

(3) Compared with EEMD and EMD algorithms, the
CEEMDAN algorithm can more effectively suppress
false modes, improve the stability and accuracy of
decomposition, and demonstrate good performance in
denoising and mode decomposition tasks.
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